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Chapter

CLINICAL BACKGROUND

Each year approximately seven million people die of ischemic heart disease, making it one 
of the leading causes of mortality worldwide1. With increasing incidence of cardiac risk 
factors such as obesity, hypertension and diabetes, especially in developing countries, 
ischemic heart disease and its consequences will form a growing burden on society. 
A major contributor to ischemic heart disease is myocardial infarction (MI). The ero-
sion or rupture of a coronary atherosclerotic plaque can result in the acute obstruction 
of blood flow which in turn leads to a cascade of events in the ischemic area2 (Figure 
1). Deprivation of oxygen will cause cardiomyocytes to die via apoptosis or necrosis. 
Circulating inflammatory cells are drawn to the injured region due to the release of cy-
tokines (including stromal-cell derived factor (SDF)-1α  and monocyte chemoattractant 
protein 33) and contribute to proteolysis and phagocytosis of cell debris. Subsequently, 
myofibroblasts invade the area and extracellular matrix is formed in the border zone and 
infarcted region, increasing the tensile strength of the infarct and thereby preventing 
rupture. New blood vessels start to appear in the border zone derived from pre-existing 
blood vessels and from migrated cells from the circulation2. Finally, since mammalian 
adult cardiomyocytes are unable to replace the large number of lost cardiomyocytes in 
the heart, a scar with a definitive nature is formed (Figure 1). 

Figure 1:  Myocardial infarction leads to a cascade of events that culminate in a definitive scar.

Important advances have been made in prevention and treatment of acute complications 
after MI and the extent of the infarct can be limited by thrombolysis and percutaneous 
coronary intervention (PCI). As a result, the number of patients that acutely die from MI 
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has been reduced. However, patients that survive are prone to develop heart failure, a 
state that cannot be halted, it will gradually progress into a severely impaired cardiac 
function, and death is generally inevitable. The only therapy for heart failure that address-
es the fundamental problem of cardiomyocyte loss is heart transplantation. However, this 
is restricted by donor availability and transplant rejection. If it were possible to reconstruct 
the myocardium by replacing dead cardiomyocytes and blood vessels through cell-based 
therapy, it would provide a powerful approach to treat cardiovascular disease.  

SOURCES FOR CELL-BASED CARDIAC THERAPY

The ideal cell population for cardiac cell-therapy should be able to generate cardio-
myocytes, as well as endothelial and smooth muscle cells to form new blood vessels. 
Newly formed cardiomyocytes have to integrate, couple electrically and metabolically to 
surviving host tissue, and beat in synchrony to prevent arrhythmias. Many different cell 
sources have been explored, and their differentiation characteristics in vitro and in vivo 
are extensively discussed in Chapter 2.
The most obvious cell-source to generate new heart muscle is healthy mature cardio-
myocytes. However, replacing cardiomyocytes through in situ proliferation or transplan-
tation of mature cardiomyocytes is unattainable due to their post-mitotic state and failure 
to survive ectopic transplantation5. In contrast, fetal cardiomyocytes still posses the abil-
ity to undergo several rounds of cell division. Multiple studies have shown that fetal car-
diomyocytes can form grafts in the healthy mouse6 and infarcted rat heart5. However, the 
use of human fetal cells is surrounded by ethical, political, and practical constraints. 
The first progenitor cell strategy explored in an early stage of cell-based cardiac regener-
ation was the injection of autologous skeletal myoblasts into ischemic myocardium7. My-
oblasts represent an appealing option for cardiac repair; they are resistant to ischemia, 
have a high proliferative capacity and could therefore be used in an autologous fashion7. 
Myoblasts differentiate into myotubes (but not cardiomyocytes) in vivo8 and their capac-
ity to improve ventricular function in animal experiments has been  documented9,10. 
Unfortunately, the injection of skeletal myoblast in human clinical trials induced arrhyth-
mias in some cases11,12, which likely resulted from the inability of myotubes to couple 
electrically to surviving cardiomyocytes9.
The field of cardiac regeneration was fueled by the finding of a cell population that ap-
peared to differentiate into cardiomyocytes after injection into the infarcted heart13. In 
2001, Orlic et al. showed that the injection of an eGFP-labeled subpopulation of bone 
marrow cells (lineage-, c-kit+), occupied over 60% of the infarcted mouse heart and 
restored cardiac function. EGFP cells were shown to express cardiac and vascular pro-
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teins, suggesting (trans)differentiation. Unfortunately in subsequent years, these spec-
tacular results could not be confirmed14-16. Nevertheless, the use of bone marrow cells 
after acute MI was immediately translated to the clinic with an unprecedented speed. Al-
though the results from the placebo controlled trials at 5-year follow-up show that the use 
of bone marrow-derived cells is safe, the effect on cardiac function has been small17.
Ultimately, the best source of cells to repair the damaged myocardium may come from 
the heart itself. The finding of populations of adult cardiac-tissue derived progenitors 
(which will collectively be referred to as cardiovascular progenitor cells) located in the 
interstitial spaces in the myocardium18 generated great enthusiasm. Cardiovascular pro-
genitor cells with the ability to differentiate into cardiomyocytes, endothelial and smooth 
muscle cells have been isolated from the human heart, by 1) cardiac explant culture and 
subsequent formation of cardiospheres19,20, 2) identification of the transcription factor 
islet-121, or 3) based on surface antigen expression of c-Kit22 or a still unidentified pro-
tein cross-reacting with the mouse stem cell antigen-1 (Sca-1)23-25. It remains unclear if 
these populations are distinct cell populations or if they represent different developmen-
tal stages of the same precursor cell.
Unfortunately, at this point, the isolation and expansion to obtain sufficient numbers of 
cells takes too long to use these cells autologously in an acute clinical setting. Neverthe-
less, the finding that cardiovascular progenitor cells can differentiate into all required 
cell-types to reconstitute the heart in vitro and in vivo, and the fact that they can easily 
be isolated from small cardiac biopsies holds great promise for the future of cell-based 
cardiac therapy.

CONSIDERATIONS FOR CELL-BASED THERAPY 

Several important questions need to be addressed before cell-based cardiac therapy 
becomes a reality and these are summarized in figure 2. The most obvious, as ex-
plained in the previous section, is the question which type of stem- or progenitor cell 
is the best candidate for therapy26. Myoblasts do not become cardiomyocytes and are 
arrhythmogenic, and the differentiation potential of bone-marrow derived cells is still 
uncertain. Embryonic stem (ES) cells are capable of forming all cell types in the adult 
body including cardiomyocytes27-29, but the injection of undifferentiated ES cells leads 
to the formation of teratomas30. Moreover, the use of human ES cells is still heavily 
debated. These ethical issues may be overcome by the recently identified induced 
pluripotent stem (iPS) cells, a new method by which ES-like cells can be generated by 
reprogramming human adult fibroblasts31,32. Finally, human cardiovascular progenitor 
cell isolation and culture procedures are in the early development stages, but appear 
encouraging. 
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A second challenge is determining the optimal delivery of the cells into the damaged 
area, with regard to the best time, method and location (Figure 2). Retention of cells is 
highly dependent on the delivery strategy: if cells are injected intramyocardially during 
open-chest surgery, many cells are lost through the vasculature7, and when using intrac-
oronary injections only few cells ultimately engraft26. Direct injection of cells in or near the 
infarcted tissue exposes them to an extremely hostile environment that is low in oxygen 
and highly inflamed, which may compromise cell survival (Figure 2). 
Other approaches to distribute new cells in the damaged heart that are under investiga-
tion include intravenous injection. Subsequent to MI, the damaged myocardium pro-
duces chemoattracting factors (Figure 1) that can induce the migration of cells into the 
infarcted region. Using these intrinsic signals to recruit intravenously injected cardio-
vascular progenitor cells from the circulation to the injured myocardium may provide 
a promising alternative approach to intramyocardial transplantation. Importantly, since 
cells are carried to sites where the delivery of oxygen and nutrients still persists, it en-
hances the chance of survival of progenitor cells in the heart. 
The final challenges in cell-based therapy will include the long-term engraftment and 
electromechanical integration into the host tissue, which will be essential for cardiac 
regeneration (Figure 2). 

Figure 2: Summary of challenges for cell-based therapy (adapted from Segers et al.33)

Generally, optimizing cell-based therapy in experimental models has focused on repair-
ing the heart by providing new cardiomyocytes via cardiovascular progenitor cell delivery. 
However, the introduction of cells into the damaged area may also have other benefits on 
the surrounding myocardium. New cells may exert a paracrine effect which affects the 
surrounding tissue by altering the inflammatory or remodeling response33. Additionally, 
cells may induce angiogenesis which favors the survival of host myocardium, or activate 
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endogenous stem cells33. For all these reasons, it is expected that cell-based therapy will 
have great potential in cardiac repair.

SCOPE OF THIS THESIS

The following chapters will describe several aspects of cell-based therapy to repair the 
injured heart. In Chapter 2 an overview is provided of different types of stem- and pro-
genitor cells and their characteristics. In Chapter 3 a cardiovascular progenitor cell pop-
ulation isolated from the adult and fetal heart that we have termed cardiomyocyte pro-
genitor cells (CMPCs) is described. Insight into the characteristics of CMPCs in vitro is 
given, combined with a detailed method for their isolation, culture and differentiation into 
cardiomyocytes. Chapter 4 compares the CMPCs and CMPC-derived cardiomyocytes in 
their ability to form new cardiac tissue, and restore cardiac function. 
An important aspect of healing after MI is the homing of mononuclear cells (MNCs) 
to the injured region, where they participate in vessel repair and the inflammatory re-
sponse. Patients suffering from Hereditary Hemorrhagic Telangiectasia type 1 (HHT1) 
have vascular problems that may result from a decreased homing of MNCs. In Chapter 
5 we show that MNCs from HHT1 patients do not respond adequately to the homing 
signal SDF-1α. This is due to high levels of CD26, an inhibiting peptidase present on the 
surface of MNCs and other cells. Inactivating CD26 increased the recruitment of cells 
towards the ischemic myocardium and normalized the behavior of HHT1 MNCs in vivo.
In Chapter 6, we investigated if CD26 inhibition can be used to increase the response 
of CMPCs to SDF-1α, and thereby improve the recruitment of intravenously delivered 
CMPCs to the damaged heart. 
One of the limitations of analyzing differentiation of cells in vitro is that the interaction 
between different cell types cannot be investigated. In Chapter 7 a new in vitro model is 
presented that enables the analysis of differentiation of cells into a particular cell type, 
and determine the contribution of this cell-type to the (differentiation) process via cell-
specific ablation. In Chapter 8 we report the progress of transforming the in vitro system 
described in Chapter 7 to in vivo transgenic mouse models.
Finally, in Chapter 9 the results and conclusions of the previous chapters are discussed, 
together with their future implications.
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ABSTRACT

After myocardial infarction, injured cardiomyocytes are replaced by fibrotic tissue, there-
by promoting the development of heart failure. Cell transplantation has emerged as a 
potential therapy and stem cells may be an important and powerful cellular source. Em-
bryonic stem cells can differentiate into true cardiomyocytes, making them in principle 
an unlimited source of transplantable cells for cardiac repair, although there are immu-
nological and ethical constraints. Somatic stem cells are an attractive option to explore 
for transplantation as they can be used autologous, but their differentiation potential 
is more restricted than embryonic stem cells. Besides the use of skeletal myoblasts to 
replace damaged tissue, the other major sources of somatic stem cells used for basic 
research and in clinical trials originate from the bone marrow. The differentiation capac-
ity of different populations of bone marrow-derived stem cells into cardiomyocytes has 
been studied intensively. The results are rather confusing and difficult to compare, since 
various isolation and identification methods have been used to determine the cell popu-
lation studied. To date, only mesenchymal stem cells seem to form cardiomyocytes, and 
only a small percentage of this population will do so in vitro or in vivo. A newly identified 
cell population isolated from cardiac tissue, called cardiovascular progenitor cells, holds 
great potential for cardiac regeneration. Here we discuss the potential of the different 
cell populations and their usefulness in stem cell based therapy to repair the damaged 
heart.

Chapter 2
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The role of stem cells in cardiac regeneration

Stem cells
Cardiovascular disease is one of the leading causes of mortality in the western world1. 
Important contributing factors in the progression of heart failure are the loss of cardio-
myocytes after myocardial infarction (MI) combined with the absence of an adequate 
endogenous repair mechanism. The injured myocardium is replaced by a fibrous scar 
resulting in progressive loss of ventricular function and ultimately, heart transplantation 
is the only effective treatment. However recently, stem cell based therapy has become a 
promising option to replace damaged cardiomyocytes. Stem cells hold a great potential 
for regenerative medicine, especially in replacing cells in tissues that hardly have any in-
trinsic renewal capacity, including the heart2,3. Over the past few years, several promising 
results have been reported, but many hurdles remain before stem cells can actually be 
used to treat patients with a damaged heart. Questions remain on which cell type to use, 
if cells need to be differentiated into cardioblasts or cardiomyocytes before transplanta-
tion, and how this can be achieved. Eventually, questions need to be answered concern-
ing the best methods to deliver these cells to the patients, at what time-point after injury 
and if allogenic cells can be used. 

Embryonic Stem Cells
Since the first isolation of embryonic stem (ES) cells of human origin, their charac-
teristics, differentiation potential, and possible suitability for clinical therapy have been 
studied and discussed. ES cells are derived from the inner cell mass of blastocyst stage 
embryos. One important characteristic of ES cells in vitro is their capacity to replicate 
indefinitely. This makes it feasible to culture them on a large scale, a prerequisite for 
cell transplantation therapy. Moreover, ES cells are pluripotent and have the ability to 
differentiate into all cells of the mammalian body. Their pluripotency was demonstrated 
by injection of undifferentiated human embryonic stem (hES) cells into immunodeficient 
mice. This resulted in benign teratocarcinomas harboring cells of all three germ layers4.
The ultimate goal of investigating ES cell-characteristics and their growth potential is to 
use these cells or their derivatives as stem cell transplants in regenerative medicine. For 
application in cardiac repair, ES cells need to be able to differentiate into cardiomyocytes. 
In vitro this differentiation can be achieved by growing ES cells in cell aggregates termed 
embryoid bodies (EBs)5, which are multilayered spheres of differentiating cells. Interest-
ingly, after culturing EBs for several days, clusters of cells within the EBs can be identi-
fied that start to contract spontaneously. These cell clusters harbor a panel of myocardial 
phenotypes based on their expression of cardiac-specific transcription factors, genes, 
and proteins6,7. It is also possible to induce differentiation of ES cells into cardiomyocytes 
in a monolayer culture, by co-culturing ES cells with either mature cardiomyocytes or 
endodermal cells or using stimulating agents like 5-azacytidine, retinoic and ascorbic 
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acid or growth factors, like members of the TGFβ, FGF, IGF, and PDGF families7,8. 
Murine ES cells have been tested for their in vivo capacity to replace damaged car-
diomyocytes in an experimental model for MI. Murine ES cells, engineered to express 
enhanced cyan fluorescent protein (ECFP) by a cardiomyocyte-specific promoter, were 
injected into rats 8 weeks after an MI was induced. Newly formed ES cell-derived car-
diomyocytes had integrated into the injured host myocardium and revealed a normal 
architecture. A functional benefit was already observed 3 weeks after injection9. HES 
cell-derived cardiomyocytes have also been tested in vivo. In a porcine model of con-
duction block it was demonstrated that hES cells electromechanically integrated into 
the myocardium and revealed pacemaker activity10. In another study, hES-derived car-
diomyocytes were injected into the infarcted mouse heart, and compared to the hES-
derived non-cardiomyocyte population11. At mid-term follow-up the cardiomyocytes had 
a more positive effect on cardiac function than the non-cardiomyocyte fraction, but there 
was no longer a significant difference at 12 weeks post-surgery. Although there was no 
additional value of cardiomyocytes compared to other cell-types, it is important to note 
that both cell-receiving groups performed better than the vehicle-receiving control group 
with regard to cardiac function. These results indicate that ES cells can contribute to an 
enhanced cardiac function, but it remains unclear if this is through the formation of new 
viable cardiac tissue. 
There are some obstacles to be taken before ES cells become a realistic option for cell 
based therapy. First of all, although ES cells have the potential to replicate indefinitely, 
such conditions and examples are rare and no large scale production of hES cells is yet 
possible. Secondly, the use of hES cells is still a topic of intense ethical debate. Thirdly, 
hES cells are mainly derived from in vitro fertilization surplus embryos meaning that 
they are of allogenic origin, which may result in rejection by the recipient’s immune 
system. We would need many different ES cell lines to be able to match every recipient. 
This problem may be overcome by the use of the recent breakthrough in generation of 
induced pluripotent stem (iPS) cells. In 2006, two research groups described the repro-
gramming of somatic cells to a pluripotent state by retrovirally expressing four transcrip-
tion factors (Oct3/4, Sox2 combined with c-Myc and Klf412 or NANOG and LIN2813). IPS 
cells behaved similarly to human ES cells, forming cell types of all three germ layers in 
vitro and in teratomas. Several studies have since shown that both human and mouse 
iPS cells can form functional cardiomyocytes14,15. IPS cells provide the possibility of using 
an autologous cell source for cell-based therapy, but one major obstacle that prevented 
the clinical applicability of iPS cells has been the use retroviruses that integrated into the 
host genome. However, very recently several laboratories described the induction of iPS 
cells by using virus-free systems16,17, which could quicken the application of iPS cells in 
the future.
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Somatic Stem Cells
In various tissues of the adult body, multipotent stem cells exist that can give rise to new 
stem cells (self-renewal) and differentiated cells, necessary for maintenance or for the 
restoration of damaged tissue. Somatic stem cells were generally believed to differenti-
ate only into cells characteristic of the tissue wherein they reside. However, recent ex-
periments have suggested that somatic stem cells can differentiate into cells other than 
those of their tissue of origin. Even though their exact origin remains debatable, adult 
bone marrow, fat, liver, skin, brain, skeletal muscle, pancreas, lung, heart, and periph-
eral blood may possess stem or progenitor cells with the capacity to transdifferentiate6. 
Due to this developmental plasticity, somatic stem cells may have great potential in au-
tologous regenerative medicine, circumventing problems like rejection and the ethically 
challenged use of ES cells18. 
The most widely studied types of somatic stem cells are the bone marrow-derived he-
matopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) (Table 1). HSCs give 
rise to cells of the blood- and immune system and can also be found in umbilical and 
peripheral blood and in the fetal hematopoietic system. HSCs are well characterized, 
highly plastic, relatively easy to isolate, and have been used for decades in bone marrow 
transplantations to treat patients with inherited blood disorders or blood-related diseases 
like leukemia19. 
In bone marrow, the HSCs are surrounded by stromal cells, which contain the MSCs. 
These cells represent only a small fraction of the nucleated cells in the bone marrow, 
and are almost 10-fold less abundant than HSCs. MSCs are multipotent cells that are 
easily isolated from the bone marrow using their capacity to adhere to culture-plastic. 
These adhering fibroblast-like cells from the bone marrow form a heterogeneous popula-
tion that can differentiate into osteoblasts, chrondoblasts, adipocytes and myocytes in 
vitro and in vivo. This plasticity of MSCs suggests their suitability for cell therapy. MSCs 
have already been tested in the clinic for treatment of bone disorders like osteogenesis 
imperfecta and other diseases20. 
A more primitive adherent stem cell, the multipotent adult progenitor cell (MAPC) or 
mesodermal progenitor cell, co-purifies with MSCs. This subpopulation of the hetero-
geneous MSCs, holds multipotent potential as well. Human and rodent MAPCs have 
been shown to differentiate into ectodermal, mesodermal, and endodermal cell types in 
vitro and in vivo even from a single cell21. However, MAPCs emerge only after prolonged 
culture of MSCs, after which an increased growth speed is observed, suggesting that the 
existence of these cells may be cell culture-related. It is not yet known whether MAPC 
exist as such in vivo or if they are the result of dedifferentiation of an MSC-like cell into 
a cell with greater potential. So far, the isolation and culture protocol makes it difficult to 
use these cells for stem cell-based therapy.
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Both HSCs and MSCs comprise different cell populations, some of which have been 
proven to be more multipotent than others. Their ability to differentiate into skeletal and 
cardiac muscle, brain, liver, kidney, gastro-intestinal tract, lung, or skin cells both in vitro 
and/or in vivo makes them ideal candidates in the search for cells that can contribute to 
the restoration of cardiac muscle22. In this review we will discuss experiments in which 
somatic stem cells have been observed to differentiate into cardiomyocytes both in vitro 
and in vivo, which factors influence their development, what is already known from clini-
cal trials in which stem cell-derivatives have been used, and which stem cells, in our 
opinion, have the greatest potential to be used for myocardial repair.  

In vitro differentiation of somatic stem cells
To understand the process of somatic stem cells differentiating into cardiomyocytes, 
numerous in vitro experiments have been performed to determine which cell population 
has the potential to become cardiac myocytes, and to elucidate which factors and tech-
niques influence this differentiation (Table 1). 
Of all populations of bone marrow-derived cells, only MSCs have been shown to differ-
entiate into cardiomyocytes in vitro8. Isolation of MSCs is mostly accomplished by using 
their ability to adhere to plastic surfaces, a feature that other populations isolated from 
the bone marrow do not possess. In culture, MSCs have a fibroblast-like morphology and 
retain the potential to differentiate into several mesenchymal cell lineages. Many differ-
ent cell surface markers have been observed, but generally, MSCs are negative for the 
hematopoietic markers CD34 and CD4520. 
To establish an in vitro model for studying cardiomyocyte differentiation, a cardiomyo-
genic (CMG) cell line was isolated. An immortalized murine marrow stromal cell line was 
treated in vitro with 5-azacytidine23. Subclones containing spontaneously beating cells 
were isolated and studied for cardiomyogenic characteristics. Before treatment, the cells 
had a fibroblast-like morphology, but after 5-azacytidine administration the cells began 
to beat and showed myotube-like structures and myofilaments. They stained positive 
for the cardiomyocyte-specific markers sarcomeric myosin, desmin, and actinin and 
cardiomyocyte-specific gene and transcription factor expression was detected. During 
electrophysiological studies, differentiated cells revealed cardiomyocyte-like action po-
tentials, thereby indicating that functional cardiomyocytes could be derived from MSCs 
in vitro23. Since adrenergic and muscarinic receptors are involved in mammalian cardiac 
function, the CMG cell line was tested for expression of these receptors. Both up- and 
downregulation of several receptors before or after 5-azacytidine treatment was observed 
in the CMG cells and administration of specific stimulants and/or inhibitors modified 
their downstream signaling and beating rate24.  
The differentiation of MSCs into cardiomyocytes in vitro has not only been achieved with 
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MSCs isolated form murine bone marrow, but also with MSCs from rabbit25 and human fatty 
tissue26, and with rat27,28 and human29 bone marrow. As in experiments with murine MSCs, 
the human bone marrow-derived MSCs were thoroughly screened for surface antigen ex-
pression and exposed to 5-azacytidine. The differentiated cells stained positive for several 
cardiomyocyte-specific markers and showed a myogenic morphology and functionality29. 
Another way of differentiating cells into cardiomyocytes is by simulating the cardiac envi-
ronment in vitro. This can be achieved by co-culturing (stem) cells of interest with adult 
cardiomyocytes. Co-culture of rat bone marrow-derived stromal cells with rat neonatal 
cardiomyocytes induced cardiac-specific marker expression and spontaneous beating 
in some of the stromal cells30. This suggested that cell-cell interaction, electrical and/
or mechanical stimulation, and/or undetermined growth factors from cardiomyocytes 
may stimulate differentiation in the rat stromal cells. However, cell fusion, resulting in 
chimeric cells containing characteristics of both cell types, was not ruled out. 
The in vitro experiments with MSCs suggest that these cells have the capacity to become 
cardiomyocytes, and thereby may contribute to myocardial repair. However, it is impor-
tant to determine the in vivo behavior of MSCs before they can be considered to be used 
as a therapeutic means. 

Somatic stem cells and their in vivo differentiation capacity
Bone marrow 
The cardiomyogenic properties of bone marrow-derived cells in vivo were observed for 
the first time by Bittner et al. After a sex-mismatched bone marrow transplantation in fe-
male dystrophic mdx mice suffering from cardiac muscle degeneration, Y-chromosome 
containing cardiomyocytes had integrated into the myocardium. This indicates that cir-
culating bone marrow-derived cells can be recruited to the injured heart and differentiate 
into cardiomyocytes31. 
To further understand the capacity of bone marrow cells to differentiate into cardio-
myocytes and repair the injured myocardium, stem cells were instantly delivered to the 
demanding area by injecting cells directly into the myocardium or coronary arteries. 
Murine GFP-tagged bone marrow cells were injected into the myocardium subsequent 
to coronary artery ligation. After 28 days, GFP+ cells expressing hematopoietic mark-
ers were detected in the cardiac muscle but no differentiation into cardiomyocytes was 
observed32. Few animal studies have been performed to investigate the possibilities of 
injecting crude bone marrow into the myocardium (Table 1). In most cases, the bone 
marrow mononuclear cell fraction, harboring most of the stem and progenitor cells, was 
cultured in vitro before injection. This will inevitably lead to the selection of either HSCs 
or MSCs. The population of cells with cardiomyogenic properties likely represents only a 
small fraction of total bone marrow. 
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Hematopoietic stem cells
Bone marrow-derived HSCs have been investigated for their differentiation potential in 
vivo (Table 1). The first indication that HSCs may participate in cardiac regeneration 
came from Jackson et al.. They isolated a specific HSC population called the side popu-
lation, and transplanted these cells into lethally irradiated mice. The donor cells were 
CD34-/low, c-Kit+, Sca-1+ and tagged with LacZ. Subsequently, the transplanted mice 
were used in a myocardial ischemia-reperfusion model, and hearts were analyzed after 
2 and 4 weeks.  Although their prevalence was not very high, donor-derived cardiomyo-
cytes were found, primarily in the peri-infarct zone, demonstrating the cardiomyogenic 
ability of circulating HSCs33. Direct injection of HSCs into the infarcted myocardium has 
also been investigated by Orlic and colleagues. After ligating the coronary artery, a popu-
lation of GFP-tagged Lin-, c-Kit+ cells was injected into the contracting wall bordering 
the infarcted area. After 9 days, 40% of the mice showed regeneration of the cardiac 
muscle. Approximately 68% of the infarcted area was occupied by newly formed myo-
cardium. Donor cells were shown not only to differentiate into cardiomyocytes but also 
to form endothelial cells and fibroblasts. Evidence for the restoration of the myocardium 
was further supported by a prolonged survival of the mice and a recovery of cardiac 
function34.
Although these studies demonstrate that different populations of HSCs appear to have 
a very high capacity both in homing to and regeneration of the damaged myocardium, 
some groups argue otherwise. Several investigators have tried to repeat these promis-
ing results and injected GFP labeled Lin-, c-Kit+ cells into the ischemic myocardium as 
well32,35. Others used a genetic approach injecting HSCs containing LacZ under control 
of a cardiac specific promoter36. Hearts were investigated relatively short after MI (+/- 10 
days) or at later time points (30 days to 6 weeks). All these studies detected donor cells 
in the heart, but these cells had not differentiated into cardiomyocytes. Instead, at all 
time-points, the donor cells expressed hematopoietic markers. It should be noted that 
Balsam et al. found a small but significant increase in cardiac function 6 weeks after 
MI35. Therefore, it remains unclear what the potential morphological and physiological 
contribution of HSCs is to the regeneration of the myocardium.

Mesenchymal stem cells
MSCs have been studied extensively for their in vivo cardiomyogenic potential, especially 
since they have the capacity to differentiate into cardiomyocytes in vitro (Table 1). In the 
majority of in vivo experiments MSCs were selected based on their ability to adhere to plastic 
and not on the basis of specific markers, making it difficult to directly compare the results.
Wang and colleagues show that murine MSCs participate in the formation of new cardio-
myocytes in the normal, uninjured heart. Starting 4 weeks after the injection of in vitro-
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expanded, labeled MSCs into the healthy heart, donor cells expressing cardiac markers 
were detected. These cells also expressed connexin 43, suggesting they coupled with 
surrounding cells37. The same in vivo potential has been demonstrated for human MSCs, 
which were injected into the heart of SCID mice. Although the human LacZ-tagged cells 
were only present in a small percentage (0.44%), the engrafted cells did express cardiac 
markers38.
In addition to the use of healthy animals, MSCs have also been injected into the myocar-
dium of experimental models for cardiac damage. Autologous MSCs labeled with BrdU 
were injected into the left ventricle (LV) of rats 3 weeks after myocardial cryoinjury. Trans-
planted MSCs were identified in all animals 8 weeks after injury. Immunohistochemistry 
revealed muscle-like BrdU positive cells expressing troponin I and myosin heavy chain. 
Moreover, injection of MSCs pre-treated with 5-azacytidine lead to a decreased scar area 
and a thicker LV free wall. The animals injected with pre-treated cells also had a decreased 
LV chamber size/body weight and improved cardiac function compared to controls28.
Interestingly, rat MSCs transduced with a virus encoding for Akt, an anti-apoptotic gene 
prolonging cell survival, prevented the pathological remodeling of the rat LV after infarc-
tion. Approximately 80% of the injured myocardium regenerated and cardiac function 
was completely normalized39, demonstrating the great potential of these MSCs. 

Mobilization of bone marrow-derived stem cells
Another possibility to deliver stem cells to the heart besides injection may be by increas-
ing the number of circulating endogenous stem cells, assuming they will migrate and 
home to the injured area. 
The first indication that there is a circulating pool of stem cells that participate in the 
regeneration of cardiac muscle came from analyzing post-transplant organs of sex-mis-
matched heart transplantations. Examination of the female donor hearts revealed cardio-
myocytes and vascular cells derived from the male recipients. These cells presumably 
derived from the bone marrow or peripheral blood of the heart transplantation recipient, 
and may embody a population of endogenous circulating stem cells. Additionally, Y-
chromosome containing primitive cells, expressing Sca-1, MDR-1 and c-Kit were spo-
radically observed40. These cells could represent a population of bone marrow-derived 
undifferentiated stem cells residing in the heart. Although the investigators claimed that 
in heart transplantation patients 9% of the cardiomyocytes were recipient-derived, oth-
ers have not been able to confirm these numbers and revealed a much lower contribu-
tion of recipient-derived stem cells to the cardiomyocyte population (0.016%)41. These 
reports did however raise the interest for studying endogenous stem cell mobilization in 
general but also after myocardial damage.
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Mobilizing stem cells can be achieved by administering cytokines like granulocyte-col-
ony stimulating factor (G-CSF) and stem cell factor (SCF). G-CSF and SCF cause an 
increase in the release of stem cells from the bone marrow into the peripheral blood 
circulation. If these circulating stem cells can home to the myocardium and differenti-
ate into cardiomyocytes, the administration of G-CSF and/or SCF could contribute to 
myocardial regeneration. Therefore, it was determined whether increasing the number 
of circulating stem cells by administering these cytokines led to more regeneration after 
MI. Orlic et al. injected G-CSF and SCF into mice starting 5 days prior to the induction of 
MI and continued until 3 days after. At 27 days, the infarct size was decreased by 40%, 
new cardiomyocytes were formed and cardiac function increased; this was combined 
with an increased survival of the mice42. These positive results readily led to assessment 
of cytokine-treatment in primates. Norol et al. ligated the circumflex coronary artery in 
baboons. Treatment with SCF and G-CSF was initiated either before or after the myocar-
dial damage. Although the infarct size remained unchanged, the treatment did enhance 
the perfusion of the infarcted area, indicating a contribution of circulating stem cells to 
vessel formation, but not to myocardial repair43. The reason for this variation in results 
is unclear but may be a consequence of an interspecies difference in reaction to the 
administered drugs. 
In the mobilization experiments described, it has been impossible to determine retro-
spectively which population of bone marrow-derived cells is responsible for the observed 
effects. Recently, Kawada et al. showed that this population is mainly the MSCs44. Mice 
were lethally irradiated and either EGFP-tagged crude BM, single HSCs that were CD34-, 
c-Kit+, and Sca-1+, or clonal MSCs from the CMG cell-line described above were trans-
planted. MI was induced and mice were treated with G-CSF. After eight weeks, EGFP+-
actinin+ cells were present in the hearts of the crude BM group; these cells were also 
found in the MSCs but not in the HSC transplanted animals. 

Cardiac regeneration in non-ischemic cardiac disease
The majority of the in vivo experiments have focused on the capacity of stem cells to 
restore regional ischemic injury in the heart after, for example, ligating the coronary 
artery or inducing cryoinjury. However, chronic heart failure can be caused not only by 
ischemic injury but also by diffuse cardiomyopathy. In contrast to ischemic forms of 
cardiac disease, which are amendable by procedures like revascularization and remod-
eling operations, non-ischemic cardiomyopathies can ultimately only be treated by heart 
transplantation. Therefore, the delivery of new viable cardiomyocytes through stem cell 
therapy could offer a less invasive therapeutic option. 
By using a doxorubicin (DOX) induced model for cardiomyopathy in rats45, the potential 
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role of stem cells has been investigated. DOX is an anthracycline antibiotic and antineo-
plastic agent used in chemotherapy. One familiar side effect of prolonged DOX-therapy is 
the development of congestive heart failure, which is attributed to cardiomyocyte apopto-
sis due to increased oxidative stress46. A beneficial effect on this diffuse form of cardiac 
injury has been reported after the injection of allogenic unpurified bone marrow cells47, 
injection of bone marrow mononuclear cells48, and after the early administration of G-
CSF49. Positive effects were observed on cardiac function, cardiomyocyte replacement, 
and survival rate, making stem cell transplantation an interesting option for treatment. 

Cardiovascular progenitor cells
Until recently the heart has been considered a terminally differentiated organ, exclud-
ing the need to search for a tissue specific cardiac stem cell. The major response to 
myocardial damage was thought to be hypertrophy of still viable cardiomyocytes. This 
dogma has been challenged by recent findings of cycling myocytes undergoing mitosis 
and cytokinesis under both physiological and pathological conditions50. That would imply 
that there is a population of stem cells or cardiovascular progenitor cells (CPCs) either 
resident in the mammalian heart or recruited from the circulation from which new myo-
cytes can be derived. Identifying this cardiomyogenic cell population is the subject of 
ongoing investigation.
Hierlihy and colleagues presented the first evidence for the existence of a putative CPC 
population in the adult heart. They showed that a specific cell type, the side-population, 
could be isolated from the adult rat heart and cultured in vitro. The cells showed stem 
cell-like behavior and they were restricted to differentiate into the cardiomyocyte lineage 
(Table 1), suggestive of CPCs51. Further support for the existence of CPCs, came from 
recent studies where small cell clusters were observed in the interstitium of the adult 
rat heart. These clusters contained Lin-, c-Kit+ cells and many of these cells expressed 
markers for cell proliferation, and transcription factors associated with early cardiac de-
velopment like GATA-4 and Nkx2.5. When isolated, these cells showed in vitro prop-
erties of stem cells. They were self-renewing, clonogenic, and multipotent, giving rise 
to myocytes, smooth muscle, and vascular cells, but were unable to contract in vitro. 
Furthermore, when these cells were injected into the border zone of an MI, they were 
able to forming a large area of new myocardium, containing CPC-derived myocytes and 
blood vessels52. 
The same potential has been shown for Sca-1+ cells isolated from murine adult heart, 
which had an expression profile comparable to c-Kit+ cells. Upon oxytocin53 or 5-aza-
cytidine54 stimulation in vitro, the cells started to express cardiac transcription factors, 
showed sarcomeric structures and formed spontaneously beating clusters. Various ago-
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nists and antagonists could affect the beating rate of the differentiated cells53. When 
freshly isolated murine Sca-1+ cells were injected intravenously into mice after ischemia-
reperfusion, they were shown to target the border-zone of the injured myocardium and 
differentiate into cardiomyocytes, with and without fusing with host cells54.
In the human adult heart, clusters of progenitor cells have been identified as well. These 
cells expressed stem cell markers like, c-Kit and MDR-1 and Sca-1 –like protein and har-
bored telomerase activity, which is only present in replicating cells. The in vivo relevance  
of these CPCs was emphasized by the fact that their number increased more than 13-fold 
in the hypertrophied myocardium of aortic stenosis patients55. The cell clusters revealed 
stem cell markers on cells in different stages of cardiomyocyte differentiation, which was 
determined by both early and late cardiac markers. This suggests the existence of a line-
age commitment of stem cells towards becoming cardioblast and then cardiomyocytes 
in the heart. Very recently it has become evident that CPCs can be isolated from very 
small tissue samples of human myocardium. These cells were expanded many-fold in 
vitro without losing their differentiation potential. Cells were shown to differentiate into 
cardiomyocytes and vascular cells56, providing new options for autologous transplanta-
tion of CPCs. 
The origin of these primitive cells is still unclear, they can be either cells that have resided 
there from fetal life onwards or they could come from the bone marrow or circulation. As 
explained earlier, sex-mismatched heart transplantation patients reveal recipient-derived 
Y-chromosomes in the nuclei of some cardiomyocytes40. If the CPCs as discussed above 
reached the myocardium through the circulation, then they have been resident in the 
myocardium long enough to adjust their phenotype to the cardiac specific environment, 
since up to date, no cells have been isolated from the circulation with CPC specific char-
acteristics and capacity.

