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r Worldwide heart failure is a widespread disease in the aging population1. Successful innovations 

in revascularization techniques lead to enhanced survival of patients suffering acute myocardial 
infarction (MI). However, upon MI there is a shortage of oxygen and nutrients leading to cell 
death. Contracting cardiomyocytes, vascular smooth muscle and endothelial cells are lost, 
leading to scar formation, ventricular remodeling and eventually heart failure2. In order to 
prevent or possibly treat heart failure, (stem) cell transplantation has been proposed as a 
therapy to limit damage in the acute phase, and replace death cardiomyocytes, via direct 
differentiation to contractile cardiomyocytes or new vasculature3. Although the first 
experiments were promising and small improvements could be observed4-6, there is an urgent 
need for optimization and improvement. For instance, the ideal cell type is a matter of debate. 
Additionally, the optimal delivery method and the true mode of cell action are currently widely 
investigated to improve cardiac cell therapy. 

The ultimate goals of cell transplantation therapy in the chronic phase are myocardial 
regeneration and enhanced neovascularization7. Recent studies in animal models of MI have 
demonstrated that various subsets of adult primitive cells can regenerate functional 
cardiomyocytes with improvement in cardiac structure and function8. Pre-clinical and clinical 
trials using adult bone marrow derived stem cell therapy in patients with MI and ischemic 
cardiomyopathy have recapitulated these beneficial effects in large animal models and humans, 
leading to infarct size reduction and improvement of cardiac function3-6. From clinical trials an 
overall improvement of approximately 4% was found in left ventricular ejection fraction4-6. 
Recently, the existence of cardiac stem cells (CSC) that reside in the heart itself was 
demonstrated9. These cells are capable of differentiation into both cardiomyocytes and vascular 
cells, leading to functional improvement in animal models of heart failure. Their discovery has 
sparked intense hope for myocardial regeneration with cells that are obtained from the heart 
itself and are thereby inherently programmed to reconstitute cardiac tissue. However, besides 
direct differentiation to the cardiac lineage, transplanted cells might activate resident 
(progenitor) cells to participate in cardiac repair10-13. More evidence from recent years 
demonstrated a role for paracrine effects in cell transplantation therapy14-17. In this chapter, 
the current views regarding the feasibility of cardiac repair will be discussed, and focus on the 
potential role of the resident cardiac stem and progenitor cells and their paracrine factors.

STEm CEllS fOR CARdIAC REPAIR

The first experimental evidence for cardiac repair was provided by a unique observation by 
Quaini and colleagues18. In their research a male patient received a heart from a female donor 
and it showed that primitive cells translocate from the recipient to the graft. The Y chromosome 
was used to detect migrated undifferentiated cells expressing stem-cell antigens (Sca-1, c-kit, 
MDR1), and to discriminate between primitive cells derived from the recipient and those 
derived from the donor. Y-chromosome positive myocytes made up 7 to 10% of those in the 
donor hearts and were highly proliferative. These results showed a high level of cardiac 
chimerism caused by the migration of primitive cells from the recipient to the grafted heart. 
Analysis of post-transplant organs in recipients of sex-mismatched heart transplantations 
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coronary arterioles, capillaries and possible differentiation or fusion to cardiomyocytes18. Based 
on these results, stem cell therapy has been proposed as a strategy to repair the broken heart. 
Important features of stem cells include self-renewal, clonogenicity, and potential for 
differentiation into multiple cell lineages. So far, many different types of stem cells have been 
described as a possible source for therapy (table 1). For cardiac cell therapy, they can be divided 
in three groups; pluripotent stem cells, bone marrow derived stem cells, tissue specific stem 
cells. 