Clinical Trials
The encouraging results of tissue regeneration by stem cells in animal models for car-
diac disease led to the first clinical studies (Table 1; for a detailed overview see 57). In 
the TOPCARE-AMI study patients were randomized to receive intracoronary infusion of 
either circulating progenitor cells, which mainly comprises endothelial progenitor cells, 
or crude bone marrow cells. At one-year follow-up an increase in LV ejection fraction, a 
decrease in end-systolic volumes, and a reduced infarct size was observed, without any 
differences between the two cell groups. During the follow-up, practically no cardiovas-
cular events had occurred, demonstrating that the procedure of intracoronary infusion 
of cells is safe58. 
Another large, long-term trial has been performed by Perin et al.. MI Patients were given 
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an injection of bone marrow cells into ischemic viable myocardium and controls were 
treated equally except for the actual injection. The cardiac characteristics were moni-
tored after 2, 6 and 12 months. There was a significant improvement in myocardial 
perfusion and functional capacity in treated patients compared to controls, and at 12 
months there was a sustained improvement in exercise capacity59.
One of the first randomized, controlled trials was performed by Wollert and colleagues. 

Table 1: Differentiation of somatic stem cells into cardiomyocytes.

Type of induction Key references on cardiomyocyte differentiation experiments

BMC HSC MSC Cardiac derived 
cells

In vitro Spontaneous Beltrami et al.52

Messina et al.56 $

Stimulation with 
5-azacytidine/
oxytocin

Makino et al.23

Hakuno et al.24

Rangappa et al.25

Xu et al.29

Liu et al.65 †

Matsuura et al.53

Oh et al.54

Co-culturing Hierlihy et al.51 Fukuhara et al.30 Messina et al.56

In vivo Direct injection 
of undifferenti-
ated cells into 
myocardial injury

Ishida et al.48

Nygren et al.32

Nygren et al.32

Orlic et al.34

Balsam et al.35 #

Murry et al.36 #

Wang et al.37

Toma et al.38

Mangi et al.39

Beltrami et al.52

Messina et al.56 $

Direct injection 
of stimulated 
cells into infarct 
area

Tomita et al.28

Integration of 
circulating cells

Bittner et al.31

Orlic et al.42

Agbulut et al.47

Tomita et al.49

Balsam et al.35 #

Jackson et al.33

Nygren et al.32

Kawada et al.44

Kawada et al.44 Oh et al.54

Clinical * Direct injection 
into myocardial 
injury

Perin et al.59

Assmus et al.66

Wollert et al.60

Integration of 
circulating cells

Kang et al.61

Quaini et al.40

Laflamme et al.41

† Rat MSCs did not differentiate into cardiomyocytes by 5-azacytidine treatment. 
# Donor-derived cells did not differentiate into cardiomyocytes. 
$ Clusters of cells, but not independently grown cells, showed cardiomyocyte differentiation. 
* Although improvement of cardiac function was shown, donor-derived cardiomyocytes could not be detected.
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Sixty patients with acute MI and successful primary intervention were randomized to 
receive either autologous bone marrow cells by intracoronary infusion or optimal medical 
therapy. At 6 months follow-up patients that had received a bone marrow cell infusion 
showed a significant improvement of left ventricular function compared to controls60. We 
should, however, be cautious to directly translate the positive effects observed in animals 
to patients. In a study were G-CSF was administered to patients with MI who underwent 
coronary stenting, investigators noted an unexpectedly high rate of in-stent restenosis 
and stopped the trial prematurely61. This emphasizes the need for more research before 
the safety of stem cell-based therapy can be guaranteed.
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CONCLUSION

Stem cell based therapy for treating cardiac disease is a potentially powerful therapy. 
Animal and clinical studies clearly show that stem cells may improve cardiac function 
after a heart attack, but we still not have identified the optimal population of cells to use. 
Although the first beneficial effects of stem cell transplantation have been attributed to 
HSCs, accumulating evidence suggests that, although cardiac function seems to im-
prove in some of the studies, these cells do not differentiate into cardiomyocytes. MSCs, 
on the other hand appear to possess cardiomyogenic properties both in vitro and in vivo. 
Besides improving cardiac function, MSCs were shown to be able to increase the ven-
tricular wall mass. CPCs, however, may prove to be a very useful population in cardiac 
regeneration, especially if these cells can also be induced to proliferate and differentiate 
in vivo.
A more profound understanding of stem cells and CPCs, their exact developmental origin 
and characteristics will demonstrate the potential of cell-based therapy. Investigation of 
gene expression profiles will be necessary to manipulate genetic pathways that influence 
cell survival, renewal, differentiation, and migration. Cardiomyocyte precursor cells have 
been isolated from the embryonic mouse heart at different developmental stages and 
have been subjected to microarray analysis. This resulted in the identification of sets of 
cardiac development stage-specific and stage-independent gene expression patterns62. 
This transcriptional profile will help understanding the necessary molecular regulation of 
cardiac differentiation pathways in stem and progenitor cells and predict their potential 
in regenerative medicine. 
Furthermore, the mathematics of stem cell transplantation would suggest that differen-
tiation maybe not be the key mechanism explaining the beneficial effects observed after 
stem cell injections. Potentially, cytokines and growth factors from stem cells or activated 
upon cell injection could be more relevant63,64. Finally, complete regeneration of the 
cardiac muscle can not be achieved by solely replacing cardiomyocytes, it is also neces-
sary to create new blood vessels. Therefore, it may prove useful to either co-transplant 
endothelial progenitor cells or to transplant a cell population that can differentiate into 
both cardiomyocytes and endothelial cell.
Although the step to the clinic has been taken rather quickly, it is shown that cell trans-
plantation can have a positive effect on cardiac function. More research is needed to 
determine the long-term outcome and assess the possible associated risks.
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ABSTRACT 

To date, there is no suitable in vitro model to study human adult cardiac cell biology. 
While embryonic stem cells are able to differentiate into cardiomyocytes in vitro, the ef-
ficiency of this process is very low. Other methods to differentiate progenitor cells into 
beating cardiomyocytes rely on co-culturing with rat neonatal cardiomyocytes, making 
it difficult to study human cardiomyocyte differentiation and (patho)physiology. Here we 
have developed a method for efficient isolation and expansion of human cardiomyocyte 
progenitor cells (CMPCs) from cardiac surgical waste or alternatively, from fetal heart 
tissue. Furthermore, we provide a detailed in vitro protocol for efficient differentiation 
of CMPCs into cardiomyocytes with great efficiency (80-90% of differentiation). Once 
CMPCs are rapidly dividing (approximately 1 month after isolation), differentiation can 
be achieved in 3-4 weeks. 
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INTRODUCTION

Until recently, the heart was considered a terminally differentiated organ, with a very 
low intrinsic renewal capacity. Although the finding of resident cardiomyocyte progeni-
tor cells (CMPCs) has questioned this dogma (reviewed in1,2), it remains a challenge to 
restore the damaged myocardium, for example after a myocardial infarction. Insight into 
the processes regulating the expansion and differentiation of CMPCs is crucial for the 
development of new therapies in cardiac disease. Furthermore, CMPCs may provide an 
in vitro model to investigate congenital heart disease and genetic defects.

Human models to study cardiomyocytes
To date, there are no suitable human models to study adult cardiac biology. Cardiomyocytes 
isolated directly from heart tissue have been studied3, but their applicability is hampered 
by the fact that the cardiomyocytes do not divide in culture, and can only be maintained 
for a relatively short time-period3. Although electrophysiological characteristics can be 
analyzed, cultured cardiomyocytes do not provide a system to investigate the development 
of cardiomyocytes. Human embryonic stem (hES) cells have the ability to differentiate into 
cardiomyocytes in vitro4,  however, their culture is very labor intensive. Although culture 
and differentiation techniques have improved dramatically5,6, it remains challenging to 
obtain cardiomyocyte-enriched cultures. We have recently introduced a new model that 
allows the study of the differentiation process and cardiac cell biology, by using human 
CMPCs isolated from human cardiac surgical waste material or fetal hearts7,8.

Isolating progenitor cells
Human cardiomyocyte progenitor cells have been isolated previously using different 
methods. First, when placing small cardiac tissue explants in culture, a population of 
progenitors migrates out of the explant. These spontaneously shed cells form aggregates 
in culture, designated cardiospheres, consisting of proliferating c-kit+ cells9. However, 
these cardiospheres may consist of a heterogeneous population of cells as their collec-
tion is not defined. Therefore, characterization of the isolated cells by, e.g., flow cytome-
try remains necessary after each isolation. Secondly, progenitors have been identified for 
isolation based on their expression of surface stem cell markers (e.g., c-kit10, 11, MDR-1 
or Sca-1 (sca-1-reactive protein11)), or the ability to efflux Hoechst dye (side-population 
cells12), allowing the use of flow cytometry or magnetic cell sorting (MACS) for their col-
lection. Thirdly, cells can be isolated on the basis of the expression of progenitor specific 
transcription factors (e.g. Islet-113). However, it remains unclear how these previously 
identified populations of progenitor cells are related to each other. This will need exten-
sive collaboration between research groups.
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In this protocol, we provide a method to isolate cells from adult human heart tissue (the 
auricle: appendix of the atrium) that is removed during heart surgery.  If such material 
is not available, a similar result can be achieved by pooling 5 needle biopsies. Alterna-
tively, we are also able to isolate cells from fetal heart tissue after elective abortion under 
informed consent. This latter tissue source provides many more CMPCs and the expan-
sion of the cells is much faster and efficient. However we realize that this tissue source is 
not available for most researchers, and therefore we have focused on the isolation from 
cardiac surgical waste.
We provide two methods to isolate cells; by clonal expansion or alternatively by MACS 
isolation using an epitope that is recognized by a Sca-1 antibody. Although the human 
equivalent of murine Sca-1 is not yet known, the antibody may cross-react with an un-
known protein, still leading to a homogenous cell population. Using MACS, CMPCs can 
be obtained much faster than using the clonogenic method. In both cases, after an  
initial lag in growth, the CMPCs can be easily expanded ex vivo by many folds without 
loss of the thereby providing high numbers of progenitor cells in culture7.

Differentiating progenitors into cardiomyocytes 
To gain further insight into the processes that regulate the formation of new cardiac 
cells, it is important to generate an in vitro model which can achieve differentiation into 
a homogenous population of cardiomyocytes to a reproducible degree. Inducing the 
differentiation of human cardiomyocyte progenitor cell populations into cardiomyocytes 
has been described previously2,14. Until now it has been necessary to co-culture these 
cells with neonatal (rat) cardiomyocytes to achieve differentiation into spontaneously 
beating cardiomyocytes. Furthermore, the efficiency of differentiation has been low. 
In this protocol, we describe a differentiation method for CMPCs that excludes the need 
for co-culture with neonatal rat cardiomyocytes, or other types of feeder layers. 
When stimulated in vitro with 5-azacytidine and growth factors, the CMPCs very 
efficiently differentiate into cardiomyocytes7. This is evident by a shift in gene 
expression. In an undifferentiated state, stem cell specific genes are expressed 
(isl-1, c-kit), as well as transcription factors that are indicative of a cardiomyocyte 
predisposition (e.g. Nkx-2.5, MEF2C and GATA-4). However, after induction of 
differentiation, CMPCs start to express genes that are necessary to form the com-
plex sarcomeric structures in the cardiomyocyte (e.g. β-MHC, MLC2V, α-actinin) 
and for electrophysiological function (for example SCN5a and Ryr2; unpublished 
results). CMPC-derived cardiomyocytes reveal organized sarcomeric structures, 
contract spontaneously, and are responsive to adrenergic stimulation7. The cells 
show excitation-contraction coupling, and action potentials that resemble ven-
tricular cells. They couple functionally and metabolically via gap junctions7, there-
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by resembling the in vivo myocardium, which consists of large syncytia. 
For these reasons, CMPCs provide an excellent model to study cardiomyocyte function 
and differentiation. By examining cells from cardiac surgery patients with congenital 
heart disease or genetic defects, more information on how particular mutations can af-
fect the differentiation of progenitors as well as the integrity of the newly formed cardio-
myocytes can be obtained. In addition, CMPCs can provide a tool for pharmacological 
studies, for example to investigate the influence of drugs on the differentiation of stem 
cells, contractile function, action potential duration (QT prolongation), and gene expres-
sion. The possibility of introducing gene overexpression and/or reporter plasmids by 
standard calcium phosphate transfection offers opportunities to study signaling path-
ways and drug screening.
This protocol intends to provide a method to study cardiogenesis and cardiomyocyte 
differentiation in vitro. As there are many controversies in the field of stem cell biol-
ogy, providing a detailed protocol for in vitro isolation and differentiation will help to 
establish a more unified approach to the use of cardiac progenitor cells. The limitation 
of this protocol is that isolation and upscaling of cells, as well as the differentiation into 
cardiomyocytes will take several weeks from the start of the protocol, and obtaining re-
producible results requires some degree of experience with the behavior of the cells in 
culture. We did not intend to provide a protocol for cardiomyocytes that are ready to be 
transplanted in the clinical setting. 5-Azacytidine treatment used for the differentiation 
of CMPCs may not be suitable for their use in patients, as the effects of demethylation 
may be random.  
In the future, CMPCs may provide a source for tissue engineered cardiac grafts or cell-
based transplantation therapy as we have recently found that CMPCs can differentiate 
into cardiac tissue in vivo (unpublished results). Clinical efficacy, however, still needs to 
be established, and it has to be noted that the current protocol for cell isolation does not 
reach the high Good Clinical or Manufacturing Practice requirements, but this protocol 
may provide a framework for clinical application.
In summary, human cardiomyocyte progenitor cells will provide researchers with a tool to 
study cardiomyogenic development and differentiation as well as normal progenitor cell 
or cardiomyocyte function and signaling. 
 

EXPERIMENTAL DESIGN

Source of cardiac material and preparation 
Various sources for cardiac tissue can be used as starting material in this protocol. 
In general, we use human heart auricle which is routinely removed during e.g., valve 
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replacement surgery. This surgical waste, that is approximately 2-4 cm3, can provide 
an excellent source for CMPCs. Another source of cardiac tissue is human (total) fe-
tal hearts, obtained after elective abortion. Furthermore, CMPCs can be isolated from 
catheter-based small biopsy specimens by pooling at least 5 needle biopsies. This allows 
isolation of cells from patients with, for example, genetic defects not undergoing inva-
sive surgery. Although the number of cells that can be isolated from these biopsies is 
limited, they have the advantage that it may provide a good research tool to gain insight 
into effects of these mutations on the generation and integrity of cardiomyocytes. The 
preparation The preparation of cardiac material includes keeping the tissue sterile dur-
ing collection, and transferring the sample to ice-cold medium containing antibiotics as 
quickly as possible. 

Clonogenic expansion versus MACS using Sca-1
We provide two different protocols to isolate CMPCs from cardiac tissue. First, we de-
scribe a method to clonally isolate CMPCs by seeding the cells at a density of 1 cell per 
well in growth medium. Most differentiated cells types can not withstand single cell cul-
ture; thereby a selection for progenitors occurs. Approximately 75% of the cells that sur-
vive and expand will be CMPCs based on morphology and surface protein expression. 
Secondly, we describe an isolation method by means of magnetic cell sorting using an 
iron-labeled mouse anti-Sca-1 antibody. Although the human epitope recognized by this 
antibody has not yet been identified, we found that using the Sca-1 antibody, a population 
of cells is isolated every time that expands efficiently and is similar to clonogenically isolated 
cells on the basis of morphology and surface marker expression. Therefore, the MACS iso-
lation protocol is more efficient resulting in higher cell numbers in a shorter time course. 

Number of obtained cells
These different isolation procedures as well as the starting material will lead to a variation 
in the number of CMPCs that are initially isolated (ranging from 10 to 5,000 cells when 
using MACS isolation). In culture, after an initial lag phase, the cells will double every 
day, for at least 75 times, thereby high numbers of cells can be obtained. 

Use of 5-azacytidine
In this protocol for differentiation, we use a combination of 5-azacytidine treatment, fol-
lowed by Transforming Growth Factor (TGF)-β and vitamin C stimulation. 5-Azacytidine 
is a general demethylating agent, leading to unmasking of genes that are not expressed 
due to promoter hypermethylation. It is not specific for cardiac genes but has previously 
been described in P19 embryonic stem cell15 and bone marrow stromal cell16 differentia-
tion towards cardiomyocytes. We have tested other reagents to circumvent the use of 
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5-azacytidine and used oxytocin, TGFβ alone, or a combination of TGFβ and BMP67. 
Although differentiation into cardiomyocytes was observed, this was not as efficient as 
the combination of 5-azacytidine and TGFβ7. This protocol was designed to study car-
diogenic processes and cardiomyocyte differentiation in vitro. For these experiments, a 
high differentiation efficiency of CMPCs is crucial, which to date can be achieved only 
by addition of 5-azacytidine. 

Generated cardiomyocytes
To confirm the differentiation into cardiomyocytes multiple characteristics need to be 
addressed. First of all, the expression of cardiac genes such as cardiac troponin–T, 
β-Myosin heavy chain and cardiac actin, need to be analyzed. As a negative control RNA 
isolated from CMPCs, cultured in differentiation medium until 90% confluence, is used. 
As a positive control RNA from cardiomyocytes or total cardiac tissue is a good source. 
Secondly, it is crucial to stain the cells with antibodies directed at the sarcomeric struc-
tures in the cells, for instance using α-actinin or troponin–I, as a well-organized striated 
pattern is indispensible for cardiomyocytes. To do so, cells needs to be differentiated on 
coverglasses to allow immunofluorescent staining for sarcomeric proteins. Quantification 
of differentiation is performed by counting the number of α-actinin or troponin-I-positive 
cells, relative to the total number of nucleated cells microscope field.
Beating cells can be observed in many cases. Approximately 80% of the beating cells 
are able to beat individually. The average beating rate of the cells is around 40 beats 
per minute, and they are responsive to β-adrenergic stimulation7. Differentiated CMPC-
derived cardiomyocytes will continue to beat up to 10 weeks. Interestingly, cells that do 
not beat spontaneously can still be paced in vitro. 

MATERIALS

Reagents:
•		PBS	(pH	7.4)	without	calcium	and	magnesium	(Gibco,	cat.	No.	10010-056	or	home	

made and sterilized).
•	EDTA	(Sigma	cat.	no.	E4884)
•	Trypan	Blue	(Sigma,	T8154)
•	Trypsin/EDTA	(Sigma,	cat.	no.T4904)
•		Collagenase	A	(Roche	cat	no	10103578001)	CAUTION:	Irritant;	wear	protective	gog-

gles, clothing and gloves as appropriate. 
•	Gelatin	Type	A	(Sigma,	cat.	no.	G6144)
•		5-Azacytidine	(Sigma,	A2385)	CAUTION:	carcinogenic,	wear	protective	goggles,	cloth-
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ing and gloves as appropriate.
•	L-Ascorbic	Acid	(Vitamin	C,	Sigma	A4403)
•	TGF-β1 (PeproTech, 100-21C)
•	Fibroblast	Growth	Factor-Basic	human	(bFGF,	Sigma	F0291),	
•	Triton	X-100	(Sigma,	cat.	no.	T8787)	
•		Paraformaldehyde	(PFA;	Sigma	cat.	no.	158127)		CAUTION:	Irritant;	wear	protective	

goggles, clothing and gloves as appropriate
•	Mowiol	(Calbiochem	cat.	no.	475904)
•	Tween-20	(Merck	cat.	no.	8.22184.0500)
•		Hoechst	33342,	(Invitrogen	cat.	no.	H1399)	CAUTION:	carcinogenic,	wear	protective	

goggles, clothing and gloves as appropriate.

Equipment
•	Delicate	scissors	(Aesculap)
•	Forceps	(Aesculap)
•	15	ml	centrifuge	tubes	(Corning,	cat.	no.	430791)
•	50	ml	centrifuge	tubes	(Corning	cat.	no.	430829)
•	Cell	culture	dish,	100mm	x	20	mm	(Corning,	cat.	no.	430293)
•	5	ml	pipette	(Corning	cat.	no.	CLS4050)
•	Waterbath,	circulator	type	E100	(Lauda)
•	Roller	bench	(e.g.		ROCK	‘N	ROLLER,	Model	34201m,	Snijders).
•	Cellstrainer	40µm	(Falcon	cat.	no.	103578)
•	5	ml	Syringe	(BD,	Bioscience)
•	Centrifuge,	type	5810R	(Eppendorf)
•	1.5	ml	microcentrifuge	tubes	(Eppendorf)
•	Test-tube	rotator,	model	34528	(Snijders)	(optional)
•	Counting	chamber	(e.g.	Bürker-Türk	Bright-Line;	0,100mm;	0,0025	mm2)
•	Inverted	light	microscope		
•	MiniMACS™	Separator	(order	no.	130-090-312)	(optional)
•	MiniMACS	columns,	type	MS	plus	(cat.	no.	130-041-301)	(optional)
•	24	well	cell	culture	plate	(Corning	cat.	no.	3524)
•	6	well	cell	culture	plate	(Corning	cat	no.3506)
•	96	well	cell	culture	plate	(Corning	cat.	no.	3596)
•	Microscope	cover	glasses	12mm	Ø		
•	Microscope	slides	(Menzel-Gläser,	cat.	no.	AA00000102E)
•	For	cell	culture:	see	equipment	setup
•	CO2	incubator	(CO2	at	5%	vol/vol;	humidified,	T=37	ºC)
•	Anti-sca-1	microbeads	mouse,	(Miltenyi	Biotech	cat.	No.	130-091-176)	(optional).
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Reagent setup
Stock solutions:
Collagenase A:   dissolve a vial of collagenase A (100mg) in 4 ml of sterile PBS, 

yielding a concentration of 25 mg/ml. Filter sterilize and divide in 
aliquots	of	100µl	(=	2.5	mg)	per	vial	and	store	at	-20ºC.	The	stock	
can be stored for at least 9 months.

5-Azacytidine:   weigh an appropriate amount on an analytical scale, and dissolve 
in	DMEM	at	a	concentration	of	250	µM.	Filter	sterilize,	divide	in	al-
iquots,	store	at	-20ºC,	and	keep	protected	from	light.	The	stock	can	
be stored for at least 9 months, and can be thawed only once.

TGF-β:		 	Dissolve	to	a	concentration	of	1µg/ml	in	sterile	acidified	H2O (4mM 
HCl):	this	is	a	1000x	stock.	Divide	in	aliquots	and	store	at	4ºC.	The	
stock can be stored for at least 6 months.

Gelatin (1% wt/vol):  dissolve 10 g of gelatin A in 1000 ml of distilled H2O. Autoclave to 
sterilize.	Store	at	4ºC.	The	stock	can	be	stored	for	at	least	1	year.

   CRITICAL: Note that the gelatin will not dissolve completely prior to 
autoclaving the solution. 

Ascorbic Acid:  for a 1000x stock, dissolve 0.88 gram in 50 ml of distilled H2O, 
yielding a 10-1	M	solution.	Filter	sterilize	and	store	at	4ºC.	The	stock	
can be used until the solution turns yellow. 

EDTA (200mM):  dissolve 74.45 mg in 1000 ml distilled H2O. Set pH to 7.4. Auto-
clave to sterilize. The stock can be stored at 4°C for at least 1 year.

bFGF:	 	Prepare	a	concentration	25	µg/ml:	dissolve	1	vial	of	bFGF	(25µg)	in	
1	ml	of	sterile	PBS.	Divide	in	aliquots	and	store	at	-20ºC.	The	stock	
can be stored for at least 9 months.

PFA for cell fixation:  4%	PFA	(wt/vol)	in	PBS.	Dissolve	on	a	magnetic	stirrer	at	50	ºC.	4%	
PFA	can	be	stored	in	aliquots	at	-20	ºC	for	at	least	1	year.		

   CAUTION: PFA is toxic, wear gloves when handling and use a safety 
biohazard hood.

Hoechst:  prepare a 1000x stock: dissolve 1 mg of Hoechst in 5 ml distilled 
water (or an equivalent). The solution can be stored in the dark in 
aliquots	at	4ºC	for	several	weeks.	When	stored	dark	at	-20°C,	the	
stock can be stored for at least 1 year.

Medium for collecting tissue
DMEM containing 10% FBS and 1x penicillin/ streptomycin (50x). The medium can be 
stored at 4°C in the dark for 3 months. Alternatively, aliquots can be stored at -20°C for 
at least one year.
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Buffers for cell isolation
M-buffer:  add 10 ml of 200mM EDTA and 10 ml FBS to 1 liter of PBS. Store 

at	4ºC	for	6	months,	and	keep	on	ice	during	use.
Collagenase solution:  PBS containing 1 mg/ml collagenase A. One vial of stock solution 

per 2.5 ml PBS. Always prepare fresh before use.

Cell culture media and solutions
0.1% gelatin:  dilute 10ml of 1% gelatin solution in 90 ml of sterile PBS. Store at 

4ºC	for	at	least	6	months.		
Prepare EGM-2:  remove 15 ml from 500ml of EBM-2 and add EGM-2 Single Quots. 

Store	at	4ºC	for	up	to	6	months.
Growth medium:  add 125 ml of EGM-2 to 375 ml of M199. Discard 65 ml. Add 50 

ml FBS, 1x (10ml) penicillin/streptomycin (from 50x stock) and 1x 
(5 ml) MEM non-essential amino acids (from 100x stock). Store at 
4ºC	for	up	to	6	months.	Alternatively,	aliquots	can	be	stored	at	-20	
ºC	for	at	least	a	year.

Differentiation medium:  combine 235 ml IMDM and 235 ml Ham’s F12 nutrient mixture 
with GlutaMAX-I. Add 10 ml horse serum, 1x (5ml) MEM non-
essential amino acids (from 100x stock), 1x (5ml) Insulin-transfer-
rin-selenium (from 100x stock), 1x (10 ml) penicillin/streptomycin 
(from	50x	stock).	Store	at	4ºC	 for	up	 to	6	months.	Alternatively,	
aliquots	can	be	stored	at	-20	ºC	for	at	least	a	year.

Antibodies and dilutions
Monoclonal mouse-anti-α Actinin (sarcomeric) clone EA-53 (Sigma, cat. no. A7811) 
1:800. polyclonal Rabbit anti-Troponin I (Chemicon cat. no. AB1627) 1:100. The diluted 
antibody solutions can be stored at 4°C for up to 6 weeks, or at -20°C for 6 months, but 
it can only be thawed once.  
As secondary antibodies use Alexa Fluor 488 goat anti mouse IgG (Invitrogen cat. No. 
A-11001) 1:400 and Alexa Fluor 555 goat anti rabbit IgG (Invitrogen cat. no. A-21428) 
1:400. The diluted antibody solutions can be stored at 4°C in the dark for up to 6 
weeks.
Hoechst:  as a nuclear counterstain dilute the stock solution 1:1,000 in PBS. 

The diluted Hoechst solutions can be stored at 4°C in the dark for 
at least 6 months.

Blocking reagent:  prepare 4% (vol/vol) normal goat serum (Vector Laboratories Cat. 
no.6-S-1000) in PBS. The diluted solutions can be stored at 4°C 
for up to 6 months.
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Buffers for staining:
0.1% Triton X-100:	 	Dilute	50	µl	Triton	in	50	ml	PBS.	Store	at	room	temperature	(RT)	

for at least 1 year.
0.05% PBS-Tween:	 	Dilute	500	µl	Tween-20	in	1	liter	of	PBS.	Store	at	RT	for	at	least	1	

year.

Equipment setup
Cell Culture
For all culture procedures described here, tissue culture, reagent preparation and steri-
lizing facilities are necessary. Class II Biological Flow Hoods and laminar flow horizontal 
draft hoods are used.

PROCEDURE

Preparation of single-cell suspension TIMING 4h
1   Receive human tissue on ice in medium for tissue collection (Figure 1a). Under these 

conditions,	tissue	can	be	kept	at	4ºC	for	up	to	3	hours,	but	should	be	processed	as	
soon as possible.

 CRITICAL STEP Keep all tissue and reagents sterile, and work in the flow cabinet.
2   Wash the tissue twice in cold M-buffer to remove residual blood
3   Place the tissue in a 100mm cell culture dish in cold M-buffer and remove any fat or 

scar tissue using sterile small scissors and forceps (Figure 1b).
4   Cut the tissue into small clumps of ~ 1mm3 (Figure 1c-e). The clumps should be 

small enough to enter a 5 ml pipette.
5   Transfer the tissue clumps into a 15 ml centrifuge tube, and let the tissue sink to the 

bottom.
6   Remove the M-buffer, by pipetting or careful aspiration and wash twice in cold PBS, 

each time allowing the tissue to sink to the bottom before removing the solution.
  CRITICAL STEP It is crucial to wash the tissue twice in PBS without serum. In the 

subsequent steps, collagenase A is used and the activity of this enzyme is inhibited 
by serum. 

7   Remove the PBS, by pipetting or aspiration, and estimate the volume of the tissue. If  
the starting material was a human heart auricle of approximately 2-4 cm3, a volume 
of 2 ml is expected (Figure 1a,f). Add the collagenase solution in the proportion 1:2.5 
of tissue volume versus collagenase solution. For 4 cm3 tissue with a 2 ml volume 5 
ml collagenase solution is added with a concentration of 1 mg/ml (two vials of col-
lagenase stock solution in 5 ml of PBS).
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8   Incubate the solution at 37°C for 2 hours in a waterbath. Mix the solution from time-
to-time

  PAUSE POINT Alternatively, the solution can be placed on a roller bench and incu-
bated overnight at 4°C. 

9   Continue in the flow cabinet, pipette the solution gently up and down using a 5 ml 
pipette and an automated pipette. 

 CRITICAL STEP Note that most, but not all of the tissue will be dissociated. 
 TROUBLESHOOTING
10			Place	a	40	µm	cell	strainer	in	a	100	mm	cell	culture	dish,	and	take	out	the	plunger	

from a 5 ml syringe (Figure 1g).
11  Transfer the tissue in collagenase solution into the cell strainer (Figure 1g) and grind 

the tissue through the strainer using the plunger (Figure 1h). 

D E F

A B C

D E F

G H I

cm

cm

Figure 1 Isolating CMPCs from human atrial tissue 
(a) The size of the auricle of the left atrium that is removed during surgery is approximately 2-4 cm3. (b) Tissue is 
placed in a cell culture dish in M-buffer and cut into small pieces (c) of approximately 1-2 mm2 (d, close up in e). 
(f) Volume of tissue obtained from auricle. (g) After collagenase incubation, the tissue is poured into a cell strainer 
placed in a cell culture dish. (h) The tissue is grinded through the mesh using the plunger of a 5 ml syringe. (i) MACS 
magnet and holder setup.
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12   After grinding thoroughly, transfer the fluid that has passed through the strainer into 
a 50ml falcon tube and keep on ice. 

 CRITICAL STEP Note that not all of the tissue will pass through the strainer.
13   Wash the cell strainer 5 times with 5 ml of cold M-buffer and collect the flow-through 

in the 50ml tube.
14  Centrifuge the cell suspension for at 300 g for 5 min at RT.
15  Remove the supernatant and resuspend the cells in 5 ml cold M-buffer.
16  Centrifuge the cell suspension for 5 minutes at 300 g at RT.
  PAUSE POINT The cell suspension can be resuspended in 10 ml DMEM containing 

10% FBS and 1x Penicillin/Streptomycin and kept overnight at 4°C.

Isolation of CMPCs
17   From this point forward, there are two options to isolate CMPCs; clonogen-

ic isolation of CMPCs (option A); or MACS isolation of CMPCs (option B). 
A. Clonogenic isolation of CMPCs  TIMING 60 min

 i   Remove supernatant by aspiration  and resuspend the cells in 5 ml of PBS, and 
let the cardiomyocytes sink to the bottom of a 15 ml tube for 5 minutes.

 ii   By pipetting, collect the supernatant in a new 15 ml tube and centrifuge at 300 
g, for 5 min at RT.

 iii   Resuspend the cells in 1 ml of PBS.
	 iv		 	Add	20	µl	Trypan	blue	 to	20	µl	cell	 suspension	 in	a	1.5	ml	eppendorf	 tube,	

mix by pipetting up and down, and count the viable (i.e. round white) cells in a 
counting chamber.

 v   Dilute the cells to a concentration of 5 cells/ml in growth medium
 vi   Coat a 96-well plate with 0.1% gelatin; incubate the plate for at least 15 minutes 

at 37°C before removing the gelatin solution.
	 vii		 	Add	100	µl	of	cell	solution	to	each	well
    CRITICAL STEP The dilution is prepared in such a way that it contains an aver-

age of 1 cell per 2 wells, increasing the chance of clonogenic growth. 

 B.  MACS isolation of CMPCs  TIMING 2-4 h, depending on the flow rate of the column
	 i		 	Remove	the	supernatant,	by	aspiration	and	resuspend	the	cell	pellet	in	450	µl	

cold M-buffer, and transfer the solution to a 1.5 ml eppendorf tube. 
	 ii		 	Add	50	µl	anti	Sca-1	microbeads,	and	incubate	under	rotation,	in	a	test-tube	

rotator, for 1 hour at 4°C.
  PAUSE POINT Incubation can be prolonged to 3 hours.
 iii   During the incubation, disinfect the MiniMACS magnet and holder with 70% 

ethanol and place them in the flow cabinet.
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 iv   For each sample: click a separation column into the magnet, and label two 15 
ml tubes, one for the flow through, one for the CMPCs (Figure 1i).

 v   Place the flow-through tube under the column, and pre-wet the column with 1 
ml cold M-buffer.

 vi   Coat four wells of a 24-wells cell culture plate with 0.1% gelatin in PBS. Place 
the plate in a 37°C incubator for at least 15 minutes, before removing the gela-
tin.

 vii   After incubating with the beads, transfer the solution from Step 17Bii to a 15-ml 
tube and centrifuge for 5 minutes at 300g at RT then remove the supernatant by 
pipetting and carefully resuspend the pellet in 1 ml of cold M-Buffer, ensuring 
that there are no clumps. 

	 viii		 	Run	the	cell	solution	through	a	40	µm	cell	strainer	that	is	placed	on	a	50	ml	
centrifuge tube, to remove clumps that may clog the column. Wash the strainer 
with 1 ml cold M-buffer, while leaving it on the 50 ml tube, and collect all the 
flow-through into the same tube. This is the filtered cell solution.

 ix   Transfer the filtered cell solution onto the column (Step 17Biv), 1 ml at a time, 
and collect the flow-through in the designated tube (Step 17Biv).

  TROUBLESHOOTING
	 x		 	Wash	the	column	3	times	with	500	µl	cold	M-buffer	and	collect	flow-through;	

again in the designated tube.

A B

C D

100x 200x

100x 400x

Figure 2. CMPC culture conditions 
(a,b) Appearance of CMPCs in culture at 80% confluence. Under normal culture conditions, the CMPCs need to be 
passaged. Alternatively, when starting a differentiation experiment, the cells are seeded at this density. (c) In some 
cases, cell death occurs after treatment with 5-azacytidine. (d) Small dark vacuoles are observed as well as light 
sphere-like-structures consisting of dead cells
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   CRITICAL STEP Do not remove the column from the magnet during these 
steps! 

  TROUBLESHOOTING
 xi   When all the fluid has run through, place the tube for CMPCs (step 17Biv) 

underneath the column. Take out the column, hang it in the tube and tap it a 
couple of times to loosen the cells.

   CRITICAL STEP The first droplets contain most of the cells; ensure that when 
the column is taken from the magnet it is placed directly above the tube to avoid 
spilling of fluid.

  TROUBLESHOOTING
	 xii		 	Collect	the	CMPC	fraction	by	washing	the	column	with	500	µl	cold	M-buffer	2	

times. 
  TROUBLESHOOTING
 xiii   Flush out the remaining buffer using the plunger that is supplied with the col-

umn.
  TROUBLESHOOTING
 xiv   Centrifuge flow-through and the CMPCs tubes obtained in steps 17Bix/x and 

17Bxi  at 300 g for 3 min at RT and discard the supernatant by careful suction 
or pipetting.

	 xv		 		Dissolve	the	CMPC	pellet	in	500	µl	growth	medium.	
   CRITICAL STEP Note that the flow-through pellet (with unbound cells obtained 

during step 17Bx  can be resuspended in 1.5 ml growth medium and divided 
over three wells. However, there will be contamination with CMPCs that have not 
bound to the column. Therefore, the flow-through should not be considered a 
negative fraction.  

  TROUBLESHOOTING
 xvi   Remove the gelatin from the 24-well plates from Step 17Biv.
 xvii   Apply	500	µl	of	the	cell	suspension	in	growth	medium	from	Step	17Bxv	to	the	coated	

well. Add bFGF (10 ng/ml) to the growth medium to stimulate the growth of the cells. 

Culturing CMPCs TIMING Splitting of cells: 30 minutes; culture until first differentia-
tion: 6-7 weeks using clonogenic isolation, 3-4 weeks using MACS isolation.
18   After 3 d, remove the medium and wash the attached cells twice with PBS. Add 1 ml 

of growth medium to the cells, supplemented with 10 ng/ml bFGF. Optional: place 
the old medium (containing debris) in a new gelatin coated well and add 1:1 growth 
medium. The cells that are still not attached may adhere better in a new well. 

  CRITICAL STEP Cells should be given at least 3 days to attach before refreshing the 
medium.
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 TROUBLESHOOTING 
19   Let the cells grow to 80-90% confluence (Figure 2a,b), remove the culture medium, 

and wash the cells with PBS containing 2mM EDTA. 
20			Remove	the	PBS-EDTA	and	add	100	µl	trypsin-EDTA.
  CRITICAL STEP The cells need to be washed with PBS to remove all traces of se-

rum, which interferes with the enzyme activity of trypsin. 
21  Incubate in a 37°C stove for 2-5 minutes. Check under the microscope if the cells are 

detached. Then add 2 ml of growth medium containing bFGF (10 ng/ml) and gently 
resuspend the cells to a single cell solution. 

  CRITICAL STEP Prolonged exposure to trypsin-EDTA may influence the cell integrity. 
  CRITICAL STEP Ensure that there is at least a 10x larger volume of medium contain-

ing 10% serum to abrogate the trypsinization process.

Box 1.  Validation and test induction of differentiation
An easy way to validate the procedure and time course of cardiac differentiation is to perform real-time reverse 
transcription polymerase chain reaction (RT-qPCR) as described by Nolan et al.18.Typically, you need 4 time points 
and 1 negative control as described below:
1 Coat five 60 mm dishes with 0.1% gelatin.
2 Seed 10,000 cells/cm2 in growth medium. 
3 Proceed with the differentiation protocol (Steps 33-38) but leave the negative control in differentiation medium 
without additives. Since these cells will keep proliferating, isolate RNA when they are at 90% confluence.
4 Isolate RNA18 after step 35, and 1, 2 and 3 weeks after seeding the cells. 
5 Make cDNA18 (we use iScript from BioRad, cat no. 170-8891)
6 Perform RT-qPCR using e.g. the following primers for MEF2C, GATA-4 and Nkx-2.5 as early cardiac transcription 
factors, and Troponin T, βMHC and cardiac-Actin as sarcomeric proteins: 

Gene Primers Annealing temperature

MEF2C 5'-agatacccacaacacaccacgcgcc-3' 59°C

 5'-atccttcagagagtcgcatgcgctt-3'  

GATA-4 5'-gacaatctggttaggggaagc-3' 55°C

 5'-accagcagcagcgaggagat-3'  

Nkx-2.5 5'-cgccgctccagttcatag-3' 55°C

 5'-ggtggagctggagaagacaga-3'  

TropT 5'-gtgggaagaggcagactgag-3' 62°C

 5'-atagatgctctgccacagc-3'  

βMHC 5'-gaagcccagcacatcaaaag-3' 60°C

 5'-gatcaccaacaacccctacg-3'  

cActin 5'-tcctgatgcgcatttttattc-3' 60°C

 5'-aacaccactgctctagccacg-3'  

The expression of MEF2C, GATA-4 and Nkx-2.5 is expected after the first week of differentiation followed by Tro-
ponin T, βMHC and cardiac-Actin after 2-3 weeks.
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 TROUBLESHOOTING 
22   In general, the cells can be split 1:5 (e.g. from a 24 well (2 cm2) to a 6 well (10cm2)). 

Transfer the 2 ml of cell solution to one gelatin coated well on a 6 well-plate.
  CRITICAL STEP Especially in the beginning of the culture period, the cells will grow 

in small, very dense clusters. When cells are growing in clusters instead of spread 
through the well, the cells can be split 1:2 (from a 24 well to a 12 well), this way the 
cells are spread more evenly, and they will reach 80% confluence faster.

23   Passage the cells whenever they reach 70-90% confluence (Figure 2a,b). When the 
cells grow on a large surface e.g. larger than 10 cm2, the cells can be cultured in 
growth medium without adding extra bFGF. Cells can be kept in culture for at least 
25 passages. On average, a T75 flask at 90% confluence will harbor approximately 
4 million cells. 

  CRITICAL STEP Do not culture the cells at densities covering less than 50% or more 
than 90% of the surface of the dish, as this will affect their growth rate and differen-
tiation capacity.

  PAUSE POINT Note that cells can be stored in liquid nitrogen, preferentially at an 
early passage (below passage 10). Cells can be frozen in culture medium containing 
10% DMSO, and stored in liquid nitrogen for many years.

Differentiation into cardiomyocytes  TIMING Seeding cells for differentiation: 45 min; 
differentiation into cardiomyocytes: 3-4 weeks
24   Coat a 6-well plate or 60 mm dishes with 0.1% gelatin. Per condition that is tested, 

(e.g. TGFβ stimulated versus non-TGFβ stimulated), prepare at least two wells on a 
6 well-plate or two 60 mm dishes. In one of the two wells, place 2 or 3 cover glasses. 
The coverglasses will be used to determine the degree of differentiation. 

  CRITICAL STEP When using the differentiation protocol for the first time, it is impor-
tant to determine the degree of differentiation in time. Coat five extra wells with gelatin 
(see Box 1) that will be used to check the expression of cardiac genes. Seed the same 
number of cells and treat them according to the differentiation protocol described be-
low. RNA will be isolated at different time points during the differentiation protocol and 
cardiac differentiation can be determined by RT-PCR (as described in detail in Box 1). 

25   Wash the cultured CMPCs with PBS 
26   Add trypsin-EDTA to the flask (e.g., 1 ml to a T75 flask with 90% confluence). Incu-

bate for 2-5 minutes at 37°C. 
 TROUBLESHOOTING
27 Resuspend the cells in 10 ml of growth medium
28	 	Add	50	µl	of	Trypan	blue	to	50	µl	of	cell	suspension	and	count	the	live	cells	by	using	

a counting chamber.
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29 Centrifuge the single cell suspension for at 300g for 5 min at RT.
30 Resuspend the cells in growth medium, at a concentration of 1 million cells per ml
31  Seed the cells on the gelatin coated surface (from Step 24) at a density of ± 10,000 

cells per cm2	(for	example	100	µl	in	a	6-well	plate	well)	(Figure	3).	The	cells	should	
be 80-90% confluent the next morning (Figure 2a,b). 

 TROUBLESHOOTING
32   Add growth medium to the appropriate level (2 ml in 6-well plates or 3 ml in 60 mm 

dish) and incubate the cells overnight at 37°C
33   The next morning, (if the cells are >80% confluent) change the medium to differen-

tiation medium (2 ml per 6-well).
 CRITICAL STEP if cells are under- or overconfluent, stop and plate new cells. 
34  After	6-8	hours,	change	the	medium	and	add	differentiation	medium	containing	5	µM 

5-azacytidine	 (40	µl	5-azacytidine	 from	 the	stock	solution	 in	2	ml	medium,	1:50)	
(Figure 3).

  CAUTION 5-azacytidine is light sensitive, and has a short half-life. When adding the 
substance to the culture turn off the light in the flow cabinet, and afterwards place 
the cells in the back of the stove to prevent excessive exposure to light.

 CRITICAL STEP 5-azacytidine may cause cell death (Figure 2c,d). 
 TROUBLESHOOTING
35			In	the	next	2	d,	add	40	µl	5-azacytidine	directly	to	the	medium	at	the	end	of	the	day	

(Figure 3) and refresh differentiation medium at day 4.
36  6 days after the start of the differentiation assay (2 days after finishing the 5-aza 

stimulation) add 1x Ascorbic Acid (1000x stock, 10-4M), and 1 ng/ml TGF-β to the 
medium	(e.g.	1	µl	of	stock	to	1	ml	of	medium)	(Figure	2).

37  From this point forward, ascorbic acid should be added every 2 d, and TGF-β twice weekly. 
Both reagents can be added directly to the cells, or changed with medium (Figure 3).

A-A A-A A-A A-A A-A A-A A-A A-A A-A

5 5 5 TGF TGF TGF TGF TGF TGF

Days after 
seeding

0 2 4 6 8 10 12 14 16 18 20 22

  2
A,B

  5
A,B 

  5
C,D 

  5 
E,F 

  5
G,H 

 5
I,J

Corresponding 
figure

Figure 3 Timeline of the differentiation procedure 
The gray line indicates the number of days after plating. The 3 consecutive days when 5-azacytidine is added to the 
culture are labeled by 5 in the green boxes. TGF-β is added twice weekly, shown by TGF in the blue boxes. Ascorbic 
Acid is added every two days and indicated by A-A in the red boxes. The time points to refresh the medium are not 
indicated since they depend on the color of the medium, but in general should be performed once every 3 days. The 
arrows indicate the corresponding figures showing the cell culture morphology at that point

proefschrift Anke.indd   52 15-07-2009   12:00:36



53

Differentiating CMPCs into cardiomyocytes

38  Refresh medium every 2-3 days, depending on pH of the medium. When refreshing 
medium, wash the cells twice with PBS to remove all cell debris. 

  CRITICAL STEP Regularly check the color of the medium. When pH drops too fast 
and medium turns yellow, refresh medium 

 TROUBLESHOOTING

Determining the state of differentiation
39   Check regularly for beating cells and make sure that the whole well is investigated; in 

some cases beating is observed in small clusters, starting between 1.5 and 3 weeks. 
In time, beating will include most of the cells. The presence of beating cells is consid-
ered a successful differentiation, however the degree of differentiation is quantified 
by staining.

 TROUBLESHOOTING

Quantify the degree of differentiation by staining for sarcomeric proteins TIMING 4h
40   Carefully remove the cover glasses from the well or dish, and place them in a 24-well 

plate, cells facing upwards. 
  CRITICAL STEP The remaining cells in the well can for example be used for RNA 

and protein isolation.
 TROUBLESHOOTING
41			Gently	wash	the	cells	with	PBS,	aspirate	and	fixate	cells	with	500	µl	4%	PFA	for	15	

min at RT.
  CRITICAL STEP Never pipette directly onto the cover glass
42   Wash 3 times with 1 ml PBS
43			Add	300	µl	0.1%	triton	X-100	per	well	and	incubate	for	8	min	at	RT
44   Wash three times with 1 ml PBS
45			Incubate	60	min	with	250	µl	4%	NGS	(diluted	in	PBS)	per	well	at	RT.
46			Meanwhile	prepare	50	µl	primary	antibody	solution	per	sample.	Both	primary	anti-

bodies can be combined. Dilute Troponin-I 1:100 and α-actinin 1:800 in PBS. Pi-
pette	50	µl	primary	antibody	solution	onto	parafilm.	Take	the	cover	glass	carefully	
from the plate with forceps, and place the cover glass (cells down) on the droplet of 
antibody on the parafilm.

47  Incubate for 60 min at RT
48   Place the cover glasses back into a 24 well plate and wash 3 times with 1 ml of 

0.05% PBS-Tween.
49   During last wash step prepare the secondary antibody solution by diluting Alexa fluor 

488 goat anti-mouse and Alexa fluor 555 in 1:400 dilution of 4% NGS solution. Again 
50	µl	for	each	sample	is	used.	
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  CRITICAL STEP While working with secondary antibodies keep samples protected 
from light as much as possible.

50	 	Pipette	50	µl	secondary	antibody	solution	onto	parafilm	and	place	the	cover	glass	on	
the droplet, cells facing downwards. Incubate during 1 h at RT in the dark.

51   After incubation place cover-glasses back into 24-well plate and wash 3 times with 
1ml PBS

52			Add	300	µl/well	Hoechst	solution.	Incubate	during	5-10	minutes	at	RT	in	the	dark
  CRITICAL STEP Hoechst is light-sensitive, keep the samples protected from light as 

much as possible
53   Wash microscope cover glasses 2 times with 1ml PBS, and once with 1 ml distilled 

water.
54			Pipette	5	µl	of	mowiol	onto	a	microscope	slide	per	cover	glass.	Approximately	5	cover	

slips can be placed on 1 microscope slide.
55   Take cover glasses out of 24 well plate and dip them gently into water and tap of the 

excess water on a tissue and place them upside down (cells faced down) into mowiol.
56   Analyze on fluorescent microscope with suitable filters. To quantify the degree of 

differentiation, determine the ratio of nuclei within (double) positively stained cells 
compared to unstained cells (Figure 4 a-d). 

  PAUSE POINT The samples can be stored at 4°C in the dark for 2-3 weeks before 
analyzing.

Figure 4. Cardiomyocyte differentiation indicated by staining sarcomeric structures 
(a) At high magnification, cross-striations can be observed consisting of troponin–I (red) and α-actinin (green, nuclei 
in blue). (b) Cells with an adult cardiomyocyte phenotype have an elongated structure. (c) Cardiomyocytes with a more 
fetal phenotype are rounded, but still display a sarcomeric pattern. (d) High levels of differentiation can be obtained, 
reaching approximately 90%, indicated by α-actinin staining (in white).
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TIMING
Step 1-16:  obtaining a single cell suspension: ~4 h
Step 17Ai-vii:  clonogenic isolation: 45-60 min
Step 17Bi-xvii:  MACS isolation: can range from 2 to 4 h, depending on flow rate
Step 18-23:   culturing CMPCs: after MACS isolation it will take up to 4 weeks to obtain 

sufficient CMPCs for a differentiation experiment. Using the clonogenic 
approach, it can take 7-8 weeks 

Step 24-38:   differentiation procedure: the differentiation procedure takes 3-4 weeks, 
but this is donor and cell isolation specific.

Steps 39-56:  assessment of differentiation: 4 h

TROUBLESHOOTING
Troubleshooting advice can be found in TABLE 1 

ANTICIPATED RESULTS

Isolating the CMPCs (steps 1- 17Bxvii).
The number of CMPCs that are obtained depends on the source and size of the human 
tissue sample used for isolation. When applying the clonogenic isolation approach, ap-
proximately 5-10% of the wells contain cells that will start dividing and fill the well after 
approximately 1 week. Of the dividing clones, ±75% are CMPCs, as determined by RT-
PCR (see Box 1), or by their surface protein pattern (Table 2) using flow cytometry as 
described in7 or17. However, these cell clones need to be tested individually for growth 
and differentiation potential using the differentiation procedure described above. 
When using the MACS isolation approach, expect to have low cell numbers (100 to 
5000), especially in the beginning. This number varies per isolation.

Culturing CMPCs
When the cells are growing at a stable rate, expect to passage the cells twice weekly at 
a surface density of 1:5 – 1:10. If high numbers of cells are necessary they can be pas-
saged 1:5, 3 times per week. This process can be maintained for at least 25 passages. 
At an average rate of 1 population doubling per day, this means that at least 75 doublings 
can be achieved. After this point cells will still grow, but their differentiation capacity 
diminishes.

Differentiation process
An overview of the differentiation method is given in Figure 3 and the corresponding pho-
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Table 1: Troubleshooting

Step Problem Possible reason Solution

9 Tissue has not dissoci-
ated

Concentration of collagenase A 
too low.

Collagenase stock thawed too 
many times

Check the concentration used. If too low, prepare 
new collagenase stock, add, and re-incubate

Prepare new collagenase stock, add, and re-incu-
bate.

B,
ix-xiii

Column is obstructed Many cardiomyocytes were 
present in the cell solution

Clumps were present in the 
solution

Cell number was very high

Let the cardiomyocytes sink to the bottom longer.

Carefully pipette the solution up and down in the 
column. 
Apply slight pressure by pressing on the top of the 
column.
Remove	the	fluid	and	use	a	70	µm	cell	strainer	to	
filter the cell solution before applying the solution to 
a new column. Pool samples afterwards.

Carefully pipette the solution up and down in the 
column. 
Apply slight pressure by pressing on the top of the 
column.
Remove the fluid from the column and dilute in cold 
M-buffer and apply on multiple columns.

B, xv No pellet visible in 
CMPC fraction

Pellet is very small, and is easily 
overlooked.

Continue protocol, refreshing the wells twice weekly 
for at least 2 weeks before concluding the isolation 
has failed.

18 No cells are visible Cells divide slowly in the begin-
ning

Concentration of cell suspen-
sion too low (clonogenic).

Cells are relatively transparent 
when growing sparsely, and lo-
cated at the edges of the well.

Keep refreshing the wells twice weekly for at least 2 
weeks before concluding the isolation has failed

Check if all wells are empty after two weeks. Stop 
experiment.

Check wells after 1 or 2 washes with PBS.
Check the wells more carefully.

21, 26 Cells do not detach after 
5 min of trypsin incuba-
tion

Trypsin is old

Cells were not washed with PBS 
prior to trypsinization

Tap the plate, if cells do not detach, replace trypsin.

Collect trypsinized cells in 15 ml tube, wash the 
cells with PBS. Collect the PBS in the same tube. 
Add new trypsin to the cells. Incubate until de-
tached, collect trypsinized cells. Spin tube at 300 g 
and resuspend the pellet.

31 The well is not 80-90% 
confluent the day after 
seeding

Differences between cell isola-
tions in growth rate

If the cells are over/under confluent, stop the ex-
periment. 

Prepare a test. Seed the cells at different densities and 
determine the correct cell number to reach 80-90% 
confluence the next day. Restart the experiment.

proefschrift Anke.indd   56 15-07-2009   12:00:37



57

Differentiating CMPCs into cardiomyocytes

Step Problem Possible reason Solution

33 Cell death after 5-azacy-
tidine treatment

Concentration too high

Cell isolations may react differ-
ent to treatment.

Check stock concentration and added volume.

If too many cells die (Figs. 2c,d), the 5-azacytidine 
treatment can be performed in growth medium. 
Change to differentiation medium after 3 days of 
5-azacytidine treatment. Note: if cells survive in the 
differentiation medium, this will achieve higher dif-
ferentiation efficiency.
Instead	of	adding	5	µM	once	daily,	add	3	µM	twice	
daily (morning and evening) to prevent overexpo-
sure to 5-azacytidine

38 Medium turns yellow 
within 2 days.

Change in medium pH.

Cells proliferate instead of dif-
ferentiate

Refresh medium and additives. A change in pH can 
interfere with the differentiation process.

Refresh medium and additives. A change in pH can 
interfere with the differentiation process.
Add more medium (up to 3 ml in a 6-wells-well) 
when refreshing to create a larger buffer capacity. 

39 No beating cells Old medium (3 days) can in-
hibit the beating.

Cold medium (e.g. cells under 
the microscope too long) will 
inhibit the beating.

No differentiation

Refresh the medium and reheat to 37°C.

Reheat the cells to 37°C.

Check the next days.

40 Cells detach from cov-
erglass

Cells may grow differently on 
coated glass surface

Coat cover glasses with gelatine in a 24 wells plate. 
Detach the differentiated CMPCs with 1 mg/ml col-
lagenase for approx 10 min, and add 1:6 diluted 
trypsin	for	additional	5	min	at	37ºC.	Let	the	cells	at-
tach to the coated glasses for 1 or 2 days. Note: this 
will lead to a dying of fraction of the differentiated 
cardiomyocytes and will give an underestimation of 
the degree of differentiation

24-38 No differentiation Serum batch specific

Cells lost differentiation capac-
ity

If no differentiation is observed, test different serum 
batches, since differentiating capacity can be batch 
specific.
Use lower passage of cells (preferably <20 pas-
sages)

24-38 Cells detach during dif-
ferentiation process

Cells grow too confluent

Wash more carefully

Determine the optimal plating density. 

Instead of two times, wash only 1 time with PBS 
when refreshing.
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tos of the cell culture are indicated. The expected appearance of the cells is provided in 
Figure 5. After the addition of 5-azacytidine, one can note the appearance of small black 
extrusions at cell membrane border and increased black dots in the cytosol, indicating 
that the 5-azacytidine stimulation works (Figure 5a,b). After addition of 5-azacytidine 
for 3 d, the cells return to their normal morphology (Figure 5c,d). If cells continue to be 
stressed or massive cell death has taken place, stop the experiment. After the treatment 
with TGF-β for 1 d, cells are slightly enlarged and the culture has reached 100% conflu-
ence. Additionally, cells should align in circular patterns (Figure 5e,f). When the cells 
have been treated with TGF-β three times, the cells start to grow in multiple layers with 
different cell alignments (Figure 5g,h). The areas that may start to beat can be recog-
nized as clusters of cells with a high density (Figure 5i,j). The beating often starts in these 
small clusters, but if the differentiation has been performed optimally, the whole well can 
beat synchronously. An average rate of 40 beats per minute can be measured7; however 
this depends on the temperature and state of both the medium and cells. Beating can 
continue for at least 10 weeks. As the cells no longer divide at this point, it is sufficient 
to refresh the medium twice weekly. 

Quantification of differentiation
The staining of the sarcomeric proteins should lead to striated patterns (Figure 4a) co-
localizing with nuclei. The cells can have an elongated morphology, resembling a more 
adult phenotype (Figure 4b), as well as a rounded structure which is more comparable to 
fetal cardiomyocytes (Figure 4c). When differentiation has been successful, almost 90% 
of the cover glass contains cardiomyocytes, based on the number of nucleated cells that 
are positive for Troponin or Actinin (Figure 4d). 
The number of cardiomyocytes obtained from one differentiation experiment can reach 
80% of the starting population, since not all cells will differentiate and a percentage of 
cells will die after 5-azacytdine treatment.

Table 2: Surface marker expression profile on undifferentiated CMPCs

Surface marker presence

CD45 -

CD14 -

CD34 -

CD133 -

CD105 +

CD31 +

Sca-1(-like) +

c-Kit +/-
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Figure 5. Morphological characteristics of CMPCs during the differentiation procedure 
(a) One day after the addition of 5-azacytidine, the general morphology of the cells is intact but there is an increase 
in small dark spots in the cytosol (b, indicated by arrows). (c,d) Treating the cells with 5-azacytidine three times; the 
cells grow more dense and have a normal morphology. (e,f) After the first treatment with TGFβ, the cells may reach 
100% confluence, and start to form circular patterns. (g,h) When the cells have been treated with TGFβ 3 times, the 
cells grow in multiple layers and in different directions. (i,j) Beating typically starts in dense cell clusters, indicated by 
the white circles. 
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ABSTRACT

Aims 
Recent clinical studies revealed that positive results of cell transplantation on cardiac 
function are limited to the short and mid-term restoration phase following myocardial 
infarction (MI) emphasizing the need for long-term follow-up. These transient effects 
may depend on the transplanted cell-type or its differentiation state. We have identified 
a population of cardiomyocyte progenitor cells (CMPCs) capable of differentiating ef-
ficiently into beating cardiomyocytes, endothelial cells and smooth muscle cells in vitro.  
We investigated whether cardiomyocyte progenitor cells (CMPCs) or pre-differentiated 
CMPC-derived cardiomyocytes (CMPC-CM) are able to restore the injured myocardium 
after MI in mice.

Methods 
MI was induced in immunodeficient mice, followed by intra-myocardial injection of CM-
PCs, CMPC-CM or vehicle. Cardiac function was measured longitudinally up to 3 months 
post-MI using 9.4 Tesla MRI. The fate of the human cells was determined by immuno-
histochemistry.

Results 
Transplantation of CMPCs or CMPC-CM resulted in a higher ejection fraction and re-
duced the extent of left ventricular remodeling up to three months after MI compared to 
vehicle-injected animals. CMPCs and CMPC-CM generated new cardiac tissue consist-
ing of human cardiomyocytes and blood vessels. Fusion of human nuclei with murine 
nuclei was not observed. 

Conclusions 
CMPCs differentiated into the same cell-types in situ as can be obtained in vitro. This 
excludes the need for in vitro pre-differentiation, making CMPCs a promising source for 
(autologous) cell-based therapy.
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INTRODUCTION

Cardiovascular disease is the leading cause of death in the western world1. Following 
myocardial infarction (MI), massive cell death in the myocardium initiates fibrosis and 
scarring. This negatively affects heart function and can ultimately lead to heart failure 
and sudden cardiac death. Repairing the damaged tissue with healthy myocytes pro-
vides an attractive therapeutic option to restore cardiac function and structure after MI2. 
However, replacing cardiomyocytes through in situ proliferation or transplantation of ma-
ture cardiomyocytes is compromised owing to the post-mitotic state of adult cardiomyo-
cytes and their failure to survive ectopic transplantation3. Other cell-types have therefore 
been investigated as sources of transplantable cardiomyocytes4. 
Several clinical trials have been launched where bone marrow-derived cells were in-
jected into the injured myocardium5. At mid-term follow-up most trials showed positive 
effects on cardiac function, but in some cases this effect was merely transient6,7. These 
findings demonstrate the requirement for long-term analysis of cardiac function before 
robust conclusions on effectiveness of transplanting a particular cell population on car-
diac function can be made.
The heart itself contains pools of progenitor cells that are committed to cardiac cell line-
ages8-11. Recently, we described a population of cardiomyocyte progenitor cells (CMPCs) 
isolated from the fetal and adult human heart12,13. CMPCs differentiate efficiently and 
robustly into spontaneously beating cardiomyocytes in vitro after stimulation with 5-aza-
cytidine and TGF-β without the need for co-culture with cardiac fibroblasts or myocytes. 
CMPC-derived cardiomyocytes (CMPC-CM) have an electrophysiological profile similar 
to fetal ventricular myocytes, indicating their potential to survive transplantation and 
integrate into the myocardium3. Additionally, in vitro exposure of CMPCs to vascular en-
dothelial growth factor (VEGF) resulted in their differentiation into endothelial cells and 
smooth muscle cells12. 
Since in culture CMPCs are able to form all cell-types required to restore the damaged 
myocardium, we questioned whether intra-myocardial transplantation of the undifferen-
tiated CMPCs would be sufficient to form new cardiac tissue. For the first time, we have 
compared the potential of (undifferentiated) human CMPCs and their differentiated off-
spring (CMPC-CM) to regenerate the infarcted mouse heart and affect cardiac function 
in long-term follow-up. 
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METHODS

CMPC isolation, culture and differentiation to CMPC-CM 
Approval by the Medical Ethics committee of the University Medical Center Utrecht for 
these experiments was obtained. Human fetal hearts were collected after elective abor-
tion based on individual informed consent. The investigation conforms to the princi-
ples outlined in the Declaration of Helsinki.  A single cell suspension was obtained by 
Langendorff perfusion with Tyrode’s solution containing collagenase and protease. After 
cardiomyocyte depletion, CMPCs were isolated from suspension by magnetic cell sort-
ing, using magnetic Sca-1 coupled beads (Miltenyi Biotech Inc.)13. Cells were cultured 
on gelatin coated dishes in growth medium13 for continued propagation or on coverslips 
for immunofluorescent staining. Differentiation towards cardiomyocytes was induced by 
treating	 the	 cells	 with	 5	 µM	 5-azacytidine	 for	 72	 hours	 in	 differentiation	 medium12,13 
followed by stimulation with 1 ng/ml TGFβ1 (PeproTech). The cells started beating 2-3 
weeks after stimulation, and were designated CMPC-CM. For transplantation experi-
ments, CMPCs (passage 7) of 5 different isolations were used. Transplanted CMPC-CM 
were beating in culture for at least 2 weeks. Cells were trypsinized, washed twice in PBS 
and counted. Cells were kept at room-temperature prior to transplantation. CMPCs and 
CMPC-CM were used to generate conditioned medium. The cells were cultured in 1:1 
Dulbecco’s modified eagle medium (DMEM, Gibco) and M199 (Gibco) containing 0.5% 
fetal bovine serum for 2 days. Medium was collected and used in a human VEGF ELISA 
(Peprotech) according to the manufacturer’s protocol. Absorbance was measured at 
415 nm.

Real-time PCR
RNA was isolated from cultured cells using Tripure isolation reagent (Roche Applied Sci-
ence) according to the manufacturer’s protocol. cDNA was synthesized with the iScript 
cDNA synthesis kit (Bio-Rad Laboratories). Quantitative realtime-PCR was performed 
with Sybr green mastermix (Bio-Rad Laboratories). Values were normalized for β-Actin 
expression and the relative expression compared to CMPCs was calculated by ΔΔCT. 
Primer sequences are available upon request. 

Immunofluorescent staining on cultured cells
Cells were fixed in 2% paraformaldehyde, washed with PBS and stained as described 
previously14 with antibodies directed against human integrin-β1 (a gift from A. Sonnen-
berg, Netherlands Cancer Institute) troponin-I (1:500, rabbit, Chemicon AB1627). Cy3-
labeled (1:250, Jackson ImmunoResearch) and Alexa488-labeled (1:400, Invitrogen) 
secondary antibodies were used.
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Animals
All experiments were carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals, prepared by the institute of Laboratory Animal Resources and with 
prior approval by the Animal Ethical Experimentation Committee, Utrecht University.

Myocardial infarction and cell transplantation
In male NOD-SCID mice (Charles River Laboratories), aged 10-12 weeks, MI was in-
duced by ligation of the left coronary artery under isoflurane anesthesia, as described 
previously15.	Immediately	after	MI,	10µl	PBS	containing	0.5x106	CMPCs	(n=20)	or	CM-
PC-CM	(n=10)	was	divided	over	two	injection-sites	in	the	infarct-borderzone.	As	negative	
control,	10	µl	vehicle	(PBS)	was	injected	(n=18).		All	surgical	procedures	and	injections	
were performed by a blinded investigator. To determine if surgical procedures were per-
formed	uniformly,	mice	that	received	CMPC	injection	(n=9)	or	PBS	(n=9)	were	sacrificed	
2 days after MI. Hearts were flushed with ice-cold PBS, weighed and cut into 1 to 1.5 
mm slices. Each slice was weighed and incubated in 1% Triphenyl tetrazolium chloride 
(TTC, Sigma) at 37°C for 20 minutes. After washing in 10% formalin for 3 hours, the 
slices were scanned on both sides. The percentage of infarcted (white) surface area was 
analyzed using ImageJ, and subsequently the weight of the infarct compared to the total 
heart weight was calculated.

MRI measurements
Cardiac parameters were determined 2 days, 4 weeks and 12 weeks post-MI. End-
diastolic volume, end-systolic volume and ejection fraction were measured by magnetic 
resonance imaging (MRI) on a 9.4 Tesla scanner (Bruker Biospin) as described previ-
ously15,16. Analysis was performed using Q-mass for mice digital imaging software (Me-
dis) by a blinded investigator. 
Infarct size was estimated as the a- or dyskinetic proportion of the circumference of 
the left ventricle. Wall thickness was determined at the level of the papillary muscles, 
and 3 axial slices apical-wards. The circumference of the LV was divided into 6 equal 
regions. The inferior septal part was used to determine the septal thickness, the lateral, 
anterolateral and inferior lateral values were pooled to represent the infarct thickness. 
The anterolateral septal value combined with the inferior value were pooled to give the 
borderzone value.

Characterization of grafts by immunofluorescence 
Mice were sacrificed 3 months post-MI, the hearts were isolated and fixed as described 
previously17	and	embedded	in	Tissue	Tec	(Sakura	Finetek).	Hearts	were	cut	into	7	µm	
cryosections, which were stained as described15 using the following antibodies and dilu-
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tions: human integrin-β1 (undiluted) (mouse, a gift from A. Sonnenberg, Netherlands 
Cancer Institute), troponin–I (1:500, rabbit, Chemicon), myosin light chain (MLC)2A 
(1:100, mouse, Synaptic Systems), connexin-43 (1:200, rabbit, Zymed), smooth muscle 
actin (1:100, rabbit, Abcam), human CD31 (1:300, mouse, DAKO), Ki-67 (1:100, rabbit, 
Abcam), human mitochondria (1:500, mouse, Chemicon, MAB1273), desmoplakin (un-
diluted, mouse, Progen Biotechnik). Isotype controls (DAKO) were performed for each 
class of antibody used. Cy-3 labeled secondary antibodies were obtained from Jackson 
ImmunoResearch Laboratories and Alexa 488 labeled secondary antibodies from In-
vitrogen. DAPI, dissolved in Vectashield mounting medium (Vector Laboratories) was 
used for nuclear counterstaining. Confocal laser scanning microscopy was performed 
on a Leica TCS SPE confocal on a DMI4000B microscope using LAS-AF software (Leica 
application suite- advanced fluorescence). For quantification of phenotype markers, all 
human β1 integrin positive cells in at least 6 evenly distributed sections of each heart 
(n=5	per	group)	were	scored	by	two	blinded	investigators.	The	number	of	cells	in	the	
graft was calculated based on the distance between sections containing positive cells 
and the average size of a cell. 

Fluorescent in situ Hybridization of human and mouse chromosomes
After fluorescent images were obtained, fluorescent in situ hybridization was performed 
as described previously18. Briefly, coverglasses were removed and sections were washed 
with SSC, treated with RNaseI, and pepsin before applying fluorescently labeled probes. 
Slides and probes were denatured simultaneously and hybridized for 16 hours hybridiza-
tion at 37°C followed by post hybridization washes in 50% formamide, 2xSSC at 44°C and 
0.1xSCC at 60°C. Finally slides were embedded in Citifluor AF1D (Citifluor Ltd.) solution 
containing 4’,6-diamidino-2-phenylindole (DAPI) (400 ng/ml).  As probes for detecting 
mouse nuclei, murine whole chromosome painting probes for chromosome 1 and 12 
were labeled with RGreen-ULS (Kreatech, The Netherlands), and for detecting human 
nuclei human whole chromosome painting probes chromosomes 1 and 12 were labeled 
with Cy3-ULS (Kreatech, The Netherlands) precipitated using both mouse and human 
Cot-1 DNA (both from Invitrogen). Using re-localization technique, images were obtained 
at the previously documented locations of the grafts. Images were obtained on a Leica 
epifluorescence microscope equipped with a Quantix, CCD digital camera (Photometrix).

Immunohistochemical staining
For quantification of vessel density, cryosections were post-fixed with acetone, and 
blocked for endogenous peroxidase activity.  After blocking with 1% bovine serum albu-
min (BSA), the sections were incubated overnight at 4°C with mouse CD31 (1:20, rat, 
Cell Signaling). A second blocking step was performed using TNB (Perkin Elmer TSA-
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kit). Subsequently, the sections were incubated with a secondary rat antibody (1:250, 
rabbit, DAKO). Rabbit Powervision-HRP (Immunologic) incubation was followed by in-
cubation with diamino benzidine (DAB) substrate to visualize CD31. Nuclei were coun-
terstained with hematoxylin before dehydrating and mounting with Pertex. Vessel density 
was counted in 6 hearts per group from 20 fields per heart divided over 3 to 5 sections at 
standardized locations (infarct, borderzone and healthy tissue) along the long axis of the 
infarct area using an Olympus-BH2 microscope with AnalySIS software. The number of 
small vessels in the borderzone and infarct region was counted and calculated as vessels 
per square millimeter. 

Statistical analysis
Statistical significance was evaluated with SPSS 14.0 for Windows using ANOVA (with 
Bonferroni correction for multiple-group comparisons) or Mann-Whitney U test, as ap-
plicable. Survival was analyzed by Kaplan-Meier test. Results are expressed as mean ± 
SEM. A value of p≤0.05 was considered statistically significant.