Pluripotent stem cells
Embryonic stem cells (ESC) are in theory an ideal candidate, since they are pluripotent and 
can differentiate into all cell lineages needed to repair the heart, including endothelial cells 
and spontaneously beating cardiomyocytes19. However, there are legal and ethical obstacles 
for potential clinical application of ESCs. Despite the regenerative potential in small and large 

Table 1 Cells of different origin for cardiac transplantation therapy with their differentiation markers and 
differentiation potential

Ability to differentiate into 
true cardiomyocytes

Cell type Markers of differentiation In vitro In vivo

Pluripotent stem cells

Embryonic Stem Cells connexin 43, myosin, α-sarcomeric 
actin

Yes Yes

Very Small Embryonic-like Cells troponin-T,  α-sarcomeric actin Yes Yes

Induced Pluripotent Stem Cells myosin light chain-2v, α-myosin heavy 
chain, atrial natriuric peptide and 
α-sarcomeric actinin

Yes Yes

Bone Marrow Stem Cells

Mesenchymal Stem Cells vimentin, troponin-I, actinin, myosin 
heavy chain, desmin, connexin-43

Yes/No Yes/No

Side-population Cells sarcomeric actinin No Yes

Multi-potent Adult Progenitor Cells desmin, α-actinin, and SK-myosin Yes Yes/No

Endothelial Progenitor Cells desmin, troponin-T, connexion-43 Yes Yes/No

Cardiac Stem Cells

Sca-1 troponin-I, α-sarcomeric actin, cardiac 
myosin, myosin heavy chain, desmin, 
connexion 43

Yes Yes

C-kit Α-sarcomeric actin, cardiac myosin, 
desmin, connexion 43

Yes Yes

Islet-1 troponin-T, α-cardiac actinin N.D. N.D.

Side Population Cells troponin-I, α-cardiac actinin Yes Yes

Cardiospheres &
Cardiosphere Derived Cells

troponin-I, α-myosin heavy chain Yes Yes
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of teratoma formation23. Other cells types described to be pluripotent, are so-called induced 
pluripotent stem cells (iPS)24,25, which originate from dedifferentiated fibroblasts. Fibroblasts 
dedifferentiate into iPS after transfection with transcription factors associated with pluripotency 
(Oct3/4, Nanog, Sox2, LIN28, Klf4 and c-Myc). The Nobel Prize committee acknowledged the 
importance of this discovery that adult cells can be reprogrammed to become pluripotent, and 
the inventors of this approach, Sir John B. Gurdon, and Shinya Yamanaka, were awarded the 
Nobel Prize in Physiology or Medicine in 2012. An advantage of this approach is the use of 
autologous cells for cell therapy, thereby obviating immunosuppressive strategies. Induced 
pluripotent stem cells can be differentiated into cardiomyocytes with small molecules and 
growth factors. This technique advanced rapidly and lead to direct reprogramming of (cardiac) 
fibroblast toward cardiac myocytes26,27. Lastly, very small embryonic – like cells (VSEL), isolated 
from the bone marrow and expressing genes of pluripotency, are described to form 
cardiomyocytes and capillaries in vivo28,29.

Bone marrow derived stem cells
Bone marrow derived stem cells (BMSC) were initially thought to repopulate the bone marrow 
and give rise to hematopoietic cells, but these cells were also described to have a role in 
repairing the myocardium after damage.  BMSCs can be mobilized from the bone marrow and 
home to the myocardium upon release of several signals, like stem cell derived factor-1 (SDF-1) 
and vascular endothelial growth factor (VEGF)30, as the myocardium releases these and other 
cytokines upon injury30-32. From bone marrow, different types of non hematopoietic stem cells 
can be isolated, namely the above mentioned pluripotent VSELs29, mesenchymal stem cells 
(MSCs)33,34, Side Population cells (SP)35, multipotent adult progenitor cells (MAPC)36, and 
endothelial progenitor cells (EPC)37. MSCs are described to be able to differentiate into myocytes 
based on the expression of several cardiomyocyte markers, although true differentiation in 
vitro and in vivo is not established38,39. As for the cardiac differentiation of c-kit positive and 
lineage negative SP hematopoietic stem cells, mixed results are published40,41. Furthermore, 
MAPCs have also been isolated from the bone marrow, with the ability to differentiate in a 
cardiomyogenic lineage in vitro42 but not in vivo. Lastly, EPCs are present in the bone marrow 
and circulate in peripheral blood. Although it is questioned whether these cells can differentiate 
into cardiomyocytes, they are able to form vascular networks and improve perfusion37,43,44.