RESULTS

Characterization of transplantation sources
Human CMPCs were isolated and cultured for at least 4 passages before differentia-
tion was initiated. Cardiomyogenic differentiation was evident by the presence of beat-
ing cells 2-3 weeks after 5-azacytidine stimulation. Gene expression analysis of CMPCs 
and CMPC-CM generated from the same donor heart was carried out to confirm their 
differentiation into cardiomyocytes. The cardiac genes MLC-2V, β-MHC, cardiac-actin 
and troponin-T were highly expressed in CMPC-CM (supplemental Figure 1A). Protein 
expression of troponin-I in CMPC-CM was confirmed by immunohistochemistry on cells 
cultured on cover slides (supplemental Figure 1B to 1G). The percentage of nucleated 
cells that showed striated sarcomeric troponin–I patterns was determined as the degree 
of differentiation. Clear striated sarcomeres were present in more than 70% of the CM-
PC-CM culture (not shown). troponin-I positive cells were never observed on cover slips 
carrying CMPCs (supplemental Figure 1C and 1F). Therefore we conclude that CMPC-
CM represent the differentiated cardiomyocyte-cell fraction of the CMPCs. 

General health and survival
After induction of MI, mice were followed longitudinally for 12 weeks. During this period 
there was no significant difference in survival between the groups (Figure 1A). Starting 
two days after surgery, the average body weight increased in all animals (Figure 1B). 

proefschrift Anke.indd   67 15-07-2009   12:00:38



68

Chapter 4

After 3 months, the PBS-injected control animals weighed significantly less than the 
CMPC-treated	animals	(27	±	2g	versus	31	±	1g,	p=0.049),	indicating	the	animals	were	
less healthy. However, this did not affect the survival of the animals. 

LV function
Cardiac performance was monitored by MRI during 3 months post-MI. Two days after 
surgery the EDV was comparable between the three groups (Figure 1C). The ESV was 
slightly	lower	in	the	CMPC-transplanted	group	compared	to	control	animals	(39	±	4µl	
versus	55	±	4µl	respectively,	p=	0.036,	Figure	3B).	Four	and	twelve	weeks	post-MI	the	
EDV and ESV in both cell-injected groups were significantly lower compared to PBS 
recipients (Figure 1C and 1D). Whereas after 4 weeks the volumes continued to rise 
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Figure 1. General health and cardiac function
(A)	Survival	curve	of	all	mice	during	the	course	of	the	experiment.	At	the	start	groups	consisted	of	PBS	n=9,	CMPC	
n=11,	CMPC-CM	n=10.	(B)	Body	weight	was	significantly	lower	in	the	vehicle	group	compared	to	CMPC	treated	group	
after 12 weeks: * p<0.05. (C) End-diastolic volume, (D) end-systolic volume and (E) ejection fraction were determined 
2 days, 4 weeks and twelve weeks post-surgery by high resolution MRI. In cell injected animals less deterioration of 
cardiac function in observed in time. * p<0.05 compared to PBS, † p<0.05 compared to two days measurement of 
the same group, ‡ p<0.05 compared to 4 weeks measurement of the same group.
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in the control group, these values remained stable in the cell treated animals, imply-
ing that cell transplantation prevents dilatation of the LV. The functional benefit of cell 
transplantation on cardiac function was evident from the ejection fraction which, after 
a decrease directly after MI, stabilized in the cell-treated animals from 4 weeks post-MI 
onwards (Figure 1E). Overall, cell transplantation of either cell-type had a positive effect 
on cardiac performance.

LV Remodeling
Detailed investigation of the MRI data revealed that cell-injection prevents progression of 
adverse LV-remodeling. Following MI an increase in the size of the heart was observed 
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Figure 2.  LV remodeling 
Series of MRI images showing the same PBS (A) or CMPC (B) receiving animal in time. A four-chamber view (left) is 
provided for each time-point as well as the axial view in systole (sys) and diastole (dia). (C) Infarct size represented as 
the percentage of the circumference of the LV that was a- or dyskinetic shows no differences at the start of the experi-
ment. (D) Wall-thickness was measured at three time-points post-surgery in 3 different regions: septum, borderzone 
and infarct. Wall thinning in time was observed mostly in PBS-injected animal. Scale bars: 1 cm, * p<0.05. 
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(Figure 2A and 2B) which was more pronounced in controls (Figure 2A) than in the cell-
transplantation animals (Figure 2B). We excluded the possibility that variation in surgical 
procedures confounded the observations by analyzing the infarct size in two ways. Two 
days	post-MI	hearts	of	cell	receiving	(n=9)	or	PBS	receiving	(n=9)	animals	were	excised	
and used for TTC staining to analyze the size of the infarct. We did not find any differ-
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Figure 3. Vessel density
The vascular density in the borderzone and the infarct region was assessed by counting the number of CD31+ small 
vessels per mm2 (A) Representative pictures of the CD31 staining are shown for the borderzone (B, inset is shown in 
C),	and	the	infarcted	region	(D,	inset	in	E).	Scale	bars:	(B	and	D)	500	µm,	(C	and	E)	90	µm.	*	p<0.05.	

Figure 4. Graft location and size
An overview of integrin-β1+ human cells (red) in the infarcted heart, reconstructed from single images. Arrow indicates 
the site of injection. Arrow heads point at patches of human grafts. The white square is enlarged in (B). The total number 
of	cells	found	in	the	heart	is	represented	as	the	percentage	of	the	total	injected	cell	population	(C).	Scale	bar:	100µm.	
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ence in the percentage of infarcted heart between these groups (supplemental Figure 
2). Alternatively we determined the percentage of a- or dyskinetic myocardium, which 
can be measured throughout the experiment and here we also found that the infarct was 
similar among groups (Figure 2C). After 4 weeks, the infarcted region in the PBS group 
was larger compared to the CMPC-CM injected animals (43.38% ± 0.05 and 32.29% 
±	0.01	of	the	LV	circumference,	p=0.03)	(Figure	2C),	again	indicating	the	prevention	of	
adverse remodeling by cell injection. Preservation of cardiac structure is likely to play an 
important role in preventing further remodeling. Indeed, the LV-wall in the cell-treated 
animals was thicker than in controls at 4 weeks post- MI (Figure 2D). After 12 weeks the 
LV-wall remained thicker in CMPC-injected animals, compared to vehicle.

Vessel density 
Cell injection may impose a paracrine effect on the surrounding heart tissue, therefore 
the density of small murine blood vessels in the border zone and infarcted myocardium 
was quantified (Figure 3A to 3C). Interestingly, only transplantation of CMPCs led to 
more vessels in the borderzone compared to vehicle controls (478 ± 56 versus 278 
± 57 vessels per mm2	p=0.041),	and	showed	the	same	trend	in	the	infarcted	region.	
However, this effect was not observed in the CMPC-CM receiving group. Since the dif-
ference in vessel density may represent a change in cytokine excretion by the different 
cell-types, we performed an ELISA for human VEGF on conditioned medium of CMPC 
and CMPC-CM. CMPC conditioned medium contained 223 ± 9 pg/ml while CMPC-CM 
did not produce any detectable VEGF (supplemental figure 3).

Graft location and size 
The transplanted CMPCs and CMPC-CM were traced with an antibody recognizing hu-
man integrin-β1, which is expressed constitutively on the human cell membrane. The 
transplanted cells formed patches of viable tissue in the borderzone as well as in the in-
farcted region (Figure 4A and 4B). Grafts were occasionally detected in the apex (Figure 
4A), indicating that cells were not confined to the site of injection. We identified 3.5 ± 
1.8% and 3.0 ± 0.8% of the initially injected CMPCs or CMPC-CM respectively (Figure 
4C) and there was no significant difference between the cell-types. 

In vivo differentiation of CMPCs 
While CMPCs did not express any sarcomeric proteins at the time of transplantation 
(supplemental Figure 1D) intra-cardiac grafts contained troponin-I+ human cells (Figure 
5A). Likewise, CMPC-CM derived grafts consisted predominantly of troponin-I+ cells (Fig-
ure 5B). In contrast to murine ventricular myocardium, nearly all human cardiomyocytes 
expressed MLC2A, in accordance with a fetal-like-phenotype19 (Figure 5C and 5D). Both 
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in vivo differentiated CMPCs (Figure 5E and 5F), and in vitro differentiated CMPC-CM 
(not shown) in grafts had clearly distinguishable sarcomeres. To assess coupling of the 
donor cardiomyocytes, we looked for the presence of desmosomal and gap junction 
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Figure 5. Differentiation of human cells
(A and B) Staining for human integrin-β1 and troponin-I in hearts, of CMPC- (A) or CMPC-CM- (B) receiving animals 
12 weeks post-surgery shows the presence of human derived cardiomyocytes. (C and D) Two consecutive tissue 
sections indicating that human cells (C) expressing troponin-I (C and D) are also positive for MLC2A (D). (E and F) 
Sarcomeric striated patterns of MLC2A and troponin-I are present in CMPCs. (G and H) Connexin-43 is less present 
between human cells (arrowheads), than between mouse cells (arrows); (G) image from CMPC receiving animal, 
(H) from CMPC-CM receiving animal. (I) Staining for human integrin-β1 and smooth muscle actin shows human-
derived smooth muscle cells. (J) Human specific CD31 staining indicates human-derived endothelial cells arranged 
in a vessel-like structure (v). (K) Cell-cycle activity in human cells is visualized with Ki67 staining. (L) Quantification 
of	phenotypes	expressed	as	percentage	of	total	human	cells	found	in	the	graft.	Scale	bars	(A	to	D)	50	µm,	(E	to	K)	
25	µm.	Blue:	nuclei	(DAPI).	Hu-β1=	human	integrin-β1,	TnI	=	troponin	I;	MLC2A	=	myosin	light	chain-2A;	Cx-43	=	
connexin-43;	SMA	=	smooth	muscle	actin

proefschrift Anke.indd   72 15-07-2009   12:00:41



73

CMPC transplantation after myocardial infarction

proteins. Desmoplakin was abundant in the graft area (not shown); connexin-43 was 
present at gap junctions between the human cardiomyocytes, but was found in higher 
quantities between adult mouse cardiomyocytes (Figure 5G and 5H). Connexin-43 was 
not observed between human and mouse cardiomyocytes.

Composition of human grafts
Troponin-I+ cardiomyocytes represented the major cell-type present in the human grafts, 
accounting for  54.8 ± 7.7% of the total human cells in the CMPC- and 48.0 ± 17.2% in 
the CMPC-CM grafts (Figure 5L). A proportion of the human cells had differentiated into 
smooth muscle cells (Figure 5I); of the total human cells 10.6 ± 4.9% in the CMPC and 
17.7 ± 2.3% in the CMPC-CM group were positive for smooth muscle actin (Figure 5L). 
Human endothelial cells formed vessel-like structures (Figure 5J). CD31 was present on 
15.5 ± 9.3% (CMPC) and 9.7 ± 6.4% (CMPC-CM) of the human cells (Figure 5L). Fur-
thermore cell cycle activity, indicated by positive nuclear staining for Ki-67, was present 
in a small fraction of the donor cells (2.08 ± 0.3% in CMPC and 4.13 ± 2.4% in CMPC-
CM grafts)(Figure 5K and  5L). Quantification of cardiomyocyte, smooth muscle and en-
dothelial cells in CMPC- and CMPC-CM derived grafts revealed no differences between 
the groups (Figure 5L). Thus, in vivo transplantation of CMPCs resulted in formation of 
the same cell-types that were identified when transplanting pre-differentiated cells.

 Hu-β1 Human chrs

Mouse chrs

Nuclei
Ki-67

Mouse
Nuclei

Human

A B

C D

Figure 6. Analyzing fusion
(A) Shape of a human graft is demarcated by integrin-β1 staining; Ki67 staining shows the ability to stain nuclei, nuclei 
in blue. (B to D) The same sample as in (A) stained for (B) human chromosomes 1 and 12 (green) and (C) mouse 
chromosomes	1	and	12	(red).	(D)	Overlay	of	D	and	E	shows	no	colocalization	of	chromosomes.	Chrs	=	chromosomes;	
Hu-β1=	human	integrin-β1
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Analysis of fusion between human and mouse nuclei 
We investigated the possibility that newly formed human cardiac tissue was the result 
of fusion of surviving mouse myocardium with transplanted human cells. Fluorescent in 
situ hybridization was performed on tissue sections in which the shape and location of 
the human graft had been documented (Figure 6A). We re-stained these samples with 
probes labeled red for human chromosomes (Figure 6B), and green recognizing mouse 
chromosomes (Figure 6C). In the overlay (Figure 6D) it is clear that there are no nuclei 
double-positive for both human and mouse chromosomes. The shape of the human graft 
(Figure 6D) corresponds with the human antibody staining (Figure 6A). We analyzed mul-
tiple sections and found no nuclear fusion events. Furthermore, we found no evidence for 
cellular fusion based on a human cell having a mouse and a human nucleus.

DISCUSSION

This is the first study that directly compares the potential of undifferentiated and dif-
ferentiated offspring of the same progenitor cell source, and investigates their long-term 
effects of intra-myocardial transplantation on cardiac function. The principal questions 
addressed were: (i) can CMPCs or their cardiomyocyte derivatives restore damaged myo-
cardium, and (ii) is it necessary to pre-differentiate CMPCs? CMPCs may have greater 
potency and can therefore be more efficacious, while differentiated cells might be safer 
with regard to the formation of unwanted cell-types including the formation of teratoma, 
which is observed when transplanting undifferentiated embryonic stem cells20. Differenti-
ating CMPCs into cardiomyocytes is labor intensive and takes several weeks13, increasing 
the risk of introducing mutations in the cells.  In the present study we show that there is 
no advantage using pre-differentiated CMPC for cell transplantation post MI.
To address our research questions, we directly compared the CMPC to CMPC-CM trans-
planted animals in the functional analysis.  Both CMPCs and CMPC-CM were able to 
prevent progression of cardiac dilatation and maintain EF compared to vehicle. This was 
not accompanied by a decreased survival rate in the PBS receiving mice. However, they 
did show a significantly lower body weight at three months post-MI.
The long-term cardiac improvement is likely cell-type specific. Recent studies from van 
der Bogt et al.21 as well as Smith and co-workers22, show that inert cell-types like fibrob-
lasts are not able to improve cardiac function when compared to cardiac derived cells22 
or mononuclear cells21. Fibroblast injection resulted in the same deterioration of cardiac 
function as observed with PBS injection21,22, arguing that CMPCs have an additive value. 
Moreover, the enhanced cardiac function was sustained compared to control animals 
for 3 months, similar to our previous study injecting human embryonic stem cell-derived 
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cardiomyocytes23, which is important since several clinical cell transplantation studies 
have reported positive effects on cardiac performance at short-term follow-up that were 
not always sustained6,7. 
A small difference in ejection fraction was observed in the cell-injected groups at two 
days after MI that could not be explained by differences in infarct size. All surgical proce-
dures as well as MRI analysis were performed by blinded investigators. TTC staining after 
2 days, as well as MRI data on kinesis showed no difference in infarcted myocardium 
at two days. Active contribution to contraction of the transplanted cells seems unlikely 
since no connexin-43 was found between mouse and human cardiomyocytes. This was 
previously reported when transplanting human embryonic stem cell derived cardiomyo-
cytes into the mouse heart23.  
Early paracrine effects on infarct size were reported using medium conditioned by cul-
tured cells24. Paracrine stimulation can enhance neovascularization, which contributes 
to preservation of cardiac function after MI16. Interestingly, CMPCs but not CMPC-CM 
increased the vessel density in the borderzone. CMPCs may thus secrete more or other 
growth factors than their differentiated derivatives. In fact, an ELISA for human VEGF using 
conditioned medium revealed that only CMPCs secrete high levels of VEGF, but the differ-
entiated counterparts do not. This is in agreement with a microarray analysis comparing 
mRNA from CMPCs and CMPC-CM, which revealed that CMPC produce higher levels 
of VEGF, Angiopoietin1, and Platelet Derived Growth Factor mRNA (unpublished data). 
These angiogenic factors may explain the observed increased vascularization. However, 
both groups revealed an increased cardiac performance compared to vehicle, this indi-
cates that the generation of vessels is not the only process responsible for the preservation 
of cardiac function after MI. Therefore, it is conceivable that the cells may also provide 
passive support to the infarcted region or that CMPC-CM excrete other (non-angiogenic) 
factors that can influence the surrounding tissue or survival of the transplanted cells. 
While very different at the time of transplantation, CMPCs and CMPC-CM gave similar re-
sults in terms of engraftment and phenotype of transplanted cells, confirming that human 
heart-derived progenitor cell populations can realize myocardial regeneration22,25,26, albeit 
with low engraftment efficiency. Fusion has been mentioned as a possible mechanism 
of survival and engraftment of human cells in the infarcted mouse heart9. In our experi-
ments we found no evidence of nuclear fusion or cellular fusion. If fusion does occur, it is 
a rare event and will not represent a major contributor to the process of engraftment. 
New cardiac tissue was formed in both cell-treated animal groups. An extremely inter-
esting finding is that comparable numbers of new cardiac (~50%), endothelial (15.5%, 
9.7%) and smooth muscle cells (10.6, 17.7%) were formed in both groups, showing 
that CMPCs differentiate in vivo into the same cell-types that could be achieved in vitro12. 
This is probably a consequence of the abundance of growth factors and cytokines in 
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the ischemic tissue, for example TGFβ27. Given the differentiation response of CMPCs 
to this growth factor in vitro12, it is conceivable that TGFβ stimulation in vivo is a major 
contributor to the efficient differentiation of CMPCs. Interestingly, we also observed en-
dothelial cells and smooth muscle cells in the pre-differentiated CMPC-CM group. At the 
time of transplantation, the CMPC-CM had differentiated into cardiomyocytes for 70%. 
The endothelial and smooth muscle cells may therefore be derived from the remain-
ing 30% non-cardiomyocyte fraction. One explanation could be that undifferentiated 
cells selectively survive in the heart and differentiate to form all the observed cell types. 
However, using real-time PCR we were unable to detect progenitor cell markers in the 
differentiated cultures indicating that no CMPCs were present. Another possibility may 
be that CMPCs have differentiated into a cardiovascular precursor, no longer expressing 
progenitor cells markers, and not yet expressing definitive cardiomyocyte, endothelial or 
smooth muscle cell markers. To date, we do not know what marker to use for identify-
ing such a precursor cell. Therefore this hypothesis can not be analyzed in the current 
study. Importantly, there was no indication of tumor formation in the cell injected hearts, 
or any other organ. This is in agreement with the lack of pluripotency markers Oct-4 and 
NANOG in undifferentiated CMPCs (unpublished data).
In conclusion, we provide clear evidence that CMPCs are an excellent source for trans-
plantation, and there is no advantage in pre-differentiating these cells. CMPCs can form 
all necessary cell-types without the need of in vitro differentiation and are able to survive 
the hostile ischemic environment in the infarcted area. In the current study we used 
fetal-heart derived cells, which may form a limitation for clinical application. Interestingly, 
we have found that adult-heart derived CMPCs can form the same cell-types as fetal 
CMPCs in vitro12,13. Therefore, CMPCs represent a very promising candidate cell source 
for future (autologous) clinical application.  
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SUPPLEMENTAL FIGURES
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Figure 1. Characteristics of cell populations
(A) Relative expression of MLC2V, c-Actin, 
β-Myosin Heavy Chain (β-MHC), and troponin-T 
in CMPC-CM, compared tot CMPCs was deter-
mined by quantitative Real time-PCR. Confocal 
microscopy images of cultured CMPCs (B to D) 
and CMPC-CM (E-G) stained with integrin-β1 
(green) as a marker for human cells, troponin-I 
(red) for sarcomeres and nuclei in blue. (D and 
G) represent overlays. Values are mean ± SEM, 
scale	 bars:	 25	 µm.	 CMPC=cardiomyocyte	 pro-
genitor	cell;	CMPC-CM=	cardiomyocyte	progenitor	
cell-derived-cardiomyocyte;	MLC2V=	myosin	light	
chain-2V; β-MHC=	β myosin heavy chain.
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Figure 2. Infarct size after two days.
To confirm that the infarct size was comparable between PBS or CMPC 
receiving	animals	after	induction	of	MI,	mice	receiving	PBS	(n=9)	or	CMPC	
(n=9)	were	sacrificed	2	days	after	the	ligation	and	transplantation.	Hearts	
were cut into 1-1.5 mm slices and stained with TTC (bottom). The infarcted 
surface (white) was determined and the weight of infarct was calculated as 
a percentage of the total heart weight. There was no difference in infarct size 
between PBS or CMPC receiving animals.

proefschrift Anke.indd   79 15-07-2009   12:00:42



80

Chapter 4

Figure 3. CMPCs secrete VEGF
To analyze the excretion of one very well known angiogenic cytokine, an 
ELISA for human VEGF was performed on medium conditioned by CMPCs 
or CMPC-CM. Cells were cultured in low growth factor and serum contain-
ing medium for two days. In CMPC-CM conditioned medium, no VEGF was 
present, while the CMPC conditioned medium contained VEGF. 
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ABSTRACT

Aim
Mononuclear cells (MNCs) from patients with hereditary hemorrhagic telangiectasia type 
1 (HHT1), a genetic disorder caused by mutations in endoglin, show a reduced ability to 
home to infarcted mouse myocardium. Stromal-cell derived factor-1α (SDF-1α) and the 
chemokine receptor CXCR4 are crucial for homing, and negatively influenced by CD26. 
The aim of this study was to gain insight into the impaired homing of HHT1-MNCs. 

Methods
CXCR4 and CD26 expression on MNCs was determined by flow cytometry. Transwell 
migration to SDF-1α was used to analyze in vitro migration. Experimentally induced 
myocardial infarction in mice, followed by tail vein injection of MNCs, was utilized to 
study homing in vivo. 

Results
HHT1 MNCs expressed elevated levels of CXCR4, but this was counterbalanced by high 
levels of CD26, resulting in decreased migration towards an SDF-1α gradient in vitro. 
Migration was enhanced by inhibiting CD26 with Diprotin-A. While MNCs from healthy 
controls responded to TGF-β stimulation by increasing CXCR4 and lowering CD26 ex-
pression levels, HHT1-MNCs did not react as efficiently, in particular CD26 expression 
remained high. Inhibiting CD26 on MNCs increased the homing of human cells into the 
infarcted mouse heart. Interestingly, the defect in homing of HHT1-MNCs was restored 
by pre-incubating the HHT1-MNCs with Diprotin-A before injection into the tail vein. 

Conclusions
We show that a decreased homing of HHT1-MNCs is caused by an impaired ability of 
the cells to respond to SDF-1α. Our results suggest that modulating CD26 levels using 
inhibitors like Diprotin-A can restore homing in cases where increased expression of 
CD26 contributes to the underlying pathological mechanism.
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INTRODUCTION  

Hereditary hemorrhagic telangiectasia (HHT, also known as Rendu-Osler-Weber disease) 
is an autosomal dominant disorder with an estimated prevalence of approximately 1 in 
10,000. Several different types have been described for this disease, but characteristi-
cally all classes are associated with mutations in components of the transforming growth 
factor-beta (TGFβ) signaling pathway. The underlying cause of HHT type 1 (HHT1) are 
mutations in endoglin (CD105), an accessory TGFβ type III receptor. Endoglin is pri-
marily expressed on proliferating endothelial cells in vitro and angiogenic blood vessels 
in vivo but also on other cells types, like circulating blood mononuclear cells (MNCs), 
although to a lesser extent. 
Clinically, HHT1 is characterized by multi organ vascular dysplasia, telangiectasias and 
epistaxis1,2. With age, the incidence and severity of bleedings increases. Because en-
doglin is crucial for the formation of new vessels3, the higher number of hemorrhages 
in the endoglin haplo-insufficient HHT1 patients may result from a reduced ability to 
restore the injured vasculature. Vascular repair is mediated by activation of endothelial 
cells lining the vessel wall to replace the damaged cells, but it has become evident that 
circulating MNCs also have the ability to restore damaged vessels4. 
Repairing the injured heart for example after a myocardial infarction (MI) requires the 
influx of MNCs, including monocytes and lymphocytes. MNCs promote healing of the 
damaged heart via stimulation of myofibroblast proliferation, deposition of collagen and 
the induction of angiogenesis5. Recently, we demonstrated that the recruitment of hu-
man MNCs to the infarcted murine heart and subsequent vessel formation is severely 
impaired when using HHT1-derived MNCs compared to healthy MNCs6. 
Homing and trafficking of cells is regulated to a large extent by the chemokine stromal 
cell-derived factor-1α (SDF-1α or CXCL12) and its receptor CXCR4. SDF-1α is upregu-
lated in ischemic myocardium shortly after MI, resulting in the recruitment of (CXCR4 
expressing) cells from the circulation to the damaged area7-9. Besides SDF-1α, the ex-
pression of transforming growth factor β (TGFβ) is increased after MI10. TGFβ is a growth 
factor that controls the proliferation, adhesion, apoptosis, homing and migration of many 
cell types11. TGFβ was shown to positively influence the SDF-1α/CXCR4 axis by increas-
ing the expression of CXCR4 on circulating blood cells and different cancer cells12-15. 
Furthermore, TGFβ reduced the levels of the homing-inhibiting peptidase CD26 on these 
cell types 12-15. 
CD26 is a surface serine di-peptidylpeptidase (also known as DPP-IV) that cleaves the 
amino-terminal dipeptide from SDF-1α, known to interact with the extracellular portion 
of CXCR4. Additionally CD26 can co-internalize with CXCR416,17. CD26 therefore inter-
feres with the SDF-1α/CXCR4 axis by preventing the recruitment of cells to SDF-1α. 
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Many different cell types carry CD26 on their surface, which thereby influences their 
migratory capacity17,18. Inhibiting CD26 using Diprotin-A has been shown to increase the 
homing and migration of cells in vitro19, and in vivo20,21, and enhanced their engraftment 
in the bone marrow of lethally irradiated recipient mice22.
Since all mutations in the endoglin gene reported to date result in reduced function-
al cell- surface protein and deregulation of TGFβ signaling, we hypothesized that this 
changes the balance between CXCR4 and CD26 on HHT-MNCs. This would lead to an 
impaired ability of MNCs to respond to SDF-1α expression in vitro and in vivo.

MATERIALS AND METHODS

Patients and blood samples
Venous blood samples from healthy human volunteers and HHT1 patients, age and 
gender matched, were collected in potassium/EDTA tubes (Vacuette, Greiner Bio-One). 
Peripheral blood MNCs were isolated by density gradient centrifugation using Ficoll 
Paque Plus (Amersham Biosciences), according to the manufacturer’s protocol. Isolated 
MNCs were washed twice with PBS supplemented with 2 mM EDTA, and counted on a 
hemocytometer. All procedures were approved by the medical ethics committee of the 
St. Antonius Hospital Nieuwegein, the Netherlands. The investigation conforms to the 
principles outlined in the Declaration of Helsinki.

Flow cytometry
Flow	cytometric	analysis	was	performed	using	100µL	of	whole	blood	or	3*10E5	MNCs	
in PBS. Whole blood was stained with anti-CD14-PE (DakoCytomation), anti-Endoglin-
Fluorescein (R&D Systems), anti-CD34-FITC (BD Pharmingen) and anti-VEGFR2-PE 
(R&D Systems). MNCs were stained with anti-CD14-ECD (Immunotech), anti-CD26-
FITC (Serotec) and anti-CXCR4-PE (BD Pharmingen). Isotype-matched fluorochrome-
conjugated antibodies were used as controls. Red blood cells were lyzed before meas-
uring fluorescence on a flow cytometer (Cytomics FC500, Beckman Coulter). Analysis 
was performed using CXP software (Beckman Coulter). The number of positive cells is 
expressed as absolute cell number per ml of whole blood, or as percentage of positive 
cells within a cell fraction. The Mean-Fluorescent Intensity (MFI) is presented for cell 
populations of interest. 

MNC migration 
Migration of freshly isolated MNCs was assessed in a transwell system using polycar-
bonate	filters	with	5	µm	pores	(Corning).	Prior	to	migration,	MNCs	were	incubated	for	1	
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hour in RPMI 1640 Glutamax medium, supplemented with 10% FBS at 37°C. If appli-
cable, MNCs were stained with Calcein AM (Invitrogen). MNCs were pretreated at room 
temperature for 15 minutes with 5 mM Diprotin-A (Sigma-Alderich) to inhibit CD26, or 
for 30 minutes at room temperature with 5ug/mL AMD3100 (Sigma) to block CXCR4. 
One-hundred thousand MNCs were applied to the upper well, and in the lower well 
medium with or without 200ng/ml SDF-1α (PeproTech), was added. The cells were al-
lowed to migrate for 3 hours at 37°C. After migration, cells were collected and 75,000 
PeakFlowtm	carmine	flow	cytometry	 reference	beads	 (6	µm,	 Invitrogen)	were	added.	
The number of MNCs per 10.000 beads was assessed by flow cytometry. The migration 
percentage was calculated from the number of cells migrated to SDF-1α compared to 
the number of cells migrated in the absence of SDF-1α. 

MNC stimulation
Freshly isolated MNCs were stimulated for 24 hours at 37°C with 2ng/mL TGFβ1 (Pepro-
Tech) in RPMI medium supplemented with 1% FBS. Stimulated MNCs were stained 
with anti-CD14-ECD, anti-CD26-Fluorescein and anti-CXCR4-PE. Expression levels of 
CXCR4 and CD26 were determined by measuring MFI. Expression changes were calcu-
lated by dividing the MFI after 24 hour TGFβ1 stimulation by the MFI before stimulation 
and presented as fold induction. 

Animals
All experiments were carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals, prepared by the institute of Laboratory Animal Resources and with 
prior approval by the Animal Ethical Experimentation Committee, Utrecht University.

Isolation of LacZ+ bone marrow
Bone marrow MNCs were isolated from the femur and humerus bones of six male 
ROSA26 mice using Ficoll as described above. 

Myocardial infarction
In BALB/cOlaHsd or C57/BL6 mice (Harlan), aged 10-12 weeks, a myocardial infarction 
(MI) was induced as described previously23. Briefly, mice were intubated and ventilated 
with 2% isoflurane/98% oxygen. A left thoracotomy was performed and the left anterior 
descending coronary artery (LAD) was visualized. The LAD was permanently occluded 
by placing a 7-0 prolene suture. 

Intravenous injection of human or murine MNCs 
One day after induction of MI, BALB/c mice received 5*106 human MNCs (HHT1 or 
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control,	n=6	per	group)	via	tail	vein	 injection.	C57/Bl6	mice	were	 injected	with	5*106 

ROSA 26 bone –marrow-derived LacZ+ MNCs. Prior to intravenous injection, MNCs were 
incubated for 15 minutes with or without 5 mM Diprotin-A at room temperature. Mice 
receiving human cells were immunosuppressed by subcutaneous injection of tacrolimus 
(5 mg/kg/day) for four days.

Tissue collection
Five days after MI mice were euthanized. The hearts were flushed with 5 mL of PBS 
via the right ventricle and dissected. The tissue was processed for cryosectioning in 
OCT compound (Sakura). Alternatively, hearts of mice receiving LacZ+ MNCs were 
cut longitudinally into two, through the infarcted region. One part was used for whole 
mount X-gal staining the other halve was embedded in OCT compound (Sakura) for 
cryosectioning.

Whole mount staining
Tissues were fixed in 2% paraformaldehyde/0.2% glutaraldehyde in PBS on ice. After 
washing in PBS twice, tissue was placed in staining solution containing 5mM ferrocya-
nide, 5mM ferricyanide, 2mM MgCl2 and 1 mg/ml X-Gal in dimethylformamide overnight 
at 37°C. After washing away the X-gal the samples were postfixed in 4% paraformalde-
hyde,	and	kept	in	70%	EtOH.	Tissue	was	embedded	into	paraffin,	sectioned	at	10	µm	
and stained with hematoxylin.

Immunohistochemistry
Frozen	 longitudinal	 7	 µm	 thick	 sections	 of	 the	 whole	 ventricle	 were	 stained	 using	 a	
mouse anti-human nuclei antibody (Chemicon) for the identification of human cells. 
Briefly, sections were fixed in acetone, air dried and rehydrated in PBS. Endogenous per-
oxidase activity was blocked, followed by incubation with avidin and biotin, respectively. 
The tissue was permeabilized in 0.2% Triton X-100 in PBS and blocked with 3% BSA in 
PBS for 30 minutes. During this incubation, the anti-human nuclei antibody was bioti-
nylated 1:50 using the Dako-ARK for mouse primary antibodies (Dako) according to the 
manufacturer’s protocol. Sections were incubated with α-human nuclei, PBS or mouse 
IgG1 (Dako) as an isotype control overnight at 4°C. After washing, slides were incubated 
with ABC peroxidase complex (DAKOcytomation, Dako) at room temperature for 30 min-
utes. Peroxidase activity was detected using AEC substrate. After counterstaining with 
hematoxylin sections were mounted in gelatin/glycerin. 

Semi-quantitative polymerase chain reaction for human Alu sequences or LacZ
Genomic	DNA	was	isolated	by	pooling	10-50	crysections	(10	µm)	followed	by	incubation	
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in	500	µl	lysis	buffer	(0.1	M	Tris-HCl	pH	8.5,	5	mM	EDTA,	0.2%	SDS,	0.2	M	NaCl).		Ge-
nomic DNA was extracted using phenol-chloroform, and precipitated with ethanol. The 
polymerase chain reaction (PCR) primers were described previously and are specific for 
human Alu sequences, resulting in a product of 224 basepairs24. For the quantification 
of the LacZ gene we used 5’ PCR primers: Forward 5’- CCTGAGGCCGATACTGTCGT-3’, 
Reverse 5’- TTGGTGTAGATGGGCGCAT-3’, leading to a product of 70 bp. PCR was car-
ried out using 50 ng of total DNA under the following conditions: 95°C for 10 minutes, 
followed by x cycles of 95°C for 30 seconds, 58°C for 45 seconds and 72°C for 45 
seconds; and 72°C for 10 minutes. Amplification of DNA isolated from mice receiving 
Diprotin-A treated or untreated human MNCs was optimized at 23 and 27 cycles, re-
spectively, and for LacZ all samples were run for 25 cycles. The samples were run on a 
10% polyacrylamide gel and quantified using Quantity One software (Biorad).

Statistics
Statistical significance was evaluated using the Mann-Whitney U test for comparison 
between two independent samples, Wilcoxon Signed Ranks test for two related samples, 
and Spearman’s rho for correlation calculations using SPSS v11.0 for Windows. Results 
are expressed as mean ± standard error of the mean (SEM). A value of P<0.05 was 
considered statistically significant.

RESULTS

Circulating cell populations
To establish whether the attenuated response of HHT1 to ischemic injury6 is due to fewer 
circulating cells capable of participating in restoration of vascular damage, we compared 
peripheral blood samples of HHT1 patients to age and gender matched healthy controls 
(see supplementary Table 1 for HHT1 patient characteristics). Monocytes (defined as 
CD14+) are circulating cells that are able to home to damaged tissue and are known 
to express endoglin. We found no difference in the number of circulating CD14+ cells 
between HHT1 and control samples (Figure 1A,B) but, as expected, the HHT1 CD14+ 
monocytes did show decreased endoglin expression on their cell surface (not shown). 
Other cells that can contribute to vascular repair are those within the CD34+ cell frac-
tion. Endothelial progenitor cells (EPCs) are part of this CD34+ population, and one 
way to identify EPCs may be as CD34+-VEGFR2+ cells. In contrast to our expectation, 
HHT1 patients show a significantly higher number of CD34+ cells (Figure 1C,D), but the 
number of CD34+-VEGFR2+ cells is comparable between HHT1 patients and controls 
(Figure 1E,F). 
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Distribution of CXCR4 and CD26 
The CXCR4/SDF-1α axis is particularly important for cell homing, chemotaxis, engraft-
ment and retention of cells in ischemic tissues. Analyzing the distribution of CXCR4 on 
MNCs (Figure 2A) showed that, although the number of cells in the MNC population 
expressing CXCR4 was not different between groups (Figure 2B), the mean expression 
level of CXCR4 on the cell surface (represented by the MFI) was significantly higher on 
HHT1-MNCs (Figure 2C). 
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Figure 1. Composition of peripheral blood 
(A) Flow cytometric analysis of showed no difference in the number of CD14+ monocytes in peripheral blood obtained 
from HHT1 patients (HHT) or controls (CTL). (C) HHT1 patients have an increased number of CD34+ cells compared 
to controls. (E) There is no significant difference in CD34+VEGFR2+ (EPCs) between the groups. Representative flow 
cytometry plots are shown in B, D and F. *P<0.05, Bars show mean ± SEM. 
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CD26 is a negative regulator of the SDF1/CXCR4 axis. The HHT1-MNC population 
showed a significant increase in the expression level of CD26 per cell but no difference 
in the total number of CD26 positive cells (Figure 2E,F). 
Additionally, within the MNC subpopulations, lymphocytes and monocytes demonstrated 
similar patterns in the expression of CXCR4 and CD26 (Supplementary Figure 1A,B). 