Tissue-specific stem cells
From many types of tissue, if not all, different stem-, or progenitor cells can be isolated. For 
example, MSCs can be isolated from adipose tissue. These MSCs have similar capacity as bone 
marrow derived MSCs to differentiate into several cell lineages, including cardiomyocytes and 
vascular endothelium, although only on a biochemical level45-47.  Additionally SP cells can be 
isolated from different tissue based on the ability to efflux Hoechst48. The group of Péault 
hypothesized that within all tissues there is one common feature, vascularisation, and therefore 
they searched for a common progenitor cell. They have described the so-called pericytes, 
selected on CD146, NG2, and PDGF-Rβ expression and absence of hematopoietic, endothelial, 
and myogenic cell markers49,50. These pericytes are able to express specific cardiomyocyte 
proteins; such as desmin, troponin, vimentin and smooth muscle actin. 
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The heart has been classically considered a post-mitotic organ. However, it has been suggested 
that a responsive stem cell pool resides in the adult myocardium, and may influence adaptation 
of the post-natal heart51,52. Recent studies have shown evidence for actual regeneration by 
differentiation of cardiac derived stem cells into cardiomyocytes53-55. Although myocardial 
infarcts do not regenerate spontaneously, the endogenous repair mechanisms that are present 
in the heart can be manipulated. Recently, adult CSCs were discovered. These cells reside in 
the heart itself and are inherently programmed to reconstitute cardiac tissue. Indeed, resident 
CSCs have the ability to proliferate and differentiate into cardiomyocytes, smooth muscle cells, 
and endothelial cells56. It is suggested that CSCs account for physiological turnover in absence 
of injury. Thus, they have the potential to regenerate the infarcted heart. For stem cell therapy, 
these cells need to be harvested, cultured and delivered to the infarcted heart. CSCs represent 
a logical source to exploit in cardiac regeneration therapy because, unlike other adult stem 
cells, they are intrinsically programmed to generate cardiac tissue and to increase cardiac tissue 
viability18,51,52. Cardiac stem cells and progenitor cells are undifferentiated cells, some of which 
express transcription factors for early myocyte lineage (e.g. Nkx2.5, GATA-4 and MEF2C). Many 
different types of cardiac progenitor cells or CSCs have been isolated from the heart; Sca-1+, 
c-kit+, Islet-1+, SP, and cardiospheres (see table 1). CSCs are lineage negative and also negative 
for hematopoietic markers as CD34 and CD45.  Stem cell antigen-1 positive (Sca-1+) CSCs have 
initially been described in mice by Schneider et al.57. Goumans et al. have isolated their human 
counterpart, cardiomyocyte progenitor cells (CMPCs)55, based on Sca-1+ selectivity. Both groups 
demonstrated differentiation into cardiomyocytes upon stimulation with 5-azacytidine and 
were able to form vascular structures when stimulated in a different environment53,58. Sca-1+ 
cells within the myocardium are small interstitial cells and CD31+, located adjacent to the basal 
lamina. They can express stem cell factor receptor c-kit, but do not express blood lineage 
markers, Flt-1, Flk-1, vascular endothelial cadherin, von Willebrand Factor and hematopoietic 
stem cell markers CD45 and CD34. Telomerase activity is observed suggesting self-renewal 
capacity. 
Beltrami et al. identified a c-kit+, lin- population in the heart of which a small part expressed 
myogenic markers, indicating their commitment to the cardiomyocyte lineage9. The tyrosine 
kinase receptor c-kit is the receptor for stem cell factor and is important for proliferation, 
migration, differentiation and secretion. These cells could differentiate in three main lineages 
of the myocardium, i.e. cardiomyocytes, smooth muscle cells, and endothelial cells. 
From the heart SP cells can be isolated based on the expression of the ATP binding cassette 
transporter, Abcg2, by the efflux of Hoechst 3334248. These cells express transcription factors, 
which are involved in cell cycling, indicating that cardiac SP could have a self-renewal capacity. 
Moreover, they have the ability to differentiate into cardiomyocytes, based on troponin I, 
α-myosin heavy chain expression59,60. 
In 2004 another cell population was isolated from cardiac tissue which has the properties of 
cardiac stem cells61. These self-adherent clusters of undifferentiated cells were termed 
cardiospheres. Messina et al. demonstrated that human cardiospheres were clonogenic and 
express different stem cell markers and endothelial progenitor cell markers (e.g. Sca-1, c-kit, 
flk-1 and CD31). These cells can start beating upon co-culturing with cardiomyocytes, but can 
also differentiate into vascular cells62. In the hearts of newborn rodents and humans, CSCs are 
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transcription factor islet-163. They also express transcription factors that are known to be 
involved in the early stage of cardiogenesis (Nkx2.5 and GATA-4). These cells are able to express 
cardiomyogenic genes and display contraction upon co-culturing with cardiomyocytes. 
The origin of these different cardiac stem or progenitor cells is not known, but it is questionable 
that the cells represent complete different types of progenitors and might represent different 
stages of development instead64. Understanding the origin and the roles of these “different” 
cardiac stem and progenitor cells can lead to optimization of cardiac regenerative therapy. 

CEll THERAPy 

With the discovery of stem cells and progenitor cells, many in vivo animal studies4, and clinical 
trials5,6,65,66 have been initiated, which focus on improving cardiac function by injecting different 
cell populations. These studies focussed on in vivo differentiation towards cardiomyocytes and 
cardiac supporting tissue, such as vascular endothelial cells and smooth muscle cells. 

Evidence for cell differentiation
In 2007, Tomescot et al. showed that human ESC derived cardiomyocytes can survive upon 
transplantation. When injected 15 days post infarction,  cells can be observed in the infarcted 
hearts up to two months19. Cells were pre-differentiated towards myocytes via bone 
morphogenic protein-2 (BMP2) and an inhibitor for fibroblast growth factor receptor (SU5402). 
Unfortunately, these engrafted and differentiated cells had shorter sarcomeric lengths compared 
to rat cardiomyocytes and displayed no gap junctions or connexin-43 expression. Gap junctions 
can propagate electrical signals and conduct contraction and are essential for incorporation 
of the engrafted cells. Interestingly, van Laake et al. demonstrated that human ESC derived 
cardiomyocytes injected in infarcted mouse hearts (SCID-model) were incorporated after 13 
weeks, in the presence of gap junctions, in the myocardium67.
Induced pluripotent stem cells have been able to differentiate into cardiomyocytes, as the 
displayed sarcomeric organization and had the ability to form contracting embryonic bodies26. 
Ten weeks after transplantation of human iPS cells pre-differentiated toward cardiac progenitor 
cells in a rat model of myocardial infarction, cells expressed troponin I and cardiac actinin and 
contributed to improved cardiac function compared to control treated hearts27. Reprogramming 
of cells to dedifferentiated iPS has inspired researchers to direct reprogramming of (cardiac) 
fibroblast into cardiomyocytes68. More recently this technique advanced to in vivo 
reprogramming of cardiac fibroblasts to cardiomyocytes like cells. Induced cardiomyocytes 
became binucleate, assembled sarcomeres and had cardiomyocyte-like gene expression. This 
led to improved cardiac function after myocardial infarction69.