HHT1-MNCs show impaired migratory response in vitro
CD26 can regulate SDF-1α/CXCR4 mediated chemotaxis; therefore we performed a mi-
gration assay using SDF-1α as a chemo-attractant. HHT1-MNCs exhibited decreased 
migration towards SDF-1α compared to control MNCs (Figure 3A). Interestingly, while 
pretreatment with the CXCR4 inhibitor AMD3100 completely blocked the migration of 
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Figure 2. CXCR4 and CD26 expression on circulating cells
(A) Representative flow cytometry plot for CXCR4 on control (CTL) and HHT1-MNCs (HHT) and isotype control. (B) 
There is no difference in the number of CXCR4+ cells between groups. (C) The mean surface expression of CXCR4 
within the CXCR4+ population is higher on HHT1-MNCs. (D) Representative graph of MFI analysis showing the CD26 
levels versus the isotype control. (E) The HHT1-MNC population contains the same number of CD26+ cells, but the 
mean surface expression of CD26 is significantly higher on HHT1 CD26+	MNCs	(F).	CTL	n=13,	HHT	n=14.		*P<0.05, 
bars show mean ± SEM.
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both control and HHT1-MNCs, pretreatment with the CD26 inhibitor Diprotin-A only 
significantly improved the migration of the HHT1-MNCs compared to untreated MNCs 
(Figure 3B). 
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Figure 3. Migration of MNCs to SDF-1α in vitro 
(A) In a transwell assay using SDF-1α as a chemoattractant, HHT1-MNCs show a decreased migration capacity com-
pared to healthy controls. Shown is the result of the calculation (+SDF-1α/-SDF-1α) -1 represented as a percentage. 
(B) The effect on migration of CXCR4 inhibition (AMD) or CD26 inhibition (DipA). Depicted is the relative migration ca-
pacity towards SDF-1α compared to untreated cells (set as 1 in each MNC source). (C and D) MNC migration positively 
correlates with the percentage of CXCR4+ cells in the MNCs population as shown by a positive Spearman’s rho. (E and 
F) In HHT1-MNCs, a higher level of CD26 per cell negatively correlates with the migration towards SDF-1α.		CTL	n=17,	
HHT1	n=17;	AMD:	CTL	n=5,	HHT1	n=4;	Correlations:	CTL	n=15,	HHT1	n=17.	*P<0.05. Bars show mean ± SEM.
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Analyzing the CXCR4 and CD26 expression profile on migrated cells revealed that the 
number of CXCR4+-MNCs positively correlated with the migration capacity for both con-
trol as well as HHT1-MNCs (Figure 3C,D). Interestingly, the mean CD26 expression on 
HHT1-MNCs was negatively correlated with their migratory capacity (Figure 3F), while 
the migration of control MNC did not correlate with CD26 levels (Figure 3E). 

MNC response to TGFβ stimulation 
After MI, TGFβ levels are increased in the ischemic area. TGFβ can play a role in the 
homing and migration of cells to damaged tissue. Since in HHT1 patients the TGFβ sign-
aling pathway is disturbed25 and their homing capacity is abrogated, we investigated the 
effect that TGFβ stimulation has on the CXCR4 and CD26 expression levels on MNCs. 
Although flow cytometric analysis of TGFβ stimulated MNCs revealed a pronounced in-
crease in total percentage of CXCR4 expressing cells as well as the mean CXCR4 expres-
sion level per cell on both HHT1 and control MNCs (Figure 4A,B), the relative induction 
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Figure 4. The effect of TGFβ stimulation on CXCR4 and CD26 expression
(A,B) Both HHT1 and control MNCs are able to up regulate CXCR4 expression after TGFβ stimulation, thereby increas-
ing the number of CXCR4+ MNCs (A) and the level of CXCR4 per cell (B). (C) The relative induction of the receptor 
was significantly lower on HHT1-MNCs compared to controls. (D and E) CD26 is downregulated in response to TGFβ 
stimulation on HHT1 and control MNCs. (D) The number of CD26+ cells within HHT1-MNCs after TGFβ stimulation 
remains	significantly	higher	compared	to	controls.	CTL	n=13,	HHT1	n=14.	*P<0.05; bars show mean ± SEM.
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of the receptor was less on HHT1-MNCs than on control MNCs (3.4 fold for HHT1 versus 
5.1 fold for control MNCs, Figure 4C). After TGFβ stimulation, the total number of CD26 
expressing cells in both control and HHT1-MNCs was reduced, as well as the overall 
mean expression level (Figure 4D,E). Importantly, the percentage of CD26 positive cells 
remained higher within HHT1-MNCs than within control MNCs, even after TGFβ stimu-
lation (Figure 4D,E). These experiments show that endoglin haplo-insufficiency results 
in decreased TGFβ responsiveness. Although HHT1-MNCs are able to respond to TGFβ 
stimulation by increasing CXCR4 and down regulating CD26 expression, this occurred to 
a lesser extent and the net result is a decreased migration capacity to SDF-1α compared 
to controls. 

CD26 inhibition increases homing towards the infarcted myocardium 
To determine the role of CD26 in homing and migration of cells in an in vivo injury 
setting, we used LacZ+ bone marrow-derived MNCs isolated from ROSA26 mice in a 
mouse model for MI. After the onset of ischemia SDF-1α increases as part of the stress 
response. SDF-1α reaches a maximum after one day, hereafter SDF-1α gradually de-
creases7. Therefore, MNCs, either untreated, or pre-treated with DiprotinA were intro-
duced in to the circulation via tail vein injection, one day after inducing MI. Four days 
later, mice were sacrificed and the location of MNCs was determined via whole mount 
staining. LacZ+ cells were found throughout the infarcted left ventricle (Figure 5A, over-
view and close-up), but not in sham operated animals (not shown). Since the number of 
cells in the heart was too high to quantify microscopically, we isolated genomic DNA from 
frozen sections. Semi-quantitative PCR for the LacZ gene was performed and revealed 
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Figure 5. Inhibiting CD26 by DiprotinA increases homing of MNCs after MI
The effect of CD26 inhibition on homing in vivo was assessed by injecting LacZ+ bone-marrow-derived MNCs into the 
tail vein of mice that underwent MI the previous day. (A) Five days after MI, blue cells are found in the infarcted area 
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LacZ+ cell by semi-quantitative PCR showed a significantly higher number of LacZ+ cells when MNCs were pretreated 
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that DiprotinA treated MNCs home more efficiently to the infarcted heart compared to 
non-treated MNCs (Figure 5B).

Analyzing homing of HHT1 and control MNCs in vivo
To evaluate the importance of the increased expression of CD26 on MNCs in HHT1 pa-
tients, for homing to damaged tissue, we used the mouse MI model. Mice underwent a 
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Mice were injected intravenously with 5*10E6 human MNCs one day post MI. (A) Five days after infarction, anti-
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by semi-quantitative PCR. Polyacrylamide gel showing an example of the Human Alu repeats PCR. CT- and HHT-: 
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permanent ligation of the LAD; one day after MI the mice received an intravenous injec-
tion of human MNCs, which were pretreated or not with the CD26 inhibitor Diprotin-A. 
Mice were sacrificed five days after MI to assess MNC homing. 
Immunohistochemical staining using an anti-human nuclei antibody revealed human 
cells scattered throughout the injured myocardium five days after infarction (Figure 6A) 
comparable to what we observed with murine LacZ-expressing MNCs. The number of 
human cells found in the myocardium was quantified by semi-quantitative PCR for hu-
man specific Alu repeats (Figure 6B). 
Five days post-MI, a significantly lower amount of human DNA was found in the myo-
cardium of mice injected with HHT1-MNCs as compared to those receiving untreated 
control MNCs (Figure 6C, 0.15 ± 0.05 and 0.29 ± 0.06 arbitrary units respectively).  
Strikingly, when human MNCs were pre-treated with Diprotin-A, there was no longer a 
difference in the homing and engraftment into the infarcted heart between HHT1 pa-
tients and controls (Figure 6D, 0.64 ± 0.18 versus 0.55 ± 0.22 for HHT1 and controls 
respectively). These results underline the importance of CD26 expression for the homing 
and migratory capacity of MNCs. 

DISCUSSION

One of the hallmarks of HHT1 is an increasing frequency of hemorrhages with age. This 
can be the result of impaired vascular repair. Restoration of vasculature is initiated by a 
local rapid increase in chemotactic chemokines followed by homing of cells to the site 
of injury. Previously, we showed that the HHT1-MNC population had a reduced ability to 
accumulate and induce vessel formation in the infarcted region of the heart6. Here we 
show that this observed defect in homing is not explained by changes in the numbers 
of cells with angiogenic properties within the heterogeneous MNC population known to 
participate in tissue repair. Analysis of the composition of the MNC fraction using flow 
cytometry did not show a significant difference in the number of circulating CD14+-
monocytes or CD34+VEGFR2+ cells. However, HHT-1 patients have a significant higher 
number of CD34+ cells. The increase in CD34+ cell fraction may be the result of diffuse 
vascular damage in HHT-1 patient, resulting in increased CD34+ progenitor cell mobili-
zation. Similarly, increases in CD34+ cell count were found in patients after myocardial 
infarction27. Progenitor cell numbers do not seem to be the cause of the HHT-1 MNC 
dysfunction. Therefore, an alternative explanation for the reduced cell numbers in the 
ischemic heart6,28 may be an impaired chemotactic response of the circulating cells in 
HHT1 patients rather than reduced circulating MNC numbers.
Myocardial wound healing is a tightly controlled process and has been divided into dis-
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tinct phases29. One recognizable phase is the infiltration of MNCs into the infarct area, 
inducing blood vessels growth, myofibroblast proliferation and ECM production. An im-
portant mechanism for cell recruitment to ischemic areas is the formation of an SDF-1α 
gradient, resulting in the mobilization of circulating cells expressing its cognate receptor 
CXCR4. Binding of SDF-1α to CXCR4 was shown to be essential for mobilization and 
migration of different cell types e.g. hematopoietic stem cell (HSC)20,30, monocytes/mes-
othelial cells31 and tumor metastasis21,32. Since SDF-1α expression is increased as early 
as 1 hour after induction of hypoxia in the myocardium, it is believed to play a role in the 
initiation of tissue repair. More importantly, modulating the SDF-1α/CXCR4 axis, either 
positively by delivering a protease-resistant SDF-1α33 or negatively, by inhibiting SDF-1α 
binding to its receptor using the CXCR4 antagonist AMD3100, was shown to influence 
the recruitment and engraftment of cells in infarcted myocardium as well as myocardial 
repair8. Furthermore, the expression of SDF-1α serves as a retention signal and is crucial 
for the engraftment and maintenance of pro-angiogenic CXCR4 expressing cells within 
the tissue34. The lower number of HHT1-MNC within the infarcted myocardium might be 
explained by reduced numbers of CXCR4 positive cells or reduced CXCR4 expression 
per cell. However, we found no difference between HHT1 patients and controls. In HHT1 
patients, the mean expression of CXCR4 on the cell surface was even higher than control 
MNCs. Therefore, the reduced number of HHT1- MNCs found in the injured heart can-
not be explained by a reduction in CXCR4. 
Although CXCR4 expression levels are known to be important for migration, our data 
imply that this alone does not predict the migratory behavior of cells to SDF-1α. SDF-
1α mediated chemotaxis is also regulated by the cell surface peptidase CD26, which 
cleaves the amino-terminus of SDF-1α18. This N-terminal cleavage will block its binding 
to CXCR4 and limit the effectiveness of SDF-1α as a chemotactant in the inflammatory 
environment of infarcted myocardium. CD26 has been reported to be expressed by sev-
eral cell types within the MNC fraction, including CD14+ monocytes and  CD34+ cells35. 
Analysis of CD26 indicated that the HHT1-MNCs have a higher mean expression level 
of CD26 per cell. These increased CD26 levels suggest that, although the high CXCR4 
levels on HHT1-MNCs would imply increased recruitment of cells to ischemic tissue, 
their homing capacity is negatively influenced by the high CD26 expression levels. Us-
ing a transwell migration assay, we indeed found a decreased chemotactic response of 
the HHT1-MNCs towards SDF-1α as compared to healthy controls. Furthermore, the 
migration of HHT1 cells to SDF-1α was significantly improved when the activity of CD26 
was blocked by Diprotin-A; a tri-peptide which was previously shown to increase to hom-
ing of embryonic stem cells36 and HSCs to SDF-1α20,37. Additionally, we show that the 
effect of CD26 cell migration is negatively correlated with its expression level. The in-
ability to influence the migration of control MNCs by Diprotin-is probably due to the low 
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CD26 levels observed on these cells that did not correlate with their migratory behavior 
capacity. Our results clearly demonstrate that the balance of CD26 levels in relation to 
CXCR4 levels is of great importance to predict the chemotactic response of MNCs. The 
increased number of CD26 expressing cells in the HHT1 population, causing a misbal-
ance between CD26 and CXCR4, may have a major impact on their total homing and 
retention capacity. 
As a consequence of the endoglin mutations underlying HHT1, the TGFβ signaling is 
impaired2,25. TGFβ has previously been reported to influence the SDF-1α/CXCR4 axis, 
by increasing the expression of CXCR4 and decreasing the levels CD26 on tumor and 
mesothelial cells15,31. We investigated the response of the MNCs to TGFβ stimulation. 
TGFβ stimulation increased the surface expression of CXCR4 on control MNCs, whereas 
HHT1-MNCs show impaired induction of expression and impaired reduction in CD26 
levels. These observations suggest that the imbalance in the CXCR4/CD26 axis we ob-
serve in these cells might be caused by an impaired response of HHT1-MNCs to TGFβ 
stimulation. Therefore, when HHT1-MNCs are exposed to stress signals after myocardial 
infarction, like TGFβ, their capacity to shift the balance between CXCR4 and CD26 is dis-
turbed, thereby rendering the cells less capable for migration and homing. The relatively 
high CXCR4 expression observed on unstimulated HHT1-MNCs might be a compensa-
tory mechanism to deal with the high CD26 expression on these cells. 
Since in vitro analysis of the HHT1-MNCs indicated CD26 imbalance as an explanation 
for impaired homing, we interfered with its expression. Previous studies have shown that 
pretreatment of HSCs with Diprotin-A greatly enhanced their homing capacity towards 
the bone marrow22,37.  Therefore, we investigated whether altering the CXCR4/CD26 bal-
ance, by inhibiting CD26 with Diprotin-A, also increased their homing in vivo. When un-
treated MNCs were injected one day after MI, we found significantly fewer HHT1-MNCs 
in the infarcted area 5 days after MI, compared to healthy controls. This confirmed the 
impaired homing capacity we reported previously6, as well as, the in vitro data presented 
in this study. Strikingly, pretreatment with Diprotin-A completely normalized the homing 
of HHT1-MNCs to the infarcted heart so that it was comparable with controls. This indi-
cates the significance of CD26 for homing not only for cells towards the bone marrow but 
also for MNCs to ischemic tissue. 
In conclusion, the SDF-1α/CXCR4 axis and its negative regulator CD26 are crucial for 
the homing of MNCs to the ischemic myocardium. In HHT1 patients, the balance of 
CXCR4 and CD26 on HHT1-MNCs is skewed. Restoring the balance in this axis, via 
CD26 inhibition resulted in “normal” homing capacities in vitro and in vivo, providing an 
explanation for the dysfunctional homing of HHT1-MNCs. Interestingly, CD26 inhibition 
might also be of importance for studies aiming at regeneration of ischemic areas, by 
improving homing and engraftment of circulating cells into the injured organ. 
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Table 1. Patients characteristics
Location of the endoglin mutation, gender, and age per HHT-1 patient. 
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Figure 1. CXCR4 and CD26 expression profiles on lymphocytes and monocytes show similar trends as total MNCs 
Percentage of CXCR4 (A) and CD26 positive (B) cells within lymphocyte and monocyte cell-fractions. (A and B) The 
mean expression of CXCR4 and CD26 per cell on positive lymphocytes and monocytes show similar expression pro-
files as the total MNC population. *P<0.05; bars show mean ± SEM.
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ABSTRACT

Aim
One of the major challenges of cell-based cardiac repair after myocardial infarction (MI) 
is to efficiently deliver sufficient numbers of cells to the damaged area. Mostly, cells are 
delivered via intramyocardial or intracoronary delivery, but these options are invasive 
and result in loss of cells. Intravenous injection and subsequent homing of cells towards 
damaged tissue provides an attractive less invasive alternative. In this study we investi-
gated the ability of cardiomyocytes progenitor cells (CMPCs), to respond to stress signals 
generated by the infarcted myocardium.

Methods
Stromal-cell derived factor (SDF)-1α and its receptor are important for recruitment of 
cells. CD26, a surface peptidase is a negative regulator of this process. We analyzed 
surface expression of CXCR4 and CD26 on CMPCs. Their ability to respond to SDF-1α, 
and the effect on this process of CD26 inhibition was determined in a transwell system. 
Experimentally induced MI in mice, followed by tail vein injection of CD26 inhibited or 
untreated CMPCs, was used to study homing in vivo. Cardiac function was measured by 
ultrasound at 2 days, one week and four weeks after MI.

Results
CMPCs carry CXCR4 on their surface, but also very high levels of the inhibitor CD26. 
Homing of CMPCs towards SDF-1α is low, but inhibiting CD26 using RNAi, Sitagliptin, or 
a combination increases the homing response dramatically. Injecting CMPCs via the tail 
vein two days after MI did not result in enhanced cardiac function, and CD26 inhibition 
prior to injection did not alter this. CMPCs were found in the lungs one day after injection. 
Their size likely causes CMPCs to be trapped in the capillary lung bed.

Conclusion
Although CMPCs possess the proper tools to respond to SDF-1α cues, high levels of 
CD26 prevent this. In vivo, the effects remain unclear since human CMPCs are trapped 
in the pulmonary vasculature.
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INTRODUCTION

Myocardial infarction (MI) results in massive cell death in the cardiac muscle. Dead tis-
sue is replaced by a fibrotic scar, which further impairs the pump function of the heart 
and can ultimately lead to heart failure. Current therapies are palliative and fail to repair 
the loss of contracting cells. Therefore, cell-based therapy after MI, which aims at pre-
venting scar formation or replacing the scar by new cardiac tissue would be a possible 
new approach1. Since adult cardiomyocytes do not survive ectopic transplantation2, fo-
cus has turned to stem or progenitor cells with the capacity to differentiate into all the cell 
types necessary to generate heart tissue3. We have previously shown that a population 
of cardiomyocyte progenitor cells (CMPCs) exists in human adult and fetal hearts. These 
CMPCs have the ability to form spontaneously beating cardiomyocytes, endothelial cells 
and vascular smooth muscle cells in vitro4. Moreover, we have shown that the injec-
tion of human undifferentiated CMPCs or differentiated CMPC-derived cardiomyocytes 
(CMPC-CM) into the murine infarcted heart can lead to the formation of human cardiac 
tissue5 (chapter 4). After three months, approximately 3% of the originally injected cell 
population was found back in the heart. This low engraftment may result from backwash 
during the injection or the immediate exposure of cells to a hostile environment with very 
low oxygen6 and nutrient levels, causing acute cell death. Therefore, other methods for 
delivering cells may be more suitable.
The accepted route for cell delivery in many animal models has been via intramyocardial 
injection into the infarct region or the borderzone. While this method has the advantage 
of localized delivery, it has several limitations that prevent instant translation towards a 
clinical setting7. First, intramyocardial injection is an invasive procedure, requiring open 
chest surgery or catheter insertion. Secondly, direct injection can induce arrhythmias in 
patients that already have a compromised cardiac function. Potentially, a more suitable 
route of cell delivery would be intravenous injection. This method is flexible with regard to 
timing of delivery and allows for repeated injections and the possibility of using (in vitro) 
expanded autologous cells. Furthermore, the cells will home to sites in the heart were 
delivery of nutrients and oxygen persists, thereby improving their chance of survival. 
Intravenous delivery requires homing of cells from the circulation towards the damaged 
region. One of the most important systems involved in cell homing, chemotaxis, and 
retention of circulating cells in ischemic myocardium is the interaction between Stromal-
cell derived factor-1α (SDF-1α) and its receptor CXCR48-10. SDF1α is expressed in the 
infarcted region and border zone in the first days after MI8, attracting cells that carry 
CXCR4 on their surface. The CXCR4–SDF1α axis is negatively influenced by CD26 (also 
known as Dipeptidyl peptidase IV, DPPIV). CD26 cleaves the amino-terminal di-peptide 
of SDF-1α, thereby preventing interaction with the extracellular part of CXCR411,12. An-
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other study suggests that CD26 can co-internalize CXCR4, again disturbing the CXCR4-
SDF1α interaction13.
Previously, we found that blood-derived mononuclear cells (MNCs) carry CD26 on their 
surface. When CD26 was inhibited, MNC homing towards SDF-1α was greatly enhanced 
in vitro. The homing of intravenously injected bone marrow-derived MNCs towards the 
ischemic mouse heart increased approximately two-fold when the cells were treated 
with a CD26 inhibitor prior to injection (chapter 5); for human blood-derived MNCs this 
effect was even more pronounced (five-fold increase, not shown). Additionally, we found 
that MNCs isolated from Hereditary Hemorrhagic Telangiectasia-1 (HHT-1) patients are 
poorly recruited to the damaged murine myocardium14. HHT-1 MNCs carry higher levels 
of CD26 on their surface compared to healthy controls and inhibiting this peptidase prior 
to intravenous injection led to a normalization of the homing response of HHT-MNCs 
towards the ischemic heart (chapter 5). 
However, even though enhanced homing and integration of MNCs may improve the 
function of the heart via paracrine stimulation of angiogenesis14 or decreased recruit-
ment of inflammatory cells15, MNCs do not regenerate the cardiac muscle.
Therefore in the present study, we questioned if CMPCs can be used for intravenous ap-
plications. We investigated if manipulation of the SDF-1α/CXCR4 axis by altering CD26 
expression can lead to an improvement of CMPCs’ response to SDF-1α in vitro and in 
vivo, and if this is translated to an enhanced cardiac function after MI. 

MATERIAL AND METHODS

Isolation and culture of CMPCs
CMPCs were isolated from human fetal hearts as described previously16. Cells were cul-
tured for at least eight passages in growth medium before experiments were initiated.

CD26 knockdown 
Two different clones were used for RNAi-mediated CD26 knock-down or transduction 
with a scrambled sequence, obtained from the MISSION-library (Sigma). Cells were 
transduced	with	the	shRNA	lentivirus	at	an	MOI	of	1	in	the	presence	of	4	µg/ml	poly-
brene	for	6	hours.	Cells	were	washed	and	after	24	hours,	1	µg/ml	puromycin	was	added	
for 2 days, after which the cells were used for the indicated experiments. 

PCR analysis
RNA was isolated using Tripure (Roche) and reverse transcribed using oligo-dT Su-
perscript 3 (Invitrogen). The PCR reactions started with 5 min at 94 °C, followed by 35 
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cycles of: 94°C for 15 seconds, 56°C for 30 seconds and 72°C for 45 seconds. Products 
were analyzed on ethidium bromide-stained 1% agarose gel. GAPDH was used as input 
control. Primer sequences were:
CD26: For 5’-GTGGGTCACATGGTCACCAG, Rev 5’-ACAGAGCAGAGTAGGCACTGA. 
GAPDH: For 5’-ATCACTGCCACCCAGAAGAC, Rev 5’- ATGAGGTCCACCACCCTGTT.

FACS analysis
Surface expression levels of CXCR4 and CD26 were analyzed by flow cytometric analysis 
using 2*105	CMPCs	in	100µl	PBS.	CMPCs	were	stained	with	anti-CD26-FITC	(Serotec)	
and anti-CXCR4-PE (BD Pharmingen) antibodies. Isotype-matched fluorochrome-conju-
gated antibodies were used as controls. Fluorescence was measured on a flow cytometer 
(BD LSR-II). Analysis was performed using BD FACS Diva software. 

Migration assay
Migration of CMPCs was assessed in a transwell system using polycarbonate filters with 8 
µm	pores	(Corning).	The	filter	was	coated	with	0.1%	gelatin.	Untreated	CMPCs,	CMPCs	
treated with CD26 RNAi, or CMPCs treated with with off-target RNAi were incubated at 
room temperature for 15 minutes with 5 mM DiprotinA (DipA, Sigma-Alderich) or 10 
mM Sitagliptin (Januvia, Merck). Fifty thousand CMPCs in DMEM/M199 medium supple-
mented with 0.5% FCS were applied to the upper well. In the lower well, medium without 
or with 200ng/ml SDF-1α (PeproTech) was added. The cells were allowed to migrate for 
3 hours at 37°C. After migration, cells were washed and the upper surface was wiped to 
remove the non-migrating cells. The membranes were fixed in methanol, washed with 
water, stained with 0.2% crystal violet, and lyzed using 10% acetic acid.  The OD was 
measured at 595 nm. The migration ratio was calculated as the number of cells migrated 
to SDF-1α in comparison to the number of cells migrated in the absence of SDF-1α. 

Cell size
The diameter of CMPCs in suspension was determined on a Casy cell counter and ana-
lyzer (model TT), after trypsinizing the cells.

Animals
All experiments were carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals, with prior approval by the Animal Ethical Experimentation Commit-
tee, Leiden University.

Myocardial infarction and cell transplantation
MI was induced by ligation of the left coronary artery in male 10-12 weeks old NOD-SCID 
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mice (Charles River Laboratories) under isoflurane anesthesia, as described previously17. 
In sham-operated animals, the surgery was performed identically, except for the actual 
ligation. Two days after surgery, after ultrasound measurement a total of 0.5*106 CM-
PCs	in	100-150	µl	PBS	was	injected	via	the	tail	vein.	Eight	MI	mice	received	untreated	
CMPCs, 10 MI mice received CMPCs that were incubated with 10 mM Sitagliptin, and 
four MI mice were injected with the vehicle (PBS). In the sham operated group, 3 mice 
received Sitagliptin treated CMPCs and three mice were injected with PBS. 
One day after i.v. injection, 2 MI mice that received CMPCs pretreated with Sitagliptin 
were sacrificed. Four weeks after MI the remaining animals were sacrificed. The heart 
was flushed with 2 ml cold PBS via the right ventricle before excision. The lungs, spleen, 
and liver were removed and stored at -80°C. The hearts were treated as previously de-
scribed 18 and embedded in OCT compound (Sakura).

Cardiac function measurement
Cardiac function was determined by ultrasound at 2 days, 1 week, and 4 weeks after 
induction of MI. Mice were anesthetized with 2% isoflurane through a facemask and 
were laid on a platform in the supine position with all legs taped to ECG electrodes. 
Body temperature was monitored via a rectal thermometer and maintained at 36–38°C 
using a heating pad and lamp. Excess hair was removed from the chest using a chemi-
cal hair remover (Veet). A preheated ultrasound gel (Aquasonic 100) was spread over 
the chest. Imaging was performed using a high-resolution, micro-ultrasound imaging 
system (Vevo 770, VisualSonics). The transducer had a central frequency of 30 MHz 
and a focal length of 12.7 mm. The repetition rate for M-mode recording was 1,000 Hz. 
An EKV (ECG-based kilohertz visualization) image was obtained of the parasternal long 
axis and short axis. The parasternal long axis EKV was used to determine the volumes of 
the heart in diastole and systole, and ejection fraction was calculated using Visualsonics 
software.

Staining
The	hearts	were	cut	 into	7	µm	cryosections.	Per	series	15	consecutive	sections	were	
mounted on 5 glass slides, and 25 sections were collected in a vial. At least 10 series 
per heart were cut. One slide from each series was used for immunostaining to identify 
human cells. The sections were air-dried and fixed in cold acetone for 5 minutes. The 
tissue was incubated with 0.2% Triton in PBS for 10 minutes. After washing, the sec-
tions were blocked in 1% BSA in PBS for 30 minutes and subsequently incubated with 
mouse anti-human integrin-β1 antibody (Santa Cruz) 1:50 or PECAM-1 antibody (Santa 
Cruz) 1:200 directed against mouse as a positive control in blocking reagent overnight 
at 4°C. Negative controls were incubated with blocking reagent or isotype control. As a 
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secondary antibody, anti-mouse Alexa 555 or anti-Rabbit Alexa 555 was used 1:400 in 
PBS for 30 minutes. After washing, slides were mounted with Vectashield containing 
DAPI (Vector Laboratories).

PCR for human specific genomic DNA
Genomic	DNA	was	isolated	by	pooling	50	cryosections	(7µm)	followed	by	incubation	in	
500	µl	lysis	buffer	(0.1	M	Tris-HCl	pH	8.5,	5	mM	EDTA,	0.2%	SDS,	0.2	M	NaCl	and	pro-
teinase K).  Genomic DNA was extracted using phenol-chloroform and precipitated with 
ethanol. The polymerase chain reaction (PCR) primers were described previously and 
are specific for human Alu sequences, resulting in a product of 224 basepairs19. PCR 
was carried out using 100 ng of total DNA under the following conditions: 95°C for 10 
minutes, followed by 25 cycles of 95°C for 30 seconds, 58°C for 45 seconds and 72°C 
for 45 seconds; and 72°C for 10 minutes. The samples were run on a 1% agarose gel.

Statistical analysis
Statistical significance was evaluated with SPSS v16.0 for Windows using ANOVA (with 
Bonferroni correction for multiple-group comparisons) or Mann-Whitney U test, as ap-
plicable. Results are expressed as mean ± SEM. A value of p≤0.05 was considered 
statistically significant.

RESULTS

CMPCs express CXCR4 and CD26 on their surface
Using flow cytometric analysis, the expression of the receptor CXCR4 and the peptidase 
CD26 on CMPCs was determined. CMPCs clearly carry CXCR4 on their surface (Figure 
1A). High levels of CD26 were observed on CMPCs (Figure 1B) and this expression was 
confirmed by PCR (Figure 1C).

Inhibition of CD26 greatly enhances the migration of CMPCs to SDF1α
Knock-down of CD26 expression by lentiviral RNAi was analyzed by PCR (Figure 2A). 
RNAi- or Sitagliptin-mediated downregulation of CD26 surface expression was confirmed 
by flow cytometry (Figure 2B). Treatment of CMPCs with DipA also lowered the surface 
expression of CD26, but not as potently as Sitagliptin (not shown).
The role of CD26 in migration of CMPCs was assessed in a transwell assay using SDF-1α 
as a chemoattractant. In off-target RNAi-treated CMPCs, SDF-1α increased the migra-
tion ± 2.7 fold (Figure 2C,D). When CD26 was inhibited by RNAi, the migration of the 
cells to SDF-1α increased five-fold. The difference was even more pronounced when 
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Sitagliptin was used to inhibit CD26 (7-fold increase: Figure 2C,D). These results show 
that CMPCs are able to respond to stress signals like SDF-1α, but their response may be 
compromised due to high CD26 levels.

In vivo homing of CMPCs after intravenous injection
To investigate whether manipulation of the CXCR4-SDF-1α axis can enhance the mi-
gration of CMPCs towards the damaged heart and thereby enhance cardiac function, 
immunodeficient mice underwent MI and 2 days later received an intravenous injection 
of vehicle, or untreated or Sitagliptin-treated CMPCs. Ultrasound measurements were 
performed at 2 days (cells were injected immediately after this measurement), 7 days 
and 4 weeks post-MI. We did not observe a difference in cardiac function between the 
MI groups at any time-point based on end-diastolic, end-systolic volumes and ejection 
fraction (Figure 3). 
Four weeks after induction of MI, hearts were excised and processed for sectioning. 
As a positive control for the tissue embedding, we used a mouse specific anti-PECAM 
antibody (Figure 4A). As positive control for human cells, a slide was stained from 
a previous experiment5 (chapter 4) from which we knew human cells were present 
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Figure 1. CMPCs express CXCR4 and CD26
(A, B) Flow cytometric analysis shows surface expression of CXCR4 and CD26 on CMPCs, mean fluorescent intensity 
(MFI) is depicted. Left plots show isotype controls. (C) CD26 expression in CMPCs was confirmed by PCR, the cor-
responding RNA sample (not reverse transcribed) was used as a negative control.
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(Figure 4B). We very sporadically detected human integrin-β1-positive cells in hearts 
of	intravenously	injected	mice	in	both	the	Sitagliptin	treated	group	(n=2)	or	untreated	
CMPC	group	(n=2).	Per	heart	a	minimum	of	10	sections	was	analyzed,	at	intervals	of	
approximately	210µm.	In	4	out	of	a	total	of	40	sections	analyzed,	small	foci	of	human	
cells were observed in the border zone and infarcted region (Figure 4C). To further 
analyze the presence of human cells, genomic DNA was isolated from collected heart 

CD26

GAPDH

co
nt

ro
l

O
ff

C
D

2
6

RNAiA B SitagliptinOff target CD26 RNAi

102 103 104 105 102 103 104 105 102 103 104 105

M
FI

CD26-PE CD26-PE CD26-PE

D

0

2

4

6

8

Off target CD26 RNAi Off target + 
Sita

CD26 RNAi+ 
Sita

R
at

io
 +

S
D

F 
/ -

S
D

F
Ar

bi
tr

ar
y 

un
it

s

0

0.5

1

1.5

2

2.5

Off target CD26 RNAi Off target +
Sita

CD26 RNAi +
Sita

* * * *

†

†‡ †‡∆

C

Figure 2. Effect of CD26 inhibition on SDF-1α induced migration
(A) CMPCs were treated with lentiviral off-target (Off) or CD26 RNAi. Knock-down of CD26 expression was validated 
by PCR. Control lane represents non-transduced CMPCs. (B) The CD26 surface expression was measured flow cyto-
metrically on off-target treated CMPCs (left). After inhibition with CD26 RNAi or Sitagliptin CMPCs show only low-levels 
of CD26 on their surface (middle and right). (C) The migration capacity of control (off-target) or 3 conditions of CD26 
inhibited cells towards SDF-1α (black bars) and control medium (white bars) was determined in a transwell system. 
CMPC migration is shown in arbitrary units (C) or as the ratio of SDF-1+/SDF-1- migrated cells (D).
* P<0.05 compared to SDF-1+ condition of the same condition. † p<0.05 compared to off-target SDF-1+, ‡ p<0.05 
compared to CD26 RNAi SDF-1+, Δ p<0.05 compared to off-target + Sitagliptin.
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tissue cryosections. A PCR using primers specific for human Alu repeats was performed 
to identify human chromosomal DNA. Only very low traces of human Alu DNA were 
present (Figure 4D). 
Since no substantial numbers of human CMPCs could be found in the mouse hearts, 
we analyzed the DNA of other collected organs. DNA was isolated from spleen, liver, and 
lung of CMPC-receiving animals. Based on PCR for human Alu repeats we were able to 
detect only very low levels of human DNA in these tissues (Figure 4E). In an attempt to 
identify human cells in tissues, sections taken from lung, spleen and liver were stained 
for human integrin-β1, but no human cells were observed.

Short-term analysis of homing
Likely, after four weeks, human cells that have been captured in capillary beds have 
died and are scavenged, making it impossible to identify them by antibody staining. 
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Figure 3. Cardiac function after intravenous injection of CMPCs
To determine the effect of intravenous injection of CMPCs on cardiac function after MI, ultrasound analysis was per-
formed 2, 7 and 28 days after MI. (A) The end-diastolic  and (B) end-systolic volume were measured. (C) The ejection 
fraction was calculated with visualsonics software. There was no statically significant difference in any of the measured 
parameters in the MI animals. However, cardiac function was decreased in MI animals in general, as can be observed 
in the lower EF and higher EDV and ESV compared to sham operated animals. 
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To determine where human CMPCs are found shortly after injection, we sacrificed two 
mice one day after receiving human CMPCs intravenously. Heart, lung, spleen, and liver 
were isolated and processed for cryosections. Integrin-β1-positive cells were identified in 
the lungs of transplanted mice (Figure 5A,B), low numbers of cells were found in the liver 
(not shown). 
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-S CC S S C H -M
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Figure 4 Detection of human CMPCs 
(A) As a positive control for staining procedures a mouse specific endothelial staining was performed (PECAM-1 in 
red, nuclei in blue 250x). (B) Staining for human specific integrin-β1 showing human CMPCs in mouse heart after 
intramyocardial injection. Arrow indicates a small patch of human cells (400x). (C) In intravenously injected animals, 
very small foci of human cells could be observed in the infarcted regions in the heart (arrow) in a minority of tissue 
sections (human cells in red, nuclei in blue, 400x). (D) Genomic DNA was extracted from heart tissue, and a PCR 
for human Alu repeats was performed in duplo. Only very low levels of human DNA were detected. Mice receiving 
untreated CMPCs are labeled C, Sitagliptin pretreated cells S, human heart-derived genomic DNA H as a positive 
control, M mouse genomic DNA, and - is water. (E) Genomic DNA was extracted from other organs: Liver (Li), Spleen 
(Sp) and Lung (Lu) but only very low traces of human DNA were detected.

Figure 5 Human cells in the lung after 2 days
(A, B) Lungs were excised and stained for human specific integrin β1 antibody (red, nuclei in blue) 1 day after CMPC 
injection.	A	few	human	cells	can	be	observed.	Scale	bars:	A	250	µm,	B	50	µm.
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As this may indicate that the cells may be trapped in the lung capillary bed, the size of 
CMPCs in suspension was measured. The average diameter of most CMPCs was 17-20 
µm,	This	is	in	contrast	to	MNCs	which	are	reported	to	have	a	diameter	of	8	µm20. This 
could explain why CMPCs were hardly found beyond the lung circulation.

DISCUSSION

Cell-based therapy is a promising treatment for patients suffering from cardiac disease. 
However, the major obstacle is to deliver sufficient cells that remain in the damaged 
tissue to induce repair. Intramyocardial injection has the advantage of targeted deliv-
ery, ensuring that the cells are released in the ventricular wall. However, it remains an 
invasive procedure and the damaged area is a very hostile environment. Moreover, injec-
tions need to take place before large scar formation has occurred, which shortens the 
time-window for treatment opportunities in a clinical setting. Intravenous delivery of cells 
has the benefit of being less invasive and may prolong the time for treatment. A major 
advantage of i.v. delivery is the fact that cells will arrive in the heart via the circulation at 
a destination where the delivery of oxygen and nutrients is still present, enhancing their 
chances of survival. Previous studies using mesenchymal stem cells (MSCs) have shown 
that intravenous injection of cells can lead to an improvement of cardiac left ventricular 
function and a smaller infarct size21,22, but it remains debatable if MSCs differentiate in 
vivo into new cardiac tissue or if they exert their effects via paracrine stimulation23. CM-
PCs can differentiate into cardiomyocytes, endothelial cells, and smooth muscle cells 
when injected intramyocardially5 (chapter 4), making them a promising source for cell-
based therapy. In this study we set out to determine if CMPCs can be delivered intrave-
nously and are able to home to the heart by responding to the signals provided by the 
damaged myocardium. 
After MI, the heart induces the expression of several chemokines cytokines, and growth 
factors that are involved in the repair process after damage (reviewed in 24). Besides 
promoting cell survival and differentiation, signals are expressed that regulate traffick-
ing of cells. Especially SDF-1α appears to play a central role in the recruitment of cells 
towards the injured tissue9. SDF-1α is upregulated after MI, and peaks around 24 hours 
post-MI8. MSCs that were intravenously delivered were found in the damaged heart at 
the highest levels when transplanted 24 hours after MI8. Importantly, in the absence of 
injury, homing of bone marrow cells to the heart does not occur9. Delivering SDF-1α to 
the myocardium via cell-based gene therapy10, direct injection of SDF-1α25 or protease-
resistant SDF-1α26 induced recruitment of cells towards the injured heart. Similarly, 
overexpression of the cognate receptor CXCR4 on the surface of injected MSCs also in-
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creases the homing of cells to the infarcted myocardium27. Although CXCR4 expression 
levels are known to be important for migration, our previous data (chapter 5) imply that 
the migratory behavior of (mononuclear) cells is also regulated by the cell surface pepti-
dase CD2611. When inhibiting CD26 on the surface of HSCs a dramatic increase in the 
engraftment of cells in the bone marrow was observed28, a process that is also controlled 
by SDF-1/CXCR4. We have shown in chapter 5 that inhibiting CD26 on the surface of 
MNCs greatly enhanced the homing of cells towards SDF-1α in vitro and towards the 
ischemic myocardium in vivo. In this study we show that CXCR4 is present on CMPCs, 
which should make them responsive to SDF-1α cues.  However, we also observed high 
levels of CD26 on the CMPC surface, which may explain its low responsiveness to SDF-
1α stimulation in vitro. 
We were able to increase the response of CMPCs to SDF-1α in vitro by inhibiting CD26 
expression with RNAi, DipA, or Sitagliptin. Blocking CXCR4 on CMPCs by the CXCR4 
antagonist AMD3100 incubation abolished the migration towards SDF-1α (not shown). 
These data indicate that CMPCs have the proper tools to home towards damaged tissue 
if necessary. 
To test CMPC applicability for intravenous injection in vivo, we induced MI in immuno-
deficient mice and delivered Sitagliptin-treated or untreated CMPCs into the circulation 
via the tail vein. Unfortunately, we did not observe any effect on cardiac function, which 
can be explained by the low numbers of human CMPCs in the heart 4 weeks post-MI. 
Since we were able to identify human MNCs in the heart under similar experimental 
conditions in a previous study (chapter 5), we do not expect this lack of CMPCs in the 
heart to be due to intra-species differences. Conceivably, CMPCs did not pass the pul-
monary system. Multiple studies have shown that intravenous delivery of human stem or 
progenitor cells into rodents does not lead to high numbers of cells reaching the organ 
of interest29,30. Instead, most cells are trapped in the lungs. A study in rats compared in-
travenous infusion of multiple types of human stem cell sources including MSCs, neural 
stem cells, and bone marrow MNCs20. The pulmonary passage of MNCs is 30-fold higher 
compared	to	that	of	MSCs,	due	to	different	cell	sizes:	rat	MNCs	have	a	diameter	of	7	µm,	
while	MSCs	have	a	diameter	of	18	µm.	Human	MNCs	have	a	diameter	of	±	8	µm	and	
were shown to reach the mouse heart. We measured the average size of human CMPCs, 
which	is	approximately	18	µm,	strongly	suggesting	that	the	CMPCs	were	too	large	for	
pulmonary passage. Indeed, one day after intravenous injection of CMPCs following MI, 
cells were found the lung. Thus, even though CD26 inhibition provided a stronger attrac-
tion between the CXCR4 on CMPCs and the SDF-1α stimulation in vitro, expression of 
SDF1α in the heart in vivo was not sufficient to force the cells back into the circulation.
Although the current study does not provide an alternative to the invasive intramyocar-
dial injection procedure, it does show that CMPCs can respond to stress signals. Future 

proefschrift Anke.indd   115 15-07-2009   12:00:47



116

Chapter 6

studies should be aimed at delivering cells directly into the left ventricular cavity infusion, 
which circumvents the first passage effects in the lungs, and was proven more effective 
in the case of MSCs29. Another important aspect of the SDF-1α-CXCR4 axis is that it also 
plays a role in retention of cells in tissue (reviewed in31). It is possible that inhibiting CD26 
on the surface of CMPCs prior to intramyocardial injection will lead to the formation of 
larger cell grafts; this will be investigated in the future.
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ABSTRACT

Development involves an interplay between various cell types from their birth to their dis-
appearance by differentiation, migration, or death. Analyzing these interactions provides 
insights into their roles during the formation of a new organism. As a study tool for these 
interactions, we have created a model based on embryoid bodies (EBs) generated from 
mouse embryonic stem (mES) cells, which can be used to visualize the differentiation of 
mES cells into specific cell types while at the same time allowing controlled removal of 
this same cell population using an enzyme–prodrug approach. Cell-specific expression 
of Cre induces a switch of EGFP expression to LacZ. Furthermore, it leads to the expres-
sion of nitroreductase (NTR), which in combination with the prodrug CB1954 induces 
apoptosis. Here, we validate this model by showing expression of LacZ and NTR after 
Cre-mediated recombination. Additionally we show, as an example, that we can target 
the endothelial cells in EBs using the Tie-2 promoter driving Cre. Ablating Cre-expressing 
cells by adding CB1954 to the culture led to an abrogated vascular formation. 
This system can easily be adapted to determine the fate and interaction of many different 
cell types provided that there is a cell-type-specific promoter available. 
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INTRODUCTION

Embryonic development involves a dynamic interplay between different progenitor cells 
populations, their differentiated progeny and adjacent neighbors to generate a living or-
ganism.  Embryonic stem (ES) cell-derived embryoid bodies (EBs) resemble the post-
implantation egg-cylinder stage embryo and provide an in vitro model to study differentia-
tion during early development1. For example, vascular development within EBs follows an 
orderly sequence of events that recapitulates vasculogenesis in vivo2. When cultured in a 
collagen I matrix, EBs develop a network of branching endothelial cell outgrowths that are 
covered with pericytes, thus constituting a valuable model to study angiogenesis3.  
To study the differentiation and interaction of cells during development we have de-
signed a model to target a specific cell type within the EB, allowing us to visualize the 
differentiation into a specified cell type and determine its contribution to development 
by selective ablation. 
A constitutively active promoter drives the expression of EGFP. After Cre-mediated exci-
sion, EGFP is replaced by nitroreductase (NTR) and β-galactosidase expression. The 
NTR enzyme catalyzes the reduction of nitro-groups into hydroxylamine in the presence 
of NADH or NAD(P)H. NTR can metabolize the pro-drug CB1954 into an alkylating 
agent that cross-links DNA, resulting in apoptosis4. This thereby acts as an inducible ab-
lation system. Previously, NTR has been reported as an option for gene-directed enzyme 
pro-drug therapy (GDEPT) in patients5. 
Furthermore, the LacZ gene allows visualization of Cre-expressing (and thus NTR ex-
pressing) cells. By placing Cre under control of a cell-type specific promoter, a specific 
population of cells can be targeted, and the time-point at which this population appears 
can be investigated. In this report we validate this system, and show as an example the 
result of targeting endothelial cells in EBs.

MATERIAL AND METHODS

Constructs
The ActENIL construct (± 14 Kb) was generated using pCAG as a backbone, which con-
tains a modified chicken actin promoter, polyA sequence and a hygromycin resistance 
gene. An EGFP-lox-stop cassette, NTR (obtained from CMV-NTR), and an IRES-LacZ 
cassette (isolated from pGT1.8IresBgeo) were cloned into pCAG. The ActENIL construct 
was linearized using AhdI.
The Tie2-Cre plasmid used in this model was generated by inserting the Tie-2 promoter 
(obtained from PGL3-Tie26 ) and Cre (derived from pCAGGS) into pBS.
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Mouse ES (mES) cell culture
IB10-mES cells were cultured under feeder-free conditions on gelatin coated dishes 
in Buffalo Rat Liver cell conditioned medium (BRL-CM) as described previously7. The 
ActENIL plasmid was electroporated into mES cells, which were subsequently placed on 
Hygromycin selection. Surviving clones were cultured separately in BRL-CM. 
To determine the characteristics of the model, ActENIL harboring cells were stably trans-
fected with CMV-Cre (pCAGGS) or Tie-2-Cre.

Flow cytometry
Flow cytometric analysis was performed using a Cytomics FC500 (Beckman Coulter) to 
determine EGFP expression. The activity of NTR was determined by incubating cells with 
1µM	CytoCy5S	(GE-Healthcare)	for	3	hours	prior	to	measuring	red	fluorescence.

MTT assay
To determine the sensitivity mES cell lines to CB1954,  cell survival was measured by 
MTT assay at different concentrations of CB1954 ,as described previously8. Each meas-
urement was carried out in triplicate and each condition at least in duplicate. Cell viability 
was calculated relative to untreated cells.

Endothelial sprouting assay
EBs were generated using hanging drops as described previously9 in DM (DM: Dul-
becco’s modified Eagle’s Medium (DMEM) supplemented with 2 mM L-glutamin, non-
essential amino acids, 20% FCS, β-mercaptoethanol, 50 ng/ml VEGF (Sigma) and 25 
ng/ml bFGF (Sigma)). After 2 days, EBs were transferred to ultra-low attachment dishes 
(Corning) and grown in suspension for 7 days. To induce sprouting, EBs were placed in a 
collagen matrix containing 0.8mg/ml rat collagen I (Roche) in DM3. CB1954 was added 
to the collagen matrix as required.

Cellular staining
To visualize endothelial cells and Cre recombinase, collagen matrices were mounted on 
glass microscope glasses as described3. EBs were fixed in IHC Zinc Fixative (BD Bio-
sciences) and stained with anti-mouse PECAM (BD PharMingen) or anti-Cre (Novagen), 
Alexa Fluor 555 goat anti-mouse or anti-rabbit (Invitrogen) and Hoechst (Invitrogen). For 
LacZ staining: cells were fixed in 1% formaldehyde, 0.2% glutaraldehyde and 0.02% 
NP40. β-galactosidase activity was visualized by incubating cells with 1mg/ml X-gal, 
5mM K3Fe(CN)6, 5mM K4Fe(CN)6 and 2mM MgCl2.
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Sprout characteristics
Sprouting was indexed as: non-sprouting, intermediate sprouts and sprouting. The
latter is characterized by extensive sprouting around the whole circumference of the
EB. Sprout length was measured on PECAM stained EBs using Angioquant, the
average length was determined on 8 EBs per condition.

Statistics
Statistical significance was evaluated using ANOVA (with Bonferroni correction for mul-
tiple-group comparisons) or Mann-Whitney U test, as applicable. Results are expressed 
as mean ± SEM. A value of p≤0.05 was considered statistically significant. 

RESULTS AND DISCUSSION

To generate an inducible ablation system, the ActENIL expression construct (Figure
1A) was stably transfected into mouse ES (mES) cells, and hygromycin resistant, EGFP-
expressing clones were selected. To analyze the effects of Cre-mediated recombination, 
CMV-Cre plasmid was transfected into the ActENIL harboring mES lines (ActENIL+Cre).  
Flow cytometric analysis confirmed that ActENIL mES cells were EGFP positive, and 
that this expression was lost after Cre-mediated recombination (Figure 1B). Additionally, 
ActENIL+Cre mES cells expressed β-galactosidase, which was not present in the ActE-
NIL mES cells (Figure 1C). 
To confirm the expression and activity of NTR, cells were incubated with CytoCy5S which 
is a quenched fluorescent substrate, converted by NTR into a red fluorescent dye. Al-
though the IB10 (wild type cells) and ActENIL cell lines show a shift in red fluorescent 
background when CytoCy5S is added, the ActENIL+Cre cells reveal a highly red fluores-
cent population, indicating NTR activity (Figure 2A). 
Next, the effect of CB1954 in culture was determined by incubating ActENIL and 
ActENIL+Cre cells with different concentrations of CB1954 for 3 days. MTT assay 
showed that the ActENIL+Cre cell line was indeed more sensitive to CB1954 treatment 
than ActENIL cells (LD50	 approximately	2	µM	versus	20	µM	 respectively,	Figure	2B).	
In the non-transfected cells, cell death also occurs, but at higher concentrations of 
CB1954. Cell death due to CB1954 has been described for other cell types as well: e.g. 
adipocytes10, SKOV311, and 3T3 cells5. Since at high concentration CB1954 may also 
induce necrosis11,	we	chose	a	concentration	of	10µM	CB1954	which	shows	cell	death	
in the CMV-Cre targeted cells, while little effect is seen in the non-targeted cells. When 
incubating	cells	with	a	concentration	of	10	µM	CB1954	 for	1	day,	we	 found	 that	 the	
number of EGFP+ cells remained unaffected in the ActENIL cell line, while the contribu-
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tion of EGFP+ cells in the ActENIL+Cre line became higher, demonstrating that CB1954 
kills the NTR/LacZ+ cells, while leaving the EGFP+ cell population intact (Figure 2C). 
To confirm ablation of a specific cell population in this system, we chose to target the en-
dothelial cell. After stable transfection of Tie2-Cre into the ActENIL cell line (ActENIL+T2-
Cre), the mES cells were differentiated as EBs using the hanging drop method. The EBs 
were then grown in collagen matrix to induce the formation of sprouts. After 15 days 
of aggregation we found that LacZ+ sprouts had arisen from the ActENIL+T2-Cre EBs 
(Figure 3A). Furthermore, endothelial sprouts were positive Cre recombinase (Figure 
3B). Next, the effect of removal of endothelial cells on sprouting was assessed by adding 
CB1954 to the collagen matrix. Three categories of EBs were observed, non-sprouting 
(Figure 3C), small sprouts on only a minor fraction of the EBs (Figure 3D), and strong 
sprouting (Figure 3E). The CB1954 did not affect sprouting of EBs generated from the 
IB10 or the ActENIL mES cells (Figure 3F); there was no difference in the percentage 
of non-spouting or small sprouting EBs in either group. In the ActENIL+T2-Cre cells 
the number of sprouting EBs without CB1954 treatment was similar to ActENIL EBs. 

β-actin NTR LacZIRESeGFP stop

β-Actin-EGFP-NTR-IRES-LacZ: ActENIL

IB10 ActENIL ActENIL
+ Cre

GFP

C

A

B

Figure 1. Characteristics of ActENIL mES cells. 
(A) Structure of the ActENIL construct containing a β-actin promoter, a floxed EFGP-stop cassette, NTR and IRES-
LacZ. (B) Flow cytometric analysis of EGFP expression in the IB10, ActENIL and ActENIL+Cre mES cells. (C) X-gal 
staining of ActENIL (left) and ActENIL+Cre (right) cells shows LacZ expression after Cre excision.

proefschrift Anke.indd   124 15-07-2009   12:00:48



125

Analyzing stem cell differentiation

However, when CB1954 is present, the percentage of non-sprouting EBs increased with 
increasing concentration of CB1954.
PECAM	staining	confirmed	that	in	the	presence	of	10µM	CB1954	the	sprouting	in	the	
ActENIL cells is unaffected, while sprouting was abrogated in the ActENIL+T2-Cre EBs 
(Figure 4A-D). To quantify this effect the average sprout length in the different groups of 
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Figure 2. NTR expression and sensitivity to CB1954
(A) Flow cytometric analysis of NTR enzyme activity. The quenched CytoCy5S is converted into a red fluorescent 
dye by NTR. The 3 top panels show controls, the 3 lower panels the CytoCy5S incubated cells. (B) The sensitivity of 
ActENIL and ActENIL+Cre cells to CB1954 determined by MTT assay. Mean ± SEM. (C) Percentage of EGFP+ cells in 
the	presence	of	10	µM	CB9154	in	the	ActENIL	and	ActENIL+Cre	cell	line,	determined	by	flow	cytometry	(representa-
tive graph).
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EBs was measured. This revealed that the average sprout length in the IB10-derived EBs 
was unaffected when incubated with CB1954 (Figure 4D). A minor effect was observed 
on ActENIL EBs, which could be a consequence of background toxicity of the CB1954. 
However, the effect of CB1954 treatment on ActENIL+T2-Cre sprouting was significantly 
affected by CB1954 incubation, leading to no or very short sprouts (Figure 4D).These 
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Figure 3. Endothelial sprouting 
(A) LacZ+ sprout in the ActENIL+Tie2-Cre cells grown in collagen, (B) Cre expression in sprouts of ActENIL+Tie-2 EBs 
Cre in red. (C) Sprouting EB (D) intermediate sprouting EB, arrow indicates sprouts. (E) non-sprouting EB. (F) The 
percentage	of	non-	(black),	intermediate-	(white)	and	sprouting	(gray)	EBs	incubated	with	0,	5	or	10	µM	CB1954	is	
shown. (Representative graph of 3 independent experiments).
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data confirm that we can specifically identify and ablate endothelial cells thereby affect-
ing the development of vascular sprouts. 
This system has been generated to provide a flexible and easy method to identify specific 
cell populations and determine their role in tissue differentiation. Provided that the de-
sired cells harbor a cell-type specific promoter that can be coupled to Cre, this population 
can be targeted by stably transfecting the Cre plasmid into the mES ActENIL cell line. 
Furthermore, this ablation model can provide an important tool to determine the interac-
tion between specific cell-types as it is possible to remove one cell from the system at 
any given time point by the addition of CB1954, leaving non-Cre expressing cells alive. 
Recently a similar ablation model was reported using diphtheria toxin upon cell-type 
specific Cre expression12. Although diphtheria toxin-induced cell death is comparable to 
the NTR/CB1954 system, our model has the advantage of temporal regulation of target 
cell ablation by addition of CB1954. Many different cell-types have been detected in 
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Figure 4. Endothelial sprouting is affected by CB1954
(A)	PECAM	staining	(red)	shows	that	the	sprouting	is	unaffected	in	the	ActENIL	EBs	incubated	with	10	µM	CB1954	
(enlargement	in	B).	(C)	In	the	ActENIL+T2-Cre	incubated	with	10	µM	CB1954	sprouting	is	abolished.	(D)	The	length	
of	sprouts	determined	for	the	IB10,	ActENIL	and	ActENIL+T2-Cre	cells	after	incubation	with	0,	5	or	10	µM	CB1954.	
Mean	±	SEM,	*	p<0.05,	determined	by	ANOVA	for	multiple	group	comparison.	Scale	bars:	250µm
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EBs. These include cardiomyocytes13, motorneurons14 and kidney derived cell-types like 
glomerular podocytes and renal-distal tubule epithelial cells15 providing an almost unlim-
ited potential for studying differentiation and cellular interaction. As future applications, 
one can for example consider using this model to screen compounds or small molecules 
for their effect on cell-type specific differentiation. Furthermore, the embryonic stem cells 
generated in this study were used to generate an in vivo mouse model for cell ablation.
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ABSTRACT

Introduction
Cardiomyocyte progenitor cells have been identified in the adult heart. Their origin and 
potential in cardiac regeneration after myocardial infarction (MI) remains unclear. The 
aim of this project is to study to what extend CMPCs recruited from the circulation or 
resident in the heart, contribute to myocardial repair after damage, and what their con-
tribution in normal turnover is.

Methods
We generated new mouse models that can be used to visualize the differentiation of stem 
or progenitor cells into a specific cell type, while at the same time allowing controlled 
removal of this same cell population using an enzyme pro-drug approach. A β-actin-
promoter drives the expression of a floxed eGFP-stop cassette, nitroreductase (NTR) and 
an internal IRES-LacZ cassette. This system is designated ActENIL. All cells will initially 
express eGFP, but upon Cre expression, eGFP will be exchanged for LacZ and NTR. 
NTR in itself is harmless, but it converts the pro-drug CB1954 into a DNA crosslinking 
agent, thereby inducing apoptosis.
By for example placing a tamoxifen inducible Cre-recombinase under control of an early 
cardiac enhancer element, the expression of LacZ and NTR can be targeted to CMPCs 
or early developing cardiomyocytes. LacZ expression will function as a reporter of dif-
ferentiation of a progenitor cell into a cardiomyocyte, while NTR acts as a suicide gene 
when the prodrug CB1954 is administered.

Results
ActENIL mES cells were used to generate chimeric mice, and subsequent germline trans-
mission was confirmed. Additionally, nkx-enhancer element (NEE)-Cre and tamoxifen 
inducible NEE-mER-Cre-mER mice have been generated to target early developing car-
diomyocytes. We are validating our newly generated mouse lines with regard to the pres-
ence of eGFP, and Cre mediated expression of LacZ and NTR. Furthermore, we are de-
termining the time-frame of the NEE-promoter activity during embryonic development.
Ultimately, these newly generated mouse lines will provide a system to observe the con-
tribution of CMPCs to cardiac repair after MI, as well as a method to directly compare the 
effects of the absence or presence of these endogenous progenitor cells on the healing 
process. Since the setup is very flexible, it can easily be adapted to study other diseases 
and/or other cell-types provided that there is a cell-type specific promoter available. 
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INTRODUCTION

Recent evidence shows that cardiovascular progenitor cells are present in the adult hu-
man heart1,2 When these cells are isolated, expanded and reintroduced into injured myo-
cardium, they are able to form new cardiac tissue (chapter 4 and Smith et al.2). Although 
endogenous progenitor cells exist, it is clear that their participation in cardiac repair after 
for example infarction is insufficient to reduce the scar size. Several important questions 
regarding the in vivo function of cardiovascular progenitor cells remain unanswered. 
For example, are cardiomyocytes continuously replaced during life by the endogenous 
progenitor cells present in the heart? Are these progenitor cells a remainder of embryonic 
heart development, or do they originate from other sources e.g., the bone marrow and 
home to specified cardiac niches? Do cardiovascular progenitor cells provide new viable 
tissue after injury? Gaining more insight into the actual contribution of resident progenitor 
cells to cardiac repair and maintenance may lead to new approaches to stimulate the 
endogenous progenitor cell pool and regenerate the heart more efficiently without the 
need for invasive transplantation procedures. 
To investigate the origin, as well as the contribution of endogenous cells in various sys-
tems, we designed a transgenic mouse model in which the differentiation of a progenitor 
cell into a certain cell type can be monitored, as well as its contribution to (cardiac) repair 
by using an inducible suicide gene approach. 
Previously, we have shown that the ActENIL construct in combination with cell-type spe-
cific Cre-recombinase expression can be used to identify differentiating cells based on 
the expression of β-galactosidase3 and chapter 7. Furthermore, Cre-expressing cells also 
produced nitroreductase (NTR) which sensitizes them to prodrug CB1954-mediated 
apoptosis4. In theory, any cell that carries a cell-type specific promoter can be targeted 
via Cre/lox recombination, making it a very flexible system. In vitro we have used this ap-
proach to target endothelial cells during embryoid body (EB) formation3. In the present 
study we set out to determine the in vivo applicability of this inducible cell type-specific 
ablation system.
The generated ActENIL plasmid (Figure 1A) is based on a constitutively active β-actin 
promoter containing an internal enhancer element driving the expression of a floxed 
eGFP-stop cassette, followed by E. Coli-derived nitroreductase (NTR), and an internal 
ribosomal entry site (IRES) coupled to LacZ to regulate the translation of two separate 
proteins from one single mRNA molecule5. The expression of Cre in this system will 
lead to excision of the eGFP-stop, placing NTR-LacZ under transcriptional control of 
the β-actin promoter (Figure 1A). Expression of LacZ allows the identification of Cre-
expressing cells. NTR in itself is harmless, but upon interaction with CB1954 [5-(aziri-
din-1-yl)-2,4-dinitrobenzamide] it is converted into an alkylating agent that crosslinks 
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Figure 1A: Properties of the ActENIL construct
(Top) A β-actin promoter carrying an internal enhancer element is followed by an eGFP cassette ending in a stopco-
don. eGFP-stop is flanked by two loxP sites (black triangles) that are oriented in the same direction. Behind this cas-
sette is a gene encoding E. Coli derived nitroreductase (NTR). An internal ribosomal entry site (IRES), preceding LacZ 
should ensure the translation of 2 separate proteins from 1 mRNA molecule. (Middle) When cells express Cre, the 
loxP sites are recombined and eGFP-stop is removed from the construct. This leads to expression of NTR and LacZ. 
(Bottom) However when Cre is not present, β-actin promoter activity will lead to eGFP expression in the cell.
Figure 1B:  Temporal control of recombination using MerCreMer
Under normal circumstances, Cre is sequestered in the cytoplasm by Mer binding to Hsp90 (blue), unable to recom-
bine the lox sites in the nucleus. After administration of tamoxifen (Tam, green), it competes with Hsp90 and enables 
MerCreMer to enter the nucleus where it mediates recombination of loxP sequences. Tamoxifen administration there-
fore gives temporal control of Cre recombination.
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DNA leading to cell-death mainly by apoptosis6. Targeting this system to cardiovascular 
progenitor cells will give us the unique opportunity to analyze cardiovascular progenitor 
cells endogenously, and gain insight into their origin, and their contribution in ageing and 
injury (see examples in figure 2). Importantly, since differentiated cells can be removed 
by administering CB1954, the situation with or without the newly formed cells can be 
compared directly, providing clues about the functional involvement of the endogenous 
progenitor cell pool (Figure 2). 
To specifically target cardiovascular progenitor cells, a promoter is needed that is active 
in the early stages of cardiomyogenesis, and that is not active in adult cardiomyocytes. 
To drive transcription of LacZ and NTR in early cardiomyocytes we used an Nkx2-5 
enhancer element (NEE) coupled to the hsp68 basal promoter7. This enhancer element 
was previously described by Lien et al. as fragment 5, which spans the region 9700-
3050 nucleotides upstream of the Nkx2-5 gene7. NEE was shown to be active at E7.5 
when heart development is initiated. At E8.0 the fragment showed activity in the linear 
heart tube and expression remained high during heart looping (E8.5-9.5). Although NEE 
recapitulated the expression of the Nkx2-5 gene up to this point, it became restricted to 
the right ventricular region from day E10.57. Since the activity of the enhancer element 
was not investigated in the adult heart, and the expression did not completely mimic the 
Nkx2-5 gene expression, we need to investigate if activity will be low to zero in the adult 
heart. 
This promoter coupled to Cre should lead to expression of LacZ and NTR in cells start-
ing to differentiate into the cardiomyogenic lineage and once the cell is labeled it will 
remain so during the whole experiment. To achieve temporal regulation of the system, 
Cre flanked by two mutated estrogen receptors (Mer) called MerCreMer8 can be used. 
MerCreMer is sequestered in the cytoplasm unless the estrogen antagonist tamoxifen is 
present; this results in translocation of Cre to the nucleus where it mediates recombina-
tion of loxP sequences (Figure 1B). Since MerCreMer will be cleared from the cytoplasm 
within several days, the addition of tamoxifen will lead to Cre-mediated recombination 
only in those cells where the promoter is - or was recently - active. This is in contrast with 
regular (non-tamoxifen inducible) Cre that will immediately translocate to the nucleus, 
leading to irreversible labeling of all cells with an active promoter driving Cre expression 
at any time-point. The tamoxifen inducible Cre activity provides the possibility of lineage 
tracing progenitors, and observing their role in normal ageing (Figure 2).
In this chapter we show the progress that has been achieved in generating these mouse 
models for lineage specific cell ablation.
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Figure 2: Example experiments
In the ActENIL construct the expression of eGFP is exchanged for LacZ and NTR when Cre is expressed. (A) Combin-
ing ActENIL with Cre under control of a promoter expressed in young or early cardiomyocytes (CM), yields a “green 
mouse” with a “blue heart” since all cardiomyocytes have once turned on this promoter during their development. 
When the (green) bone marrow of this double transgenic is transplanted (BMTX) into a healthy wildtype mouse, one 
can study the homing, differentiation and contribution of bone marrow cells in different cardiac disease models. Ad-
dition of CB1954 leads to removal of differentiated cells. Comparing this to the situation where the blue cells are still 
present provides data on the importance of newly formed cells.
(B) Crossing the ActENIL mouse with a transgenic mouse carrying MerCreMer under control of the early cardiomyo-
cyte-specific promoter that is not active in adult cardiomyocytes, enables the labeling of the progenitor cell pool by ad-
ministration of tamoxifen at different time-points in development or adulthood. Pulse-labeling the cells with tamoxifen 
and letting the mice age will confirm any contribution of progenitors to cardiomyocyte turn-over. Inducing MI or other 
cardiac injury models shows the participation of the endogenous progenitor cell pool. Addition of CB1954 reveals the 
effects of eliminating this cell-contribution to cardiac repair.
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Early in CM Cre
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• Ageing: do circulating cells home to niches in heart?
• Is there homing of circulating cells after MI (green cells)?
• Do homed cells differentiate into CM (blue cells)?
• Addition of CB1954 removes newly formed CM: effect on cardiac repair?
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MATERIAL AND METHODS

NEE-Cre and NEE-MerCreMer vector assembly
The Nkx2-5 enhancer element coupled to the basal Hsp68 promoter was derived from 
plasmid Hsp106 which contained fragment 5 (-9700/-3050) published by Lien et. al7 , 
which was a kind gift from Dr. R. Passier. The NEE fragment was isolated by digestion 
with SalI and NcoI yielding a fragment of approximately 6.5 kb. Cre was removed from 
pCAGGS by digestion with EcoRI, and the 1.2 kb fragment was subcloned into the EcoRI 
site of a modified Bluescript (BS)-SK that contained an NcoI site introduced into HinDIII 
(BSNCO). The NEE-fragment was ligated into the SalI and NcoI sites in the BS vector 
containing Cre. 
MerCreMer was isolated from pANMerCreMer8, a kind gift from dr. M. Reth by digestion 
with HinDIII. MerCreMer was subcloned into a modified BS vector containing a HinDIII 
site flanked by two NotI sites, allowing the excision of MerCreMer from this vector by 
NotI. The NEE-fragment (NcoI-SalI) was ligated into BSNCO and MerCreMer was sub-
sequently cloned into the NotI site. Correct ligation of all fragments was confirmed by 
restriction and subsequent sequence analysis.

Assembly and testing of the ActENIL vector
The generation of the ActENIL vector has been described previously3. The construct was 
electroporated into IB10 derived mouse embryonic stem (mES) cells. Correct integration 
was confirmed by restriction and sequence analysis. The efficacy of several derived cell 
lines was tested previously3. 

Testing NEE-Cre in vitro
ActENIL mES cells were maintained in Buffalo Rat Liver cell conditioned medium on 
0.1% gelatin coated dishes as previously described9. The cells were co-transfected with 
NEE-Cre and pGK-NEO using lipofectamine according to the manufacturer’s protocol. 
After	selection	with	G418	(150	µg/µl),	 the	cells	were	used	in	embryoid	body	(EB)	as-
says. EBs were generated using the hanging drop method10. One-thousand cells were 
suspended	in	30	µl	Dulbecco’s	modified	Eagle’s	Medium	(DMEM)	supplemented	with	2	
mM L-glutamin, non-essential amino acids, 20% fetal calf serum, β-mercapto-ethanol, 
50 ng/ml VEGF (Sigma) and 25 ng/ml bFGF (Sigma). Medium was refreshed every two 
days, EBs were collected and stained whole mount.

Animals
All experiments were carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals, with prior approval by the Animal Ethical Experimentation Commit-
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tee, Utrecht University. Additionally, permits were obtained for the generation of new 
genetically modified mouse lines from the Dutch Ministry of Agriculture, Nature and 
Food Quality (LNV No. RBD0184).

Generation of NEE transgenic mice
Fertilized eggs from pregnant C57BL/6J (Bl6) females (Harlan) were collected for pro-
nuclear injection. A total of seven foster mothers for each construct implanted with 
injected eggs. For genotyping stable transgenic lines, tails of 2-week-old pups were 
cut for DNA isolation and subsequent PCR using previously described Cre primers11. 
Of each line, two founders were obtained. These founder lines were bred with wildtype 
Bl6 mice.

ActENIL transgenic mouse
Two mES cell-lines that previously showed correct integration of the ActENIL construct 
and were the most effective in vitro were used for blastocyst injection. Host blastocysts 
were derived from a Bl6 background. ES cell-injected blastocyst were implanted into 
Bl6 foster mothers. Chimeric mice were identified based on coat color. The obtained 
chimeric male was crossed with Bl6 females to determine germ-line transmission. Tail 
snips were used for genomic DNA isolation, and the presence of the ActENIL construct 
was confirmed by performing a PCR for the LacZ gene, using the primer set LacZ 5’: For 
5’-CCTGAGGCCGATACTGTCGT, Rev 5’- TTGGTGTAGATGGGCGCAT

Testing NEE-Cre and NEE-MerCreMer founderlines
To test efficacy and tissue-specificity of Cre mediated excision, NEE-Cre and Nee-Mer-
CreMer  heterozygous mice were crossed with the Rosa26R Cre reporter line (R26R)12. 
NEE-Cre pregnant females were terminated at E9.5 through E13.5. NEE-MerCreMer 
pregnant females were injected intraperitoneally once with 2 mg Tamoxifen (Sigma, 
T5648) diluted in 10% EtOH and sunflower oil at E8.5 or E9.5 and embryos were iso-
lated at E10.5-13.5. Yolk sacs were used for genotyping. 