Orlic et al. reported that injected BMSCs after myocardial infarction resulted in cardiac 
regeneration up to 68%11. BMSCs were capable to form new cardiomyocytes, smooth muscle 
cells and endothelial cells, thereby expressing cardiac specific transcription factors and proteins, 
including myosin light chain, troponin T and connexin-43. In later studies opposite results were 
reported in which BMSCs could not differentiate to cardiomyocytes in vitro and in vivo70.
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infarction and engrafted successfully at nine days. These MSCs started to express sarcomeric 
heavy chain protein, and organized contractile proteins and connexin-4371. Others have also 
demonstrated MSC differentiation towards a myogenic phenotype in vivo by the expression of 
myogenic markers, like troponin-T, MEF2c, Nkx2.5, MYL2A and MYHCB. Differentiation of MSCs 
towards cardiac cells was enhanced via pre-treatment with specific growth factors72 or 
hypoxia73. Dog MSCs were cultured in the presence of FGF, IGF-1 and BMP-2 to push them into 
a cardiac lineage. They showed expression of early muscle and cardiac markers, such as desmin, 
anti-myocyte enhancer factor-2 and Nkx2.5. Four weeks after transplantation animals displayed 
improved morphology and function of the infarcted hearts, including troponin I and cardiac 
myosin colocalization with engrafted MSC72. Uemura et al. injected hypoxia stimulated BMSCs 
in the infarcted myocardium and found improved survival of BMSCs and more residing 
cardiomyocytes as compared to normoxia cultured MSCs73. After four weeks, hypoxic BMSCs 
treated animals displayed improved cardiac morphology and function over normoxia BMSCs 
and controls. In vitro, they demonstrated that survival genes, such as Akt and eNOS, were 
upregulated in hypoxic BMSCs, suggesting improved engraftment. True cardiomyocyte 
differentiation of MSCs is a matter of debate39,74. Biochemical differentiation can be observed 
for differentiated MSCs suggesting plasticity towards the cardiac lineage, however Rose et al. 
demonstrated that the stromal phenotype of differentiated adult MSCs is retained by the 
expression of MSC-markers and a nonexcitable phenotype39. Atsma et al. suggested that 
differentiation is age-related, in which only young MSCs can truly differentiate to all three 
cardiac lineages75.  

Injection of human CDCs demonstrated superior engraftment and cardiac function compared 
to human bone marrow mononuclear cells and MSCs (derived from BM and adipose tissue). 
In transplanted CDCs sarcomeric actin was co-localized with human nuclear antigen, suggesting 
differentiation of human CDCs towards cardiomyocytes76. In addition to CDCs, transplantation 
of other CSCs also led to improved cardiac function compared to vehicle control animals9,56,62,76-80. 
After the injection of c-kit+ eGFP+ CSCs in infarcted rat hearts, eGFP+ cardiomyocytes could be 
observed. Furthermore, these cells were capable to differentiate towards endothelial and 
smooth muscle cells and transplantation resulted in a decreased infarct size after 35 days56. 
Injection of human c-kit+ CSCs in infarcted myocardium in immune-deficient mice and immune 
suppressed rats led to the formation of a chimeric heart77. Human Sca-1+ CMPCs led to improved 
cardiac function and smaller infarct size. However, only 3-4% of the human injected cells could 
be detected three months after injections, which successfully differentiated towards 
cardiomyocytes based on the expression of Troponin I and cardiac actin. Moreover CD31+ and 
SMA+ cells of human origin were also detected, demonstrating differentiation of CMPC towards 
all cardiac lineages in vivo79,80

The overall improvements in cardiac function led to the initiation of many clinical trials. 
Previously, BM cells were often used in pre-clinical and clinical trials. Meta-analyses 
demonstrated an overall improvement in left ventricular ejection fraction of 7.5 % and 4% in 
pre-clinical and clinical trials, respectively. New clinical trials also focus on the application of 
CSCs. Phase-I trials (CADUCEUS and SCIPIO), using CDCs and c-kit+ CSCs respectively, have been 
initiated recently and first results indicate that both cell types are very promising, alleviating 
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patient number.