ActENIL transgenic mouse 
Previously reported Cre lines were used to test the expression of LacZ and NTR in the 
ActENIL transgenic mouse line. Female heterozygous ActENIL mice were cross-bred 
with heterozygous Tie-2-Cre males (a gift from A. de Bruin, Utrecht University). Embryos 
were harvested at E12.5, and yolk sacs were used for genotyping. Double transgenic 
offspring was sacrificed to determine LacZ expression in adult tissues. 
To ascertain NTR activity in double transgenic embryos, we injected the pregnant mother 
intraperitoneally with 40 mg/kg CB1954 diluted in 10% acetone in sunflower oil.
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β-Galactosidase staining and histology 
EBs, embryos or adult tissues were fixed in 2% paraformaldehyde/0.2% glutaraldehyde 
in PBS on ice. After washing in PBS twice, the tissues were placed in staining solution 
containing 5mM ferrocyanide, 5mM ferricyanide, 2mM MgCl2 and 1 mg/ml X-Gal in 
dimethylformamide overnight at room temperature. After washing away the X-gal the 
samples were post-fixed in 4% paraformaldehyde, and kept in 70% EtOH. Tissue was 
embedded	into	paraffin,	sectioned	at	7-10	µm	and	stained	with	hematoxillin	or	Nuclear	
Fast Red. 

RESULTS

Cloning of NEE-Cre and NEE-MerCreMer
After successful excision of the NEE fragment from the original plasmid it was ligated to 
Cre or MerCreMer. The correct orientation was confirmed by restriction analysis and se-
quencing (not shown). To test the efficacy of the NEE-Cre construct, it was stably trans-
fected into mES cells harboring ActENIL. Subsequently EBs were formed to drive the 
differentiation of these mES into different cell-types including cardiomyocytes. NEE-Cre 
EBs clearly contained large areas of LacZ positive cells (Figure 3A,B), which correspond-
ed to beating regions (not shown). Although low levels of background were observed in 
the non-transfected ActENIL (Figure 3C) and IB10 wildtype EBs (Figure 3D), staining 
was more scattered throughout the EB, which may be caused by senescent cells. 
  
Generating NEE founderlines
The NEE-Cre construct was used for pronucleus injection. In total 14 pups were born, 
two of which carried the Cre transgene as detected by PCR on genomic DNA. These 
founderlines were designated NEE-Cre-1 and NEE-Cre-2. Transgenic mice were back-
crossed with C57/Bl6 mice for more than eight generations. 
To determine the performance of the introduced Cre recombinase, female NEE-Cre mice 
were crossed with R26R Cre reporter males. The R26R mouse carries a floxed stop se-
quence followed by LacZ, therefore Cre mediated excision leads to β-galactosidase expres-
sion12. Timed matings were carried out and embryos were isolated at different time-points 
during development. After whole mount staining, the presence of blue cells in the embryos 
was analyzed. LacZ positive cells were observed in the hearts of embryos aged E9.5 to 
E13.5 derived from the NEE-Cre-2 line (Figure 4 A-D). Cells were not only observed in 
the heart, but also in the mouth which is in accordance with the report by Lien et al.7 . As 
expected in the case of NEE-Cre, LacZ+ cells were still present in the adult heart. 
NEE-MerCreMer-construct injection into the pronucleus also led to the generation of two 
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B
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D

Figure 4. Expression pattern of NEE-Cre
After crossbreeding NEE-Cre1 (A,B) and NEE-Cre2 (C,D) females with R26R males, whole mount LacZ staining in-
dicated the presence of blue cells in offspring at E 13.5. A and C are composed overviews of a hematoxylin (A), and 
Nuclear fast red (C) staining, respectively. (B) shows blue cells in the heart (100x), (D) shows a close up of the heart 
(200x).

A B

C D Figure 3. LacZ whole mount stained EBs
(A, B) NEE-Cre transfected ActENIL express-
ing mES cells, differentiated into cardiomyo-
cytes show clear blue regions, which corre-
sponded to beating regions (not shown). (C) 
ActENIL expressing mES cells, as well as (D) 
IB10 wildtype mES cells show low levels of 
background staining.
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founder lines: NEE-MCM-1 and NEE-MCM2. Heterozygous females were crossed with 
Rosa26R males. Pregnant mice were injected with Tamoxifen at different moments after 
fertilization. Embryos were isolated at multiple stages, as well as two week old offspring. Blue 
hearts were observed in the case of NEE-MCM-1 (Figure 5A-D), but no LacZ expression was 
observed in the 10 double transgenic NEE-MCM-2 embryos we analyzed (not shown). 
Since it remains unclear when the promoter is active and how strong the activity is, the 
true efficiency of both Cre lines needs to be investigated further. 

The ActENIL-transgenic mouse
The ActENIL construct was electroporated into mouse embryonic stem cells, and tested 
in vitro for correct integration of the transgenes and their activity3. Two of the cell-lines 
that performed correctly were used for blastocyst injection. Since the IB10 mES cells (a 
subclone of E14 derived from 129/Ola mice with an agouti coat color) were injected into 
a B6-derived blastocyst (black coat color), we were able to identify correctly injected ani-
mals based on chimeric coat color (Figure 6A). One chimeric mouse was obtained and 
cross-bred with B6 females to determine germline transmission. In the offspring, two 

Figure 5. NEE MerCreMer expression
(A-D) NEE-MerCreMer founder females were crossed with R26R males, and pregnant females were injected intra-
peritoneally with 2 mg of tamoxifen at E8.5. The embryos were isolated at E11.5 and whole mount X-Gal staining was 
performed. (A,B) Whole mount staining revealed blue staining in the heart. (C) An overview picture was composed of 
a section of the embryo shown in A, LacZ activity was observed in the heart (inset D, 100x).

proefschrift Anke.indd   141 15-07-2009   12:00:52



142

Chapter 8

coat colors were observed (Figure 6B) indicating that germ cells were generated from 
the wild type, as well as the newly introduced mES cells.
To test whether the ActENIL system is working in vivo, ActENIL heterozygous animals 
were cross-bred with a previously reported endothelial specific Tie-2 Cre line13. We were 
able to identify blue vessels in the adult mouse lung (Figure 6E,F). Surprisingly, the sur-
face of the heart also stained blue (Figure 6C,D), it is unclear if this is background activity 
since it does not match the known Tie2 expression patterns.
To confirm NTR activity in the embryos, pregnant females (ActENILxTie2Cre) were in-
jected with CB1954. In theory, this should kill all double transgenic embryos, since the 
removal of endothelial cells during embryogenesis would abrogate further development. 
Therefore, only single-transgenic (carrying the ActENIL or Cre transgene) or wildtype 
embryos should survive. Indeed we found a high survival of single transgenic embryos 
(mothers	n=3),	and	no	double	transgenic	mice	(data	not	shown).	Due	to	ethical	policies	
and animal welfare, injecting ActENIL/Tie2Cre with CB1954 can only be performed dur-
ing pregnancy, and not during adult life, since it would lead to progressive degeneration 
of the blood vessels, and subsequent death.

DISCUSSION

Studying the contribution of endogenous stem cells has been hampered by the lack of 
efficient in vivo model systems. In this chapter we describe the generation of several 
transgenic mouse lines that will help understand the behavior of endogenous stem cells 
in physiological and pathopysiological conditions in the future. 

Figure 6. The ActENIL transgenic mouse
(A) ActENIL harboring mES cells for blastocyst injection yielded a chimeric mouse. (B) Germline transmission was 
confirmed based on the presence of two different coat colors in the offspring (black coat, left and agouti coat right). 
Preliminary analysis crossing ActENIL+/- mice with Tie2Cre+/- indicates LacZ activity in the heart (C-D) and lung vessels 
(E-F) of adult double-heterozygous 2 week-old offspring. 
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Progenitor cell contribution in adult hearts
The role of endogenous progenitor cells has been studied previously by other groups. 
Very recently, the group of Frisén elegantly showed that cardiomyocytes are renewed in 
the adult human14. By measuring the levels of carbon-14 (14C) from nuclear bomb tests 
in cardiomyocyte nuclear DNA extracts, they were able determine the exact age of the 
cells. They calculated that cardiomyocytes are renewed at a rate of ~1% a year up to the 
age of 25 after which the renewal decreases to ~0.45% at age 75. This would mean that 
during life, 45% of the total cardiomyocytes have been renewed. However, it remained 
unclear whether these younger cardiomyocytes derive from progenitors or from dividing 
cardiomyocytes. 
Hsieh and colleagues tried to investigate the contribution of progenitor cells to normal 
turnover of cardiac tissue during ageing as well as the role of progenitors during injury 
in the mouse heart15. To this end they designed an experiment in which adult cardio-
myocytes were pulse-labeled via tamoxifen injection. In these specific experiments they 
used the Z/EG reporter mouse in which cells change from LacZ into EGFP expression 
upon cre mediated recombination16. The Z/EG reporter was crossed with an adult cardio-
myocyte specific α-Myosin heavy chain-MerCreMer mouse. They hypothesized that after 
giving a tamoxifen pulse at a certain moment in adult life, all the existing cardiomyocytes 
are labeled with EGFP. If normal turnover occurs from a non-cardiomyocyte cell pool, 
the percentage of EGFP+ cells should decrease with time. They did not observe any 
contribution of non-EGFP cells during normal ageing, but when injury was inflicted via 
an infarction or pressure overload to induce hypertrophy, EGFP-negative cells appeared. 
Although they claimed that these cells must have arisen from progenitors, such a state-
ment needs to be substantiated  using a more forward approach, by directly investigating 
progenitor cells, instead of their postulated progeny.
To provide a more direct approach to determine the participation of progenitor cells, a 
similar protocol to that of Hsieh et al. could be used, applying a pulse-chase method 
with tamoxifen. This requires that MerCreMer (or other tamoxifen inducible Cre’s like 
CreERT 17) expression is driven by a promoter that is specifically expressed during the 
early stages of cardiomyocyte development, and inactive in the adult cardiomyocyte. 
Adult inactivity is crucial, since a tamoxifen pulse should only label the progenitors and 
not adult cardiomyocytes. 

Markers for cardiovascular progenitor cells
Such a promoter can be identified in the embryo at stages when the hearts starts to de-
velop. In the current chapter we chose to investigate a cardiac enhancer element that is 
upstream of Nkx2.5 and was shown to be active in the cardiac crescent7, which harbors 
cardiovascular progenitor cells and is an early site of cardiac development18. From previ-
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ous studies, it remains unclear if this enhancer element is active in the adult mouse. Al-
though NEE-hsp68 coupled to LacZ recapitulated the expression of Nkx2.5 in the heart 
up to E9.5, it became restricted to the developing right ventricular region from day E10.5 
onward. Unfortunately we have not yet been able to conclusively examine the behavior 
of this enhancer in the adult mouse. Future experiments will include different time points 
of tamoxifen induction in the NEE-MerCreMer mouse that is crossbred with the R26R 
Cre reporter line ranging from newborn to adult developmental stages. Even if NEE-Cre is 
active in adult cardiomyocytes it can still be a valuable tool, since it can serve to identify 
early differentiation into cardiomyocytes of e.g. bone marrow cells (Figure 2A). 
Other previously reported promoters that could be used are Islet-1 (Isl-1)19, xMLC220 or 
mef2C21, all of which are active during very early heart development. But it is likely that 
these promoters are also active during adult life. Conversely, cardiovascular progeni-
tors in the adult heart have progressed to a stage when the early promoter is no longer 
active. For example, isl-1 is a transcription factor and marks a population of cells that 
substantially contributes to the development of the heart19. Laugwitz et al. used the 
isl-1 promoter driving the expression of Cre or MerCreMer to identify cardiovascular 
progenitor cells22. Interestingly, some positive isl-1 cells can be isolated from the hu-
man or rodent postnatal heart and differentiate into cardiomyocytes in vitro22. However, 
these isl-1+ cells were only found in very young specimens and not in adult hearts older 
than 5 days (in mice), therefore it remains unclear if isl-1 is the correct marker to trace 
cardiovascular progenitor cells in the adult heart. More effort has to be put into finding 
suitable promoters.

Reporter and ablation mouse models
The ActENIL transgenic mouse can be used to identify Cre expressing cells. In this regard 
it is similar to the Z/EG16 or Z/AP23 mice in which Cre expression exchanges LacZ expres-
sion for EGFP or alkaline phosphatase respectively. However, the advantage of the ActENIL 
mouse model is that it can also be used to selectively kill Cre expressing cells. We have ap-
plied the NTR/CB1954 system to target cells in an “inducible suicide gene” like approach. 
In cells the NTR enzyme is reduced by nicotinamide adenine dinucleotide (NADH) or 
NADPH. Upon binding, CB1954 is reduced by NTR and thereby converted into a potent 
DNA interstrand cross-linking agent, causing cell death24. Other inducible enzyme-prod-
rug systems have been developed; like Thymidine Kinase (TK)/Ganciclovir25. Although this 
system relies on a similar principle, the converted toxic metabolites act by inhibiting DNA 
polymerase, and therefore the activity is limited to proliferating cells. NTR/CB1954 is cell-
cycle independent, and can therefore be used to target all cell populations. 
Another well-known ablation system was recently described by Wu et al. were the cells 
expressed Diptheria toxin upon Cre mediated recombination26. Although Diptheria toxin-
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induced cell death is similar to that of NTR/CB1954, there is no temporal regulation of target 
cell ablation. Timing the moment of inducing cell death is a major advantage to our system.
A disadvantage of NTR/CB1954 is that some “bystander effect” was reported when us-
ing the system in certain cell types. This is due to the fact that the toxic CB1954 metabo-
lite is cell permeable27; therefore it can also affect neighboring cells. However, there are 
also reports that the bystander effects in a mammary gland targeting system in vivo were 
low28, leaving the surrounding non-targeted cells intact. In our own in vitro model using 
NTR to target endothelial cells, we did not observe a bystander effect3, suggesting that 
the bystander effect may have different effects in different cell types. Recently, an abla-
tion model in zebrafish was published were the authors used NTR in combination with 
another compound; Metronidazole (Mtz)29. The authors showed that the Mtz metabolite 
did not lead to any bystander effects. In our system, Mtz can easily replace CB1954, and 
in the future this compound will be tested in our models.

CONCLUSION

Although we cannot show any conclusive data yet, preliminary results indicate that the 
system works. In the near future we will need to optimize staining procedures to identify 
Cre recombinase in the embryo. Furthermore, other approaches to stain LacZ may prove 
to be more specific than whole mount staining. Certainly, crossing Nee-Cre with ActENIL 
is one of the most exciting experiments that needs to be performed. Especially the ActE-
NIL mouse model possesses important features that will allow the analysis of aspects of 
regenerative medicine that until now not been possible. Because the ActENIL mouse 
can easily be crossed with other Cre expressing lines, it can be used for many other 
applications (see supplemental figure for an overview). We anticipate that the ActENIL 
mouse will be a useful addition to the mouse geneticists’ toolbox.
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Supplemental Figure1. Overview of possibilities with the ActENIL transgenic mouse
In the ActENIL construct the expression of EGFP (green) is exchanged for LacZ (blue) and NTR when Cre is expressed. 
A) Combining ActENIL with a Cre that is expressed under control of a promoter expressed in young or early cardiomyo-
cytes yields a “green mouse” with a “blue heart” since all cardiomyocytes have once turned on this promoter during 
their development. When the green bone marrow of this double transgenic is transplanted (BMTX)  into a healthy 
wildtype (WT) mouse, one can study the homing, differentiation and contribution of bone marrow cells in different 
cardiac disease models, for example MI.
B) When cross-breeding the ActENIL mouse with an endothelial cell specific Cre line (Tie1-Cre, Tie2-Cre), all blood 
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vessels are labeled. Performing a BMTX with double transgenic bone marrow gives the possibility to study the role of 
bone marrow derived cells in angiogenesis in e.g. MI.
C) Using a transgenic mouse that expresses Cre under control of a promoter that is expressed only in adult cardiomyo-
cytes (α-Myosin Heavy Chain) provides the opportunity to isolate GFP+ progenitors from the double transgenic mouse 
heart. Injecting these into WT heart after MI is a means of tracing the differentiation of these cells, and determining 
their contribution to repair by removing differentiated cells from the system by adding CB1954.
D) Crossing the ActENIL mouse with a transgenic carrying MerCreMer under control of an early cardiomyocyte specific 
promoter that is not active in adult cells, enables the labeling of the progenitor cell pool with tamoxifen at different 
time-points in development, providing clues about the role of this population. Pulse-labeling the cells with tamoxifen 
and letting the mice age shows the contribution of progenitors to cardiomyocyte turn-over.
E) Using the same approach as in D, but combined with an MI and the addition of CB1954 shows the contribution of 
progenitors to repair of the heart after injury
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Chapter 9

Although the development of cell-based therapy is rapidly evolving, many challenges re-
main to be addressed before this approach can be implemented in the clinic. The most 
important questions that need to be answered include: what cell type is most efficient 
to repair the heart, how do we deliver these cells efficiently, and do the cells survive and 
proliferate after transplantation1? Subsequently, successful integration into the host myo-
cardium and long-term stability need to be investigated1. In this thesis, several aspects 
of these challenges have been explored.

CELL SOURCES FOR CARDIAC REPAIR

To achieve repair after cardiac injury via cell-based therapy, a source of cells is required 
that provides new cardiomyocytes, and preferably also generates or induces the forma-
tion of blood vessels. Several cell sources for cardiac repair have been mentioned in 
Chapter 2, including embryonic stem (ES) cells, and bone marrow-derived mesenchy-
mal stem cells (MSCs), which at the time appeared to be the most promising with regard 
to their cardiomyogenic differentiation capacity2. However, over the last few years it has 
become clear that heart-derived cardiovascular progenitor cells meet several important 
prerequisites for their use in cell-based cardiac repair3. 

Cardiovascular progenitor cells
The historical paradigm that the heart is a terminally differentiated organ with little or no 
intrinsic regenerative capacity was challenged by the finding of cycling cells in the heart4. 
Subsequent studies revealed that the myocardium contained small clusters of cells in-
terspersed in the interstitial space, carrying stem cell markers like c-kit and sca-15. The 
possible relevance of these cells was emphasized by the fact that their number increased 
more than 10-fold in the hypertrophic myocardium of aortic stenosis patients5. 
Several groups reported the isolation of cardiovascular progenitor cells from human 
heart tissue using different techniques, including cardiac explant culture followed by 
cardiosphere formation6,7 or isolation based on the expression of cell-surface stem cell 
markers like c-kit8 or transcription factor islet-1 (isl-1)9. In chapter 3 the isolation of a car-
diovascular progenitor cell population from the fetal and adult human heart is described 
that we termed cardiomyocyte progenitor cells (CMPCs)10,11. Isolation was based either 
on clonal (single cell) culture or by binding of cells to a mouse monoclonal anti-Sca-1 
antibody, which was previously shown to bind cardiovascular progenitor cells in the 
mouse12,13  and human heart5,10,11. Although the human homologue of the Sca-1 epitope 
has not been identified14, the antibody may bind or cross-react with a yet unidentified 
protein on the surface of these cells. Nevertheless, CMPCs obtained by both methods 
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consistently show a stem cell-like morphology (small cytoplasm to nucleus ratio). CMPCs 
do not express hematopoietic markers on their surface, like CD34, CD14, and CD45, 
which reduces the possibility that the cells are derived from blood cells that were present 
in the heart tissue sample. Furthermore, isolated CMPCs have telomerase activity10 and 
express transcription factors typical for “young” cardiomyocytes, but no mature sarcom-
eric proteins10,11, indicating their cardiovascular progenitor cell state10,11.
It remains difficult to understand how an organ with such limited regenerative capacity 
can carry so many different progenitor cell populations. Therefore, investigators within 
the cardiovascular progenitor cell field are trying to determine whether these populations 
are truly different, or if they represent other developmental stages of one common ances-
tor cell population15,16. Where our CMPC will fit within this putative hierarchy remains to 
be determined.

Differentiation into cardiomyocytes
Generating cardiomyocytes from cardiovascular progenitor cells in vitro requires co-
culture with mature cardiomyocytes6, and/or stimulation with growth factors or com-
pounds8. For CMPCs we show that the optimal protocol to differentiate them into mature 
cardiomyocytes is a combination of 5-azacytidine (5-aza) treatment followed by stimula-
tion with transforming growth factor (TGF)-β (chapter 3, Smits et al.17). Incubation with 
5-aza alone can also induce differentiation of CMPCs into cardiomyocytes11, but less 
efficient than in combination with TGF-β10. 5-Aza is a general demethylating agent that 
unmasks epigenetically silenced genes, and was previously shown to induce cardiac 
differentiation in p19 embryonic carcinoma cells18, ES cells19 , MSCs20 and mouse Sca-
1+ cardiovascular progenitor cells12. Additionally, stimulating CMPCs solely with TGF-β 
induced cardiomyogenic differentiation in CMPCs10, as was also reported for p1921, ES22 
and bone marrow stem cells23.
The combination of 5-aza and TGF-β induces the strongest differentiation response in 
CMPCs, but their synergistic effect is yet unknown. Breast cancer cells treated with 5-aza, 
were shown to increase the TGF-β receptors I and II24. Conversely, 5-aza stimulation in 
chondrocytes led to a downregulation of SMAD3 regulated TGF-β response, and caused 
a shift in signaling dominance from TGF-β to bone morphogenetic proteins (BMPs)25. 
In CMPCs we have observed similar effects on TGF-β responsiveness. Preliminary data 
show that 5-aza treatment leads to downregulation of the SMAD3 response, but how this 
translates to cardiac differentiation in CMPCs needs to be investigated further. 
Injection of CMPCs into the infarcted mouse myocardium induced spontaneous differ-
entiation into cardiomyocytes, endothelial cells and smooth muscle cells in vivo (chapter 
4), indicating that the infarcted heart itself provides the necessary signals to induce its 
repair. Interestingly, since TGF-β is one of the factors expressed acutely after MI26; it is 
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conceivable that TGF-β stimulation in vivo is a major contributor to the efficient differen-
tiation of CMPCs. Identifying the exact factors that induce an optimal differentiation are 
subject of future investigation

The biological role of cardiovascular progenitor cells 
Although the heart was shown to contain cardiovascular progenitor cells that are able to 
differentiate into cardiomyocytes, endothelial cells and smooth muscle cells in vitro, and 
in vivo when reintroduced into the tissue, the organ is unable to regenerate itself after 
damage. Therefore the question arises what the biological function of progenitor cells is. 
Probably, these cells participate in tissue homeostasis and regeneration but their role in 
repairing the heart is inefficient.
Ever since the finding of dividing cells in the adult heart4, the role of cardiovascular pro-
genitor cells in tissue homeostasis has been investigated. Pulse-labeling adult cardiomy-
ocytes with eGFP in a transgenic mouse model, revealed that cardiomyocyte turn-over 
during ageing is very low to non-existent27. However, in these experiments, the contribu-
tion of cardiomyocyte division could not be determined. Recently, Bergmann et al. were 
able to retrospectively determine the birth date of single cardiomyocytes by measuring 
14C from nuclear bomb tests, in genomic DNA of human cells. They calculated that 
45% of cardiomyocytes are replaced during adult life28, but whether newly formed cells 
are derived from progenitors or dividing cardiomyocytes can not be established in this 
analysis. The discrepancy between rodents and humans may be due to interspecies dif-
ferences; it may be that humans, who live much longer, have a different requirement for 
cardiomyocyte replacement. Alternatively, discrepancies result from the differences in 
experimental models. For instance, in the mouse pulse-chase experiments not all cells 
were labeled, even after high dose tamoxifen27, which could for instance be a feature 
specific for young cardiomyocytes, leading to misinterpretation of the data.
To determine the contribution of cardiovascular progenitor cells to normal turn-over re-
quires transgenic mouse models that allow direct lineage tracing of progenitor cells. In 
chapter 8 such a model is proposed in which progenitor cells can be labeled during any 
phase of cardiac development by injecting tamoxifen.
The participation of cardiovascular progenitor cells after injury has been investigated as 
well. In human post-MI hearts, a 70-fold increase in mitotic cells in the borderzone was 
noted29, indicating activity in the injured area. In the mouse, a population of cardiovascu-
lar progenitor cells (termed side population (SP) cells) is identified by its ability to efflux 
Hoechst dye. By enzymatically dissociating hearts and performing flow cytometric analy-
sis, it was shown that the pool of SP cells in the heart rapidly diminished in the first days 
after MI, and was restored again at seven days post-MI30. However, what happened to 
the cells that lost their progenitor status remained unclear. Hsieh et al. were able to show 
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that in the borderzone of the infarcted mouse heart, new cardiomyocytes were generated 
from a non-cardiomyocyte pool of cells27, although they claim these were cardiovascular 
progenitor cells the origin of these cells could not be confirmed. Again, more forward 
approaches using conditional labeling of progenitor cells and performing lineage tracing 
experiments like those suggested in chapter 8 should provide more direct evidence for 
the role in turn-over and in cardiac repair. 

The origin of cardiovascular progenitor cells
There are two possibilities for the origin of cardiovascular progenitor cells present in the 
heart. Either, they are a remainder of embryonic or fetal development, or the pool of pro-
genitors is continuously replenished by extra-cardiac sources of uncommitted cells. The 
best established source for stem cells in the adult body is the bone marrow, which hosts 
several types of stem cells including hematopoietic stem cells (HSCs), mesenchymal stem 
cells (MSCs) and SP cells. Sex-mismatched cardiac transplants in humans have shown 
that female hearts in a male host contained y-chromosome+ cardiomyocytes, indicating 
their extra-cardiac origin31. In mice, Mouquet et al. showed that after MI the depleted SP 
cell population was partially (~25%) replenished by bone marrow derived cells30. 
Conversely, during embryonic development, cells expressing the LIM-homeodomain 
transcription factor isl-1 substantially contribute to heart formation32. After the heart is 
formed, undifferentiated precursors remain embedded in the cardiac tissue that in vitro 
posses the ability to differentiate into cardiomyocytes9. Their number decreases during 
fetal life until only low numbers of embryonic derived isl-1+ cells remain postnatally; their 
role in tissue regeneration and homeostasis remains speculative. 
Decisive answers on the origin of cardiovascular progenitor cells may be found using a 
pulse-chase method by labeling progenitor cells either in the heart or in the bone mar-
row, as suggested in chapter 8. The difficulty in labeling cardiovascular progenitor cells 
will be finding a gene that is active only in progenitor cells, but not in adult cardiomyo-
cytes, and is carried by most if not all the different subpopulations that have been identi-
fied up to date. We expect that these new transgenic mouse models will add valuable 
information to the field of cardiovascular progenitor cells in the future.

OPTIMIZING CELL DELIVERY

Besides decisions on the cell-source and-type, another major challenge for cell-based 
cardiac repair is finding the optimal delivery strategy after MI. Options include intramyo-
cardial, intracoronary or intravenous injection33 and in this thesis, two of these were ex-
plored. Intramyocardial injection into the border zone of the infarct was shown to be an 
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efficient delivery strategy for CMPCs resulting in a beneficial effect on cardiac function 
(Chapter 4); however the size of the grafts was small. After 3 months, three percent of 
the total injected population could be found in the heart. This low engraftment may result 
from loss of cells during the injection34,35, or by rapid death of the cells as a response to 
the hypoxic and inflamed conditions that exist in the infarcted heart. In humans, control-
led delivery of cells into the myocardium can be facilitated using guided catheter injec-
tions combined with cardiac mapping33. However, using this approach to deliver CMPCs 
into the heart will need to be tested in large animals instead of small rodents. 
In contrast to intramyocardial injection, we tested intravenous delivery because it could 
have several important advantages: intravenous injection is non-invasive and cells arrive 
in the border zone of the ischemic tissue were nutrients are still present, which may 
increase their survival chances. However, this approach requires the injected cells to 
home from the circulation to the injured area. Recruitment of cells from the circulation 
after MI is mediated by several factors, but stromal-cell derived factor (SDF)-1α inter-
action with its receptor CXCR4 plays a prominent role36,37. Following MI, SDF-1α gene 
therapy enhanced the recruitment of HSCs to the heart38. Conversely, blocking CXCR4 
on infused cells, or SDF-1 in the host, resulted in a dramatic reduction in progenitor cell 
homing to ischemic tissue and decreased neovascularization and blood flow39. When 
systemically delivering MSCs 3 hours after MI, positive effects on cardiac function were 
observed, as well as a reduction in infarct size40,41. Approximately 3% of the injected cells 
were found in the heart, 24 hours after MI40.
The SDF-1/CXCR4 axis is inhibited by CD26 (dipeptidylpeptidase IV)42 in different ways: 
CD26 cleaves the N-terminus of SDF-1 leading to its inactivation43,44, but also internal-
izes the CXCR4 receptor45. The inhibitory effect of CD26 on the surface of cells and their 
ability to respond to SDF-1α is shown in chapter 5. Mononuclear cells (MNCs) isolated 
from hereditary hemorrhagic telangiectasia type 1 (HHT1) patients have high levels of 
CD26 and reveal a decreased responsiveness to SDF-1α gradients in vitro and in vivo. 
Inhibiting CD26 on MNCs resulted in normalization of the migratory response in vitro, 
and homing of cells towards the infarcted myocardium (Chapter 5). 
Using CD26 inhibition to enhance cell homing and migration was translated to CMPC de-
livery in Chapter 6. CMPCs carried high levels of CD26 on their surface, and correspond-
ingly, their migration towards SDF-1α in vitro was low. Inhibiting CD26 indeed resulted 
in an increase in homing in vitro. Using this system, combined with intravenous injection 
as an alternative delivery strategy for CMPCs after MI failed to restore the injured heart, 
likely because cells are captured in the lung capillary bed, or by the liver or spleen.
A previous study shows that when intravenously delivering different populations of stem 
cells into healthy rats, MSCs were trapped mainly in the lungs46, which was attributed to 
their size. Performing a second bolus injection decreased the pulmonary first pass effect 
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resulting in a higher number of circulating cells. Reducing the expression of adhesion 
molecules (like VLA-4) increased the number of circulating MSCs46. Alternatively, cells 
could be injected directly into the ventricular cavity, thereby circumventing the pulmo-
nary circulation. These strategies remain to be explored for CMPC intravenous delivery.
CD26 inhibition may provide a powerful approach to deliver cells to the infarcted myo-
cardium, but autologous or at least interspecies experiments will need to be performed 
before conclusions of intravenous injection as a delivery option are drawn.

SURVIVAL AND (LONG-TERM) INTEGRATION 

Another important aspect that needs to be considered when choosing the best possible 
approach to cell-based therapy is the survival of cells in the myocardium, and their inte-
gration into the host tissue. 
Regarding CMPCs as a cell source, we questioned if cell-survival and integration would 
benefit from pre-differentiating the cells in vitro prior to transplantation, or if undifferenti-
ated cells would give better results. For undifferentiated ES cells, it is known that injec-
tion can lead to the formation of teratomas in the heart47. However, this risk is low when 
using undifferentiated CMPCs, since they do not express any markers of pluripotency 
like NANOG or OCT410. Furthermore, pre-differentiating CMPCs is a time consuming 
process17 (Chapter 3) that can take several weeks to complete. Importantly differentiated 
CMPCs loose their proliferative potential17. These aspects make CMPC-derived cardio-
myocyte (CMPC-CM) transplantation a less favorable option. We established that trans-
planting either human fetal CMPCs or CMPC-CM into the infarct border zone did not 
matter for survival, or for the CMPC derivatives that were found. This excludes the need 
for pre-differentiation of CMPCs in vitro. After intramyocardial injection, three percent of 
the injected CMPCs survived in the heart for three months. This does not take into ac-
count the number of cells that are generated by cell division. Additionally, the number 
of cells present two days after injection was higher, which may indicate that a part of the 
cells died during the three month follow-up. 
Although graft size was small, we found significant effects on cardiac function up to 
three months after injection. Previous studies using human ES cells have shown that 
ES cell-derived cardiomyocytes can enhance long-term cardiac function compared to 
vehicle48. However, when comparing the cardiomyocyte fraction to other differentiated 
ES-cell types, there was no sustained functional advantage of ES cell derived cardio-
myocyte injection after three months follow-up48. This suggests that cell injection can 
have other (positive) effects on cardiac function besides the formation of new contractile 
components (Figure 1). In fact, CMPC as well as ES cell grafts were found in clusters, 
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isolated from the host tissue. No connexins between mouse and human cells were ob-
served, making their electrical coupling unlikely (Chapter 4 and van Laake et al.48). The 
presence of cells in the scar can induce structural support to the heart, which should 
be a cell-type independent effect. However, previous studies comparing human heart-
derived cardiovascular progenitor cells to skin fibroblasts showed that fibroblasts did not 
enhance cardiac function to the same degree as progenitor cells7,49. Passive support can 
therefore only partially explain the favorable effects.

Cell injection may lead to the secretion of paracrine factors that influence the surviv-
ing host myocardium by inducing angiogenesis, remodeling the extracellular matrix, 
or activating the endogenous stem cell pools (Figure 1). The importance of paracrine 
factors has been underlined by studies injecting stem cell-conditioned medium into the 
infarcted heart, leading to a reduction in infarct size50. This approach can lead to an 
improvement in cardiac function shortly after MI. However, the presence of cells that 
continue to produce factors may be required for a long-term effect. A recent study by 
Ziebart et al. showed that removal of transplanted bone marrow cells that had incor-
porated into the infarcted mouse heart, immediately reversed any beneficial effect on 
cardiac function51. 
In chapter 4 is shown that CMPCs induce the formation of vessels in the borderzone, 
possibly via secretion of VEGF. Furthermore, secreted factors may increase the homing 
of circulating cells towards the infarcted region. For example, MNC invasion into the 
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Figure 1. How cell-based therapy can contribute to cardiac repair
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injured region is important for restoring cardiac function after MI, by increasing the ves-
sel density in the infarct52. 
In conclusion the transplantation of CMPCs may have many consequences that ulti-
mately result in improved cardiac function. However, effects on arrythmogenicity and 
electrical and metabolic integration remain to be established before CMPCs can be clini-
cally applied in cell-based therapy.

FUTURE PERSPECTIVES

In this thesis we have investigated several of the challenges associated with cell-based 
cardiac repair. 
In theory the ideal cell-source for tissue repair is the ES cell, since it can differentiate 
into all the cells of the body. However, the ethical issues regarding the use of these 
pluripotent cells are still a topic of intense public debate. This issue may be overcome by 
the recent breakthrough in generation of induced pluripotent stem (iPS) cells. In 2006, 
two research groups described the reprogramming of human fibroblasts to a pluripotent 
state by retrovirally expressing four transcription factors (Oct3/4, Sox2 combined with c-
Myc and Klf453 or NANOG and LIN2854). IPS cells behaved similarly to ES cells, forming 
cell types of all three germ layers in vitro and in teratomas. Several studies have since 
shown that both human and mouse iPS cells can form functional cardiomyocytes55,56. 
One major obstacle that prevented the clinical applicability of iPS cells was the need for 
using retroviruses that randomly integrated into the host genome. However, very recently, 
several laboratories described the induction of iPS cells by using virus-free systems57,58, 
which could quicken their route towards the clinic. One needs to bear in mind that the 
use of iPS cells in an undifferentiated state has an identical risk of teratoma formation 
as with ES cells. Therefore, iPS will require pre-differentiation into cardiomyocytes be-
fore implantation. In chapter 4 it is shown that undifferentiated CMPCs provide a better 
source for transplantation than their differentiated counterparts, the same may be the 
case with iPS or ES cells. Perhaps differentiating iPS cells into a cardiac progenitor cell 
state and isolating and purifying these progenitors using cell surface markers will prove 
to be an efficient strategy. 
Currently, CMPCs provide a very promising source for transplantation after cardiac in-
jury. CMPCs are easily isolated from the human adult and fetal heart, and differentiate 
into spontaneously beating cells in vitro (Chapter 3). When injected into the infarcted 
mouse myocardium, CMPCs form new cardiac tissue and prevent deterioration of car-
diac function (Chapter 4). However, the size of the grafts and the influence on cardiac 
function can still be improved. Interestingly, we found that co-transplanting adult CMPCs 
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together with epicardium derived cells increased the cardiac function after MI more than 
the separate cell types (EM Winter, unpublished results). Transplanting a mixture of cell 
sources, thereby combining their strengths, may provide a powerful strategy. 
To increase the efficiency of CMPCs after transplantation, pre-treatment with TGF-β may 
be useful. Using c-kit+ bone marrow derived cells, the revascularization as well as car-
diac function were improved when cells were pretreated with TGF-β 24 hours before 
injection59. Another way of improving cardiac function with CMPCs may be through tis-
sue engineering heart muscle60. Preliminary tests have shown that the formation of engi-
neered heart tissue can be achieved using CMPCs as a cell source. 
To improve the delivery of cells, we found that the SDF1/CXCR4 axis can be influenced 
by interfering with CD26 present on the cell surface. Using HHT1 patients’ MNCs we 
observed that inhibiting the surface peptidase normalized the homing of MNCs to sites 
of damage. Interestingly, based on these results a clinical trial has been initiated in which 
HHT1 patients with very severe nose-bleeds are receiving a clinically approved CD26 
inhibitor (Januvia) to explore if increasing the homing capacity of circulating cells can 
decrease the number of bleedings. Although the CD26 inhibition approach did not yet 
prove useful to CMPC recruitment in a setting of mouse MI, we are currently investigating 
if the retention of cells after intramyocardial transplantation can be optimized by CD26 
inhibition.
Before CMPCs can be used in a clinical setting many hurdles need to be taken. For 
example, CMPC transplantation will need to be performed in an autologous fashion. 
Previous experiments in pigs have shown that CMPCs are immunogenic, and will be 
rejected by the heart (unpublished data). This is in contrast to MSCs which were shown 
to escape immune recognition61. The in vivo experiments described in this thesis have 
been performed using fetal heart derived CMPCs, and the ability of adult heart derived 
CMPCs to form new cardiac tissue is currently under investigation. Given the equal 
differentiation capacity of fetal and adult CMPCs in vitro, their in vivo potential is likely 
comparable. Other important aspects that need attention before any patient should be 
treated through injections with CMPCs, is that the isolation and expansion of CMPCs 
need to be performed according to Good Clinical Practice and Manufacturing codes. 
Furthermore, the electrical properties of injected CMPCs need to be assessed to rule 
out the possibility of inducing arrhythmias, as is the case with skeletal muscle derived 
myoblasts34. In conclusion, cell-based cardiac repair represents a promising approach 
to treat cardiovascular diseases, but it will take time and effort before patients can truly 
benefit from these procedures.

Chapter 9
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Hart- en vaatziekten zijn de belangrijkste oorzaak van ziekte en sterfte in de westerse 
wereld. Vooral de gevolgen van een hartinfarct leveren hieraan een belangrijke bijdrage. 
Een hartinfarct ontstaat door een tekort aan bloedtoevoer in een deel van de hartspier. 
Meestal is dit het resultaat van aderverkalking in een van de kransslagaderen (de bloedvat-
en die de hartspier van bloed voorzien). Een deel van het weefsel krijgt dan geen zuurstof 
en voedingsstoffen aangeleverd, waardoor spiercellen in het getroffen gebied afsterven. 
Als gevolg van de schade in het hart geven de overlevende cellen signaalstoffen af die 
ontstekingscellen (witte bloedcellen) vanuit het bloed aantrekken. De ontstekingscellen 
ruimen de dode cellen op en vervangen deze door een taai litteken waarmee voorkomen 
wordt dat het hart scheurt door een gebrek aan stevigheid. De combinatie van een ver-
minderd aantal spiercellen en de aanwezigheid van een litteken zorgt er echter voor dat 
het hart minder efficiënt kan samentrekken. In de loop van de tijd wordt het voor het 
hart steeds zwaarder om voldoende bloed rond te pompen en kan de patiënt uiteindelijk 
sterven aan hartfalen. 
De medicatie die wordt voorgeschreven aan hartinfarctpatiënten zorgt voor minder be-
lasting van het hart, maar het onderliggende probleem (het verlies hartspiercellen en 
dus van spierkracht) wordt niet behandeld. Het lichaam is niet in staat voldoende nieu-
we hartspiercellen te genereren en de overlevende spiercellen kunnen zelf niet delen. 
Daarom worden alternatieve manieren gezocht om nieuwe hartspiercellen aan het hart 
te leveren. Een van de mogelijke therapieën die wordt bestudeerd is (stam)celtherapie. 
Een stamcel is een cel die zichzelf kan vernieuwen door deling en kan veranderen (dif-
ferentiëren) in één of meer andere celtypes. Het idee achter stamceltherapie is dat 
cellen worden getransplanteerd in het beschadigde hart en dat deze stamcellen zich 
vervolgens ter plekke ontwikkelen tot het benodigde hartweefsel. Voordat celtherapie 
daadwerkelijk kan worden toegepast in patiënten dienen er echter een aantal belangrijke 
aspecten onderzocht te worden. 
Ten eerste moet er een bron van stamcellen geïdentificeerd worden die in staat is nieuw 
hartweefsel te vormen dat bestaat uit zowel hartspiercellen als bloedvaten. Ten tweede 
moet onderzocht worden wat de beste manier is om cellen aan het hart toe te dienen. 
Deze toediening is bijvoorbeeld mogelijk via directe transplantatie in de hartspier of door 
injectie in de bloedcirculatie. Ten derde moeten de cellen kunnen overleven onder zware 
omstandigheden; in het infarctgebied waarin ze terecht komen is namelijk weinig zu-
urstof en voedsel aanwezig. En ten vierde moeten de cellen ter plekke integreren in het 
bestaande weefsel en koppelen met omringende hartspiercellen zodat ze in hetzelfde 
ritme gaan kloppen. 
In dit proefschrift komen verschillende aspecten van celtherapie aan bod en is een aan-
tal van bovenstaande criteria onderzocht.
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In Hoofdstuk 2 wordt een literatuuronderzoek beschreven waarin verschillende cel- en 
weefselbronnen voor celtherapie zijn vergeleken. Onderzocht is in hoeverre, en onder 
welke omstandigheden, verschillende stamceltypen in staat zijn te differentiëren naar 
hartspiercellen. Vooral embryonale stamcellen lijken een goede optie voor weefselher-
stel. Deze cellen worden geïsoleerd uit de ontwikkelende bevruchte eicel en kunnen 
daarom nog alle celtypen worden die voorkomen in het lichaam, dus ook hartspiercel-
len. Het gebruik van embryonale stamcellen is vanuit ethisch oogpunt echter nog steeds 
omstreden. Daarom heeft men gezocht naar (stam)celpopulaties die uit het volwassen 
lichaam geïsoleerd kunnen worden. Een bekende bron hiervoor is het beenmerg, dat 
verschillende soorten stamcellen bevat die normaliter betrokken zijn bij de vorming van 
bloedcellen. Na transplantatie van beenmergstamcellen in het hart van infarctpatiënten 
dragen beenmerg stamcellen bij aan een licht herstel van de hartfunctie. Tot op heden 
lijken ze echter niet in staat daadwerkelijk nieuwe hartspiercellen te vormen. Andere 
weefsels waaruit stamcellen kunnen worden gehaald zijn bijvoorbeeld skeletspieren en 
het hart zelf.

Tijdens dit promotieonderzoek is gezocht naar cellen die afkomstig zijn uit het orgaan 
dat men probeert te herstellen: het hart. In voorgaande jaren is in het menselijke hart 
een populatie cellen gevonden die in kweek in het laboratorium zichzelf vele malen kan 
vermenigvuldigen. Met behulp van de juiste stimulatie kunnen deze cellen differentiëren 
naar hartspiercellen of bloedvaten. Omdat ze zich lijken te beperken tot de vorming van 
celtypen die in hartweefsel voorkomen, worden ze hartspiervoorloper cellen genoemd, 
ofwel cardiomyocyte progenitor cells (CMPCs). In Hoofdstuk 3 wordt uitgebreid beschre-
ven hoe CMPCs uit een klein stukje menselijk hartweefsel geïsoleerd kunnen worden en 
hoe CMPCs gestimuleerd moeten worden om ze in kweek te veranderen in kloppende 
hartspiercellen. 

CMPCs kunnen nieuwe hartspiercellen en bloedvaten maken en bezitten daarom de 
juiste eigenschappen om zich te specialiseren naar hartweefsel. Daarom is onderzocht 
of CMPCs kunnen bijdragen aan de reparatie van een hartinfarct. In Hoofdstuk 4 is 
bepaald wat het effect is van celtransplantatie van ongedifferentieerde CMPCs en uit 
CMPC gekweekte hartspiercellen op het herstel van het hart. In muizen is een infarct 
geïnduceerd door één van de kransslagaders af te binden, vervolgens zijn de cellen in-
gespoten op de rand van het afstervende weefsel. Door de aanwezigheid van CMPCs of 
uit CMPC gekweekte hartspiercellen bleef de pompfunctie van het muizenhart grotend-
eels behouden, terwijl deze achteruitging in dieren die geen celtransplantatie hadden 
gekregen. Daarnaast hebben we aangetoond dat CMPCs in het beschadigde hart nieuw 
hartweefsel kunnen vormen, hoewel dit beperkt blijft tot kleine gebiedjes. CMPCs lijken 
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dus een goede bron van cellen om te gebruiken voor celtherapie, maar de hoeveelheid 
hartweefsel dat wordt gevormd moet geoptimaliseerd worden.

In Hoofdstuk 5 is een ander aspect van hartherstel onderzocht. De signaalstoffen die vri-
jkomen na een hartinfarct trekken witte bloedcellen aan. Deze ontstekingscellen zorgen 
voor het opruimen van dood weefsel, maar ook voor de vorming van nieuwe bloedvaten. 
Indien witte bloedcellen niet goed migreren naar het beschadigde hartweefsel herstelt 
het hart slechter na infarct. In Hoofdstuk 5 is een populatie patiënten onderzocht met 
de zeldzame erfelijke ziekte Hereditary Hemorrhagic Telangiectasia type-I (HHT-1), ook 
bekend als de ziekte van Rendu-Osler-Weber. HHT-1 patiënten vertonen afwijkingen 
aan het vaatstelsel en hebben een slecht herstel van beschadigde bloedvaten. Deze 
patiënten hebben bijvoorbeeld regelmatig last van onophoudelijke bloedneuzen. Het 
verslechterde vaatherstel komt deels voort uit slecht functionerende ontstekingscellen 
van HHT-1 patiënten die niet in staat zijn te migreren naar gebieden van (vaat)schade. 
De afwijkende migratiecapaciteit van cellen van HHT-1 patiënten is een gevolg van hoge 
concentraties van het eiwit CD26 op het oppervlak van deze cellen. Omdat CD26 de 
door het beschadigde weefsel uitgezonden signaalstoffen afbreekt reageren HHT-1 cel-
len nauwelijks op deze signalen. De cellen migreren daardoor niet meer naar de juiste 
plaats. Door CD26 te verwijderen van het celoppervlak verbeterd de reactie van HHT-
1 bloedcellen op schade. Dit hebben we aangetoond in celkweeksystemen waarin de 
schadesignalen worden nagebootst, en in muizen met een hartinfarct.

Zoals in Hoofdstuk 4 aangetoond zijn CMPCs een goede bron voor celtherapie maar bli-
jven ze slechts in kleine aantallen in het hartinfarct na transplantatie. In Hoofdstuk 6 is 
daarom onderzocht of er een efficiëntere methode is om CMPCs toe te dienen. Er is 
onderzocht of CMPCs na een injectie in de bloedbaan in de richting van de schade 
gestuurd kunnen worden door gebruik te maken van de schadesignalen die het hart 
produceert. Omdat in Hoofdstuk 5 duidelijk is geworden dat CD26 verhindert dat cellen 
reageren op schade, is het niveau van dit eiwit op CMPCs geanalyseerd. CMPCs blijken 
hoge concentraties CD26 op het oppervlak te hebben, terwijl ze verder alle onderdelen 
bezitten om op schade te kunnen reageren. Door CD26 van het oppervlak van CM-
PCs te verwijderen reageren de cellen in kweek zeer efficiënt op schadesignalen. Deze 
CD26-loze CMPCs zijn vervolgens geïnjecteerd in de staartvene van een muis met een 
hartinfarct. De verwachting was dat deze CMPCs vanuit het bloed naar het beschadigde 
hart migreren en daar bij dragen aan herstel van de pompfunctie. Drie weken na injectie 
waren er echter geen CMPCs aanwezig in het hart. Het grootste deel van de cellen werd 
teruggevonden in andere organen. Helaas hebben we nog geen definitieve verklaring 
gevonden voor deze effecten.
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In Hoofdstukken 7 en 8 wordt een nieuw model beschreven om celtypes te identifi-
ceren, dat zowel in kweek als in muizen kan worden toegepast. Door gebruik te maken 
van moderne transgene technieken hebben we een systeem ontworpen waarin we de 
differentiatie van stamcellen naar een zelfgekozen celtype (bijvoorbeeld hartspiercel of 
bloedvatcel) kunnen visualiseren. In het celtype dat vanuit stamcellen is ontstaan treedt 
een kleurverandering op waardoor het onderscheiden kan worden van andere aanwezige 
celtypes. Daarnaast gaan de cellen een enzym aanmaken dat het normaal onschuldige 
CB1954 omzet in een giftige stof. Het toevoegen van CB1954 schakelt dus alleen het 
gekozen celtype uit, terwijl de andere celtypes intact blijven. 
In Hoofdstuk 7 wordt een voorbeeld gegeven van de mogelijkheden van dit systeem. In 
een celkweekmodel worden bloedvatcellen geïdentificeerd en vervolgens uitgeschakeld 
door toevoegen van CB1954. 
Hoofdstuk 8 wordt het model toegepast om de voorlopercellen in het muizenhart te ana-
lyseren. Hiermee kan onderzocht worden of voorlopercellen die aanwezig zijn in het hart 
lokaal kunnen bijdragen aan het herstel na een hartinfarct. De voorlopercellen onder-
gaan een kleurverandering wanneer ze differentiëren naar hartspiercellen waardoor het 
aantal nieuw gevormde spiercellen geteld kan worden. Door toediening van CB1954 aan 
de muis worden de nieuwe hartspiercellen verwijderd. De verwachting is dat zonder de 
nieuwe cellen het herstel na infarct slechter zal zijn. De relatieve bijdrage van de cellen 
aan het herstel van hartfunctie kan dus worden gemeten met dit model. Uiteindelijk is 
er dan een systeem beschikbaar om de voorlopercellen “van binnen uit” te analyseren. 
Hierna kan gezocht worden naar methodes om de populatie te stimuleren zonder dat 
daar transplantaties aan te pas hoeven komen. 

CONCLUSIE

Tot een aantal jaren geleden werd gedacht dat het hart helemaal geen mogelijkheden 
had om zichzelf te herstellen. Immers, men dacht afgestorven hartspiercellen niet wer-
den vervangen door nieuwe. De bevinding dat het hart voorlopercellen bevat die in staat 
zijn nieuw hartweefsel te vormen is erg belangrijk en heeft het bestaande dogma ve-
randerd. Hoewel het duidelijk is dat deze voorlopercellen in het volwassen hart niet 
voldoende bijdragen aan herstel (het infarct lost niet vanzelf op), bieden deze cellen wel 
degelijk nieuwe mogelijkheden. 
Wanneer voorlopercellen uit het hart worden geïsoleerd, in kweek worden vermenig-
vuldigd, en vervolgens aan de patiënt zelf worden teruggegeven via injectie in de hartpier 
of de bloedbaan, kunnen ze wellicht wel bijdragen aan de vorming van nieuw hartweef-
sel. Daarnaast kan meer inzicht in de oorsprong en rol van de voorlopercellen in het hart 
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tot de ontwikkeling van nieuwe behandelingsmethoden leiden, waarbij bijvoorbeeld de in 
het hart aanwezige voorloper cellen van binnenuit worden gestimuleerd zonder dat daar 
tijdrovende isolaties en transplantaties voor nodig zijn. Dit proefschrift levert een bijdrage 
aan het begrip van voorlopercellen in het hart en aan de mogelijkheden voor herstel van 
het hart na schade. De toekomst zal uitwijzen wat de beste strategie is voor regeneratie 
van het hart.
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DANKWOORD

Ook al zegt men dat wetenschap nooit af, dit proefschrift is dat wel! Mijn boekje zou natu-
urlijk nooit zo mooi geworden zijn zonder de hulp van een groot aantal mensen. Hierbij 
wil ik jullie allemaal heel erg bedanken!

Marie-José, de afgelopen jaren onder jouw begeleiding zijn alles behalve saai of rustig 
geweest. Ik heb ontzettend veel van je geleerd, niet alleen inhoudelijk maar ook prak-
tisch, want zelf werk je ook nog steeds liever op het lab in plaats van achter je computer. 
Ik blijf het verbazingwekkend vinden dat de meeste experimenten in jouw handen wèl 
in een keer lukken (gouden handjes?!). Ik hoop dat ik die kunst ooit net zo goed onder 
de knie krijg. Inhoudelijk blijft het ook een uitdaging om iets te ontdekken dat jij nog niet 
gelezen of gehoord hebt (niet alleen wetenschappelijk). 
Je hebt een ontzettend gezellige werkplek gecreëerd met een hecht teamgevoel waar 
ik iedere dag met plezier naar toe ging en nog steeds ga (onze verhuizing naar Leiden 
heeft de dagelijkse reis wel ietsjes langer gemaakt). Buiten het lab hebben we ook veel 
gelachen. De lange autoritten op de Autobahn, glijden van sneeuwhellingen, barbecues 
en gewonnen potjes pool (vooral van onze Duitse collega’s) waren onvergetelijk. Dank je 
wel voor een hele fijne en leerzame tijd.

Pieter, bedankt voor je begeleiding tijdens mijn promotieonderzoek. Ik heb het altijd 
knap gevonden dat je in je drukke schema tijd weet te maken om over wetenschap te 
praten, of dit nou gaat over de meeste recente data, nieuwe ideeën of toekomstplannen. 
Omdat je feilloos de zwakke plekken in een onderzoek weet te vinden heb je me geleerd 
om kritisch naar experimenten te kijken, zowel die van mezelf als die van anderen (niet 
alles wat in Nature staat blijkt waar). Naast het werk waren ook de barbecues en gour-
metavonden bij jou thuis legendarisch! Om het kort samen te vatten: Dank! AS

Gerard, ik ben blij dat ik op het Experimentele Cardiologie lab heb kunnen werken. Ik heb 
ontzettend veel geleerd van de diversiteit aan onderzoeksonderwerpen binnen de afde-
ling, variërend van de AtheroExpress en Impact Factors tot het gedrag van scheidsrech-
ters. Bedankt voor je ondersteuning. Dominique, jouw houding als onderzoeker is een 
goed voorbeeld van hoe het hoort. Je bent kritisch, geïnteresseerd en weet mensen goed 
te motiveren. Dank voor de hulp de afgelopen jaren.

En mijn dank is ook groot aan het “stamcelclubje” voor het plezier op het lab en daar-
buiten! Joost, na je VS avontuur kwam je aan stamcellen werken en dit heeft gezorgd 
voor extra kritisch vermogen in de groep. Bedankt voor alle hulp en input. Het zal niet 
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Dankwoord

altijd gemakkelijk zijn geweest met al die eigenwijze aio’s om je heen, maar eigenwijsheid 
schijnt voor een onderzoeker een goede eigenschap te zijn…toch? Ik vind het knap dat 
je na de “grote verhuizing” de groep zo goed hebt opgevangen en zelfs hebt uitgebreid! 
Ik vermoed dat onze wegen elkaar nog vaak zullen kruisen in de toekomst. Corina, jij 
hebt de rol van hoofdanalist ontzettend goed vervuld: alles goed georganiseerd, soms 
wel streng maar altijd rechtvaardig. Je positieve energie en je lach zijn aanstekelijk (weet 
je zeker dat je niks hebt gedronken??). Tom, je kwajongensstreken blijven berucht. Veel 
succes bij Lead Pharma. Marta, als ik in het weekend naar de muisjes moest, kon ik 
er bijna op rekenen dat jij ook op het lab was. Bedankt en ik wens je heel veel succes 
in Zwitserland. Jia, I enjoyed working with you in the lab, good luck with your projects! 
Simone, koningin van de FACS. Die titel kun je met recht dragen want bijna niemand 
heeft zoveel (vaak nachtelijke) uurtjes doorgebracht achter dit apparaat. Ook je scratch-
sessies waarvoor je het halve lab in wist te schakelen waren indrukwekkend. Succes met 
het afronden van je promotie. Angelique, het verplaatsen van onze werkplek naar Leiden 
heeft voor jou misschien wel de meeste gevolgen gehad. Je moest er zelf voor naar Breda 
verhuizen. Na een korte opstarttijd weet je in Leiden ontzettend goed de weg te vinden 
naar mensen en apparaten (ook al zijn ze niet altijd aangesloten) die je verder moeten 
helpen. Op naar je eerste eigen publicaties! Cor, Sophie, Sander en Sandra ook jullie wil ik 
bedanken voor jullie aandeel in de groep. Paul, Alain, Marish, Sridevi, Krijn en Willy, ook 
al hebben we maar kort met elkaar samengewerkt, heel veel succes met jullie projecten. 

Tijdens mijn promotie heb ik ook een groot deel van mijn tijd besteed in het dierenlab. 
Ben, je hebt mij geholpen met mijn eerste stapjes binnen het proefdieronderzoek. Eerste 
met de ratjes tijdens mijn stage bij Vasculaire Geneeskunde, en vervolgens met muizen 
tijdens mijn promotie. Jouw liefde voor dieren, en je handigheid bij het opereren zijn een 
ideale combinatie. Bedankt voor al je hulp. Ilse, jou moet ik bijna tot waanzin hebben 
gedreven met alle verschillende kruisingen en embryo isolaties. Mijn dank is groot dat je 
zoveel geduld hebt gehad.
Cees, bedankt voor de mogelijkheid om mooie plaatjes en filmpjes te maken met MRI. 
Marcel, naast ondersteuning bij de metingen ook bedankt voor de kopjes koffie en 
de gezelligheid. Krista, jouw aandeel in de MRI data in dit boekje is ontzettend groot. 
Dankjewel voor het scannen, uitwerken en in goede banen leiden van de scans en data.

Chaylendra, ik heb met plezier met je samengewerkt. In het begin heb ik nogal wat 
gekloneerd, en jouw kennis heeft me daar ontzettend goed bij geholpen (je voor-
raad M&M’s trouwens ook!). Arjan, ik heb je vaak opgezadeld met bestellingen van  
exotische enzymen en andere lastige spullen, maar je wist ze altijd te vinden. Bedankt 
voor alle hulp. Ook wil ik mijn collega’s Els, Marjolein, Dennis, Sander, Mirjam, Sander, 
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Cees, Evelyn, Maringa, Merel, Nimco, Claudia, Marjolijn en Astrid bedanken voor de 
prettige samenwerking. 

Ineke, je bent een belangrijke spil in de organisatie van het lab. Je weet overal de weg, en 
ben je bereid om extra moeite te doen als dat nodig is (bijna waren we met z’n tweeën de 
salarisadministratie binnengestormd om eindelijk die declaratie terug te krijgen!). Ook al zat ik 
een deel van mijn promotie niet meer aan de andere kant van de gang, bedankt voor alles!

De ups en downs die met een promotie gepaard gaan heb ik gelukkig kunnen delen 
met heel veel collega-onderzoekers. Leo, Pieter, Sebastian, Karlijn, Dik, Willem, Wouter, 
Rob, Wouter, René, Daphne, Fatih, Mihaela, Manon en Imo heel erg bedankt voor de 
gezelligheid, goede (werk)discussies en natuurlijk de borrels en congressen! Ook dank 
aan mijn (buur)kamergenootjes Peter, Kim, Bas, Krista, Arianne, Joost en Ralf. Olivia, we 
zijn samen begonnen aan de studie Medische Biologie, en nu promoveer je maar een 
maandje later dan ik (nog even volhouden!) Heel veel succes. Petra, we hebben tijdens 
mijn stage al samen gewerkt. Ook al was ik een aio “van de buren”, ik vond het heel 
gezellig om weer met je op hetzelfde lab te zitten. We zullen elkaar vast nog regelmatig 
tegenkomen. Marianne, bedankt dat je naast mijn stageverslag nu ook mijn proefschrift 
hebt beoordeeld. Veel plezier in New York, en succes in de toekomst.
Verder wil ik ook nog mijn studenten Chantal en Lisa bedanken voor hun inzet. Succes 
met jullie eigen projecten.

De collega’s van de andere kant van de straat in het Hubrecht Laboratorium bedankt 
voor de goede samenwerking. Het is leuk dat een aantal van jullie nu in hetzelfde gebouw 
werkt. Stieneke, jouw ES cel expertise heeft ervoor gezorgd dat we een eigen muislijn 
hebben rondlopen. Bedankt voor je hulp. Linda, dank voor de geslaagde samenwerking 
en goede congressen. De collega’s van de “andere andere kant” van de straat bij de 
Medische Fysiologie ook bedankt.

Dames van het secretariaat Cardiologie, jullie allemaal bedankt voor de ondersteuning. 
Wendy bedankt voor de lay-out van dit boekje, het is mooi geworden!

My “new” colleagues at the department of Molecular Cell Biology, especially the TGF-β 
group, thank you all for making the transfer to Leiden a lot more pleasant. Peter, thank 
you for the support.

Ook de collega’s van de afdelingen Cardiologie en Anatomie in Leiden wil ik bedanken 
voor de samenwerking. 
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Dankwoord

Naast hard werken is ontspanning minstens zo belangrijk, en daar dragen gelukkig een 
heleboel mensen aan bij.
“Waerde Apen” …Brieven of e-mails met deze aanhef kondigen altijd een leuke activiteit 
of een goed initiatief aan. Een aantal van jullie ken ik al vanaf de middelbare school, en ik 
vind het leuk dat we elkaar nog regelmatig zien. De weekendjes zijn ieder jaar weer een 
hoogtepunt en ik hoop dat we dat nog jaren zullen volhouden. Een “special thanks” aan 
Hessel, zonder jouw (software) hulp was dit boekje niet geworden wat het nu is!
Ook de Cromvoirt Crew (a.k.a. de mannetjes, ook al zijn er onderhand net zoveel dames) 
moet onder het kopje ontspanning genoemd worden. Talloze concerten festivals en 
feestjes zijn er de afgelopen jaren geweest en iedere keer was het weer een ontzettend 
dolle boel of een dampende Punica Oase. Sander, bedankt voor alle verhuizingen de 
afgelopen jaren, geniet van je pensioen! Bas, heel erg bedankt voor het ontwerpen van 
de omslag, je hebt er iets bijzonders van gemaakt. 
Cees, de decadente zondagen, bierfestivals en je eindeloze Theo Maassen repertoire 
zijn onvergetelijk. Natuurlijk ook iedereen bedankt voor voetbalavonden met nasi en 
voetbalzoutjes, bokbierfestivals, boottochtjes door Amsterdam, concerten, middagen op 
het terras en ga zo maar door….

Mijn Paranimfen, bedankt dat jullie er vandaag bij kunnen zijn! Piet, omdat je vlak 
na mij bent begonnen bij MJ is het net alsof we samen zijn opgegroeid tot heuse 
onderzoekers. Buiten werkdiscussies hebben we ook ontzettend veel gelachen om 
vogeltjes, centerfolds, de PhD comics en ander non-nieuws. Bedankt voor alle lol, 
correcties en vreugdedansjes. Gelukkig kunnen we in Leiden ook weer regelmatig 
koffiedrinken! Heel veel succes met je toekomstplannen qua werk, maar vooral 
ook daarbuiten. 
Claartje, jarenlang hebben we lief, leed en schoonmaakroosters gedeeld op nummer 
781. Bedankt dat ik nog altijd bij je terecht kan voor gezelligheid en een goed gesprek. 
Je (soms onverwachte) bezoekjes zijn een leuke bijkomstigheid van je nieuwe opleiding. 
Ik vind het ontzettend leuk dat je mijn paranimf wil zijn, en ik hoop dat we elkaar nog 
vaak zullen zien en spreken.

Ad, Attie, Josine, Renée en Jos, bedankt voor het warme onthaal in jullie gezin.  
Bezoekjes aan Helvoirt zijn altijd leuk, levendig en laat!

Tom, mijn niet-meer-zo-kleine broertje. Ik vind het leuk dat je een heel stuk dichterbij komt 
wonen. Ik weet zeker dat je het naar je zin zult hebben in Amsterdam. Heel veel succes!

Lieve papa en mama, jullie geven een goed voorbeeld hoe je samen kunt genieten van 
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het leven. Ik kom nog steeds met heel veel plezier naar “huis”. Het is fijn dat jullie zo 
goed begrijpen waar ik het de afgelopen jaren zo druk mee heb gehad. Bedankt voor 
jullie onvoorwaardelijke steun en liefde.

Lieve Matthijs, mijn allerbeste vriendje in de hele wereld. Als er iemand is die weet hoe 
leuk (maar soms ook frustrerend) promoveren kan zijn, dan ben jij het wel! Het is fijn 
dat we die ervaring samen kunnen delen. Door onze gemeenschappelijke interesses en 
achtergrond zitten we eigenlijk altijd op één lijn, en hebben we nog steeds ontzettend 
veel lol. Bedankt voor je begrip, steun en liefde. Je bent mijn allessie en ik verheug me 
op onze toekomst samen!

proefschrift Anke.indd   176 15-07-2009   12:00:54



177

List of publications

LIST OF PUBLICATIONS

1.   Smits AM*, van Laake LW*, den Ouden K, Schreurs C, Szuhai K, van Echteld CJ, 
Mummery CL, Doevendans PA, Goumans MJ. Human cardiomyocyte progenitor cell 
transplantation preserves long-term function of the infarcted mouse myocardium. 

 Cardiovascular Research 2009; 83(3):527-535.

2.   Smits AM, van den Hengel LG, van den Brink S, Metz CH, Doevendans PA, Gou-
mans MJ. A new in vitro model for stem cell differentiation and interaction. 

 Stem Cell Research 2009;2(2):108-112.

3.   Liu J, Sluijter JP, Goumans MJ, Smits AM, van der Spoel T, Nathoe H, Doevendans 
PA. Cell therapy for myocardial regeneration. 

 Current Molecular Medicine 2009;9(3):287-298.

4.   Smits AM, van Vliet P, Metz CH, Korfage T, Sluijter JP, Doevendans PA, Goumans 
MJ. Human cardiomyocyte progenitor cells differentiate into functional mature car-
diomyocytes: an in vitro model for studying human cardiac physiology and patho-
physiology. 

 Nature Protocols 2009;4(2):232-243.

5.   Bot PT, Hoefer IE, Sluijter JP, van Vliet P, Smits AM, Lebrin F, Moll F, de Vries JP, 
Doevendans P, Piek JJ, Pasterkamp G, Goumans MJ. Increased expression of the 
transforming growth factor-beta signaling pathway, endoglin, and early growth re-
sponse-1 in stable plaques. 

 Stroke 2009;40(2):439-447.

6.   van Vliet P, Roccio M, Smits AM, van Oorschot AA, Metz CH, van Veen TA, Sluijter 
JP, Doevendans PA, Goumans MJ. Progenitor cells isolated from the human heart: 
a potential cell source for regenerative therapy. 

 Netherlands Heart Journal 2008;16(5):163-169.

7.   Goumans MJ, de Boer TP, Smits AM, van Laake LW, van Vliet P, Metz CH, Korfage 
TH, Kats KP, Hochstenbach R, Pasterkamp G, Verhaar MC, van der Heyden MA, 
de Kleijn D, Mummery CL, van Veen TA, Sluijter JP, Doevendans PA. TGF-beta1 
induces efficient differentiation of human cardiomyocyte progenitor cells into func-
tional cardiomyocytes in vitro. 

 Stem Cell Research  2007;1(2):138-149.

proefschrift Anke.indd   177 15-07-2009   12:00:55



178

8.   van Maarseveen NM, Huigen MC, de Jong D, Smits AM, Boucher CA, Nijhuis M. 
A novel real-time PCR assay to determine relative replication capacity for HIV-1 
protease variants and/or reverse transcriptase variants. 

 Journal of Virological Methods 2006;133(2):185-194.

9.   van Laake LW*, Smits AM*. Molecular Mechanisms of Cardiac Disease and 
Regeneration. 

 Netherlands Heart Journal 2006;(14):5-195.

10.  Smits AM, Doevendans PA. Stamcellen als therapie na hartinfarct. 
 Tromnibus 2005;33(1):13-14.

11.   Smits AM, van Vliet P, Hassink RJ, Goumans MJ, Doevendans PA. The role of stem 
cells in cardiac regeneration. 

 Journal of Cellular and Molecular Medicine 2005;9(1):25-36.

12.   Smits AM, Smits JF. Ischemic heart disease: models of myocardial hypertrophy 
and infarction. 

 Drug Discovery today: disease models 2004;1(3):273-278.

13.   Rookmaaker MB*, Smits AM*,	Tolboom	H,	Van	‘t	Wout	K,	Martens	AC,	Goldsch-
meding R, Joles JA, Van Zonneveld AJ, Grone HJ, Rabelink TJ, Verhaar MC.  
Bone-marrow-derived cells contribute to glomerular endothelial repair in experi-
mental glomerulonephritis. 

 American Journal of Pathology 2003;163(2):553-562.

14.  van Vliet P, van Oorschot AAM, Smits AM, Liu Z, Sluijter JPG, Hoefer IE, Doev-
endans PA, Goumans MJ. Survivin increases cardiomyocyte progenitor cell prolif-
eration and survival.

 Submitted.

15.  van Vliet P, Smits AM, de Boer TP, Korfage T, Metz CH, Roccio M, van der Heyden 
MA, van Veen TA, Sluijter JP, Doevendans PA, Goumans MJ. Fetal and adult cardio-
myocyte progenitor cells have different developmental potential.  

 Submitted.

proefschrift Anke.indd   178 15-07-2009   12:00:55



179

List of publications

16.   Tian F, Zhou X, Smits AM,	Larsson	E,	Goumans	MJ,	Heldin	CH,	Borén	J,	Akyürek	LM 
Endothelial cells are activated during hypoxia via endoglin/ALK-1/SMAD1/5 signal-
ing in vivo and in vitro. 

 Submitted.

17.   Post S*, Smits AM*, van den Broek AJ, Sluijter JP, Hoefer IE, Janssen BJ, Snijder 
RJ, Mager JJ, Pasterkamp G, Mummery CL, Doevendans PA, Goumans MJ. Im-
paired recruitment of HHT-1 mononuclear cells to the ischemic heart is due to an 
altered CXCR4/CD26 balance.  

 Submitted. 

18.   Winter EM, Hogers B, Lie-Venema H, Swildens J, Nauerth A, van der Graaf LM, 
Dorjee AL, Bax NAM, Salvatori D, Smits AM, Klautz RJM, van der Weerd L, de Vries 
AAT, Doevendans PA, Poelmann RE, Gittenberger-de Groot AC. The potential of 
epicardium in the infarcted heart.  

 Submitted. 

* both authors contributed equally

proefschrift Anke.indd   179 15-07-2009   12:00:55



180

CURRICULUM VITAE

Anke Smits was born on November 17th, 1980 in Geleen. She graduated from second-
ary school (Jeanne d’Arc College, Maastricht) in 1998. In that same year she moved 
to Utrecht to study Medical Biology at the University of Utrecht. During this period she 
became interested in the role of stem cells in tissue repair. She performed her first 
internship at the department of Vascular Medicine, analyzing the role of bone-marrow 
derived cells in kidney disease. However, as a second internship she chose to study a 
very different subject. For six months, she investigated the viral fitness of HIV variants 
at the Eijkman Winkler Institute. In October 2003 she obtained her Master’s degree in 
Biomedical Sciences. 
After graduation, Anke started her PhD at the department of Cardiology at the UMC in 
Utrecht, under supervision of dr. Marie-José Goumans and prof. Pieter Doevendans. The 
results of her research are described in this thesis. In March 2008, she moved together 
with Marie-José to the department of Molecular Cell Biology at the LUMC in Leiden, 
where they integrated in the group of prof. Peter ten Dijke. Since July 2009, Anke is 
working as a post-doc at the department of Molecular Cell Biology at the LUMC.

proefschrift Anke.indd   180 15-07-2009   12:00:55