Evidence for paracrine effects
The observed beneficial effects on morphology and cardiac performance, described above, 
cannot solely be explained by differentiation, since only a low number of surviving cells could 
be observed. Myocardial infarction generally leads to a loss of 2 x 109 myocytes in a medium 
sized infarct. Typically, only 1 x 106 to 10 x 106 cells are used in cell transplantation. Due to 
inefficient delivery techniques only 10 - 11% of the cells are detected shortly after delivery83. 
By additional cell death and migration of cells to other tissues only a small number of cells, 
approximately 3%, can be detected in the infarcted myocardium after three months79. Of this 
fraction only a small portion, if any, can actually differentiate into cardiomyocytes as if we are 
looking for needle in a haystack. Despite this small number, stem cell injection can lead to a 
reduction in infarct size up to 29% and reach a 10% increase in ejection fraction in animal 
experiments. There is so much room for improvement in ways of enhancing cell retention, 
survival and differentiation and their suggested mode of action. The reported results suggest 
that not only the cells themselves, but maybe also the factors they produce (i.e. paracrine 
effects) are of importance in improving survival and functioning of both transplanted and 
endogenous cells7,16,76,84.  There is more to cell transplantation therapy than direct differentiation 
(Figure 1); the observed effects so far are the tip of the iceberg. There is room for improvement 
by exploring their mode of action and optimizing cell therapy.

stem cell therapy

cardio-myogenesis

engraftment of cells

proliferation & 
differentiation

angiogenesis

formation of 
cardiomyocytes

formation of
endothelial cells and 
smooth muscle cells

cardiac repair

recruitment,  proliferation
differentiation & survival

activation of endogenous 
(stem) cells

immune modulation

reduce inflammation

reduction infarct size

improved cardiac function

production paracrine factors

Figure 1

Figure 1 Effects of stem cell therapy. Initially stem cell therapy aimed at engraftment and functional differentia-
tion to functional cardiomyocytes and vessel formation. However, increasing amount of data suggest 
that endogenous cells are activated by stem cell therapy via juxtacrine and paracrine activation
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functional changes. The potential of stimulating endogenous progenitor cells was demonstrated 
in end-stage human heart failure, in which the number of resident CSCs increased, as suggested 
by an increased mitotic index85. Furthermore, cell transplantation enhanced initiation of 
differentiation into myocyte, smooth muscle, and endothelial cell lineages was observed.  Thus, 
the release of paracrine factors by transplanted stem cells (in a hostile environment) might 
trigger or activate resident cells and this could activate an anti-apoptosis/survival pathway or 
induce homing, proliferation and differentiation of resident progenitor cells14. Additionally, 
due to these paracrine factors, stem cells could be mobilized from the bone marrow into the 
circulation and subsequently home to the site of injury, i.e. the heart. 
As well established, the heart releases chemo-attractant cytokines activating the mobilization 
of BMSCs upon myocardial infarction. Interestingly, Haider et al. injected MSCs that over express 
IGF-1, which led to an increased SDF-1 release and subsequently increased mobilization of 
circulating cells86. Moreover, survival of the injected MSCs was increased and a further reduction 
in infarct size was observed as compared with normal transplanted MSCs. This enhanced 
release of growth factors by transplanted cells can indeed lead to the improved survival of 
transplanted, but also of residing cardiomyocytes, as was demonstrated by transplantation of 
hypoxia stimulated BMSCs73. 
When Akt transduced MSCs were injected in infarcted rat myocardium, Mangi et. al. observed 
increased numbers of MSCs and decreased rates of apoptosis in the myocardium. MSCs 
transduced with Akt-1 restored the myocardial volume four times better when compared to 
LacZ transduced MSCs87. Other than survival and differentiation, paracrine factors are likely 
to stimulate angiogenesis and thereby induce cytoprotection84,87 and possible regeneration.
In addition to cardiac injury and the injection of growth factors, more endogenous progenitors, 
cardiomyocytes and capillaries are detected following transplantation of CDCs and C-kit positive 
cells16,17. This truly suggests a role for paracrine factors released by transplanted cells in cardiac 
regeneration therapy.
Currently, the application of paracrine factors released by stem cells but without the use of 
these cells directly is considered. In 2008, Timmers et al. used conditioned medium from 
cultured MSC to inject intravenously and intracoronary in a porcine ischemic/reperfusion 
injury model15. They observed a 60% reduction in infarct size and improved cardiac 
performance. Similarly, conditioned medium from ESCs and Sca-1+ CSCs also led to 
cardioprotection84,88. 

SDF-1 is a dominant growth factor released by these cells and identified to play a role in 
cytoprotection via STAT-3 activation. Identification of the key paracrine factors involved in the 
above mentioned studies, could realize protein-based therapies to improve cardiac function 
by injection of these factors as a primary treatment or to enhance stem cell therapy89. This 
could promote differentiation of stem cells into cardiomyocytes and other structures, but it 
will also promote the activation of endogenous cells, initiating and enhancing anti-apoptosis 
pathways, angiogenesis and thereby regeneration of the injured heart90. In addition to growth 
factors, cytokines and other soluble factors, cells can release different types of extracellular 
microvesicles91,92. The conditioned medium from ES-MSC was fractionated to identify the active 
cytoprotective component. Exosomes were determined to be involved93. 
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The potential effect of cell therapy exerted by paracrine effects is mediated by all what is 
secreted by the cells. In vitro this is easily collected by analyzing the secretion into the cell 
culture medium. In addition to cytokines, chemokines, and growth factors, many cells, if not 
all, secrete extracellular microvesicles. These vesicles range in size from only 30 nm to at least 
1 um and they are secreted via different pathways, ranging from membrane shedding or actively 
secreted from multivesicle bodies (MVB) as exosomes (Figure 2). Exosomes are formed via the 
endosomal pathway in which a late endosome, via inward budding of the endosomal membrane, 
converts into a MVB containing intra luminal vesicles (ILV). The MVB can fuse to the cell 
membrane, thereby releasing the ILVs then termed exosomes94 (Figure 2). Exosomes are 30 
– 100 nm in size and have a specific density between 1.10 and 1.17 g/ml. Exosomes are 
relatively new entities in cellular communication, and since they can transfer their genetic 
content to target cells95,96, this poses new possibilities for exosomes as a therapeutic strategy. 
Additionally, exosomes are released under pathological conditions and in disease states. The 
release of exosomes under these circumstances poses a role for these exosomes as biomarkers 
and possible targets for therapeutic intervention91,93,97. 

In this chapter, many different cell types and their mode of action in cellular therapy were 
discussed, including their advantages and disadvantages. This thesis comprises three parts: a 
comparison of delivery techniques strategies in part 1, the role of progenitor cell released 
exosomes in part 2, and the existence of extracellular microvesicles release upon cardiac injury 
in part 3. In chapter 2, the comparison of different cell delivery techniques will be studied, 

exosomes

membrane shedding vesicles
(ectosomes and microparticles)

endosome

late endosomes
MVB

ILV

Figure 2 Cells produce different types of vesicles. Microparticles and ectosomes result from membrane shed-
ding and exosomes are produced via the endosomal pathway, by which inward budding of the mem-
brane of late endosomes results in a multivesicular body (MVB) filled with intraluminal vesicles (ILVs). 
Fusion of the MVB with the plasma membrane lead to the release of ILVs, now termed exosomes, into 
the extracellular space.
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dysfunction. Due to the formulated “paracrine hypothesis” part 2 and 3 are focused on the role 
of extracellular membrane vesicles, including exosomes in cardiac injury and repair. 
Angiogenesis is a very important process in cardiac repair because the formation of capillaries 
to improve vascularization is essential for regeneration of the infarcted myocardium. We 
therefore studied the migration of endothelial cells and the angiogenic stimulating capacity of 
CMPC and MSC derived exosomes, both in vitro (chapter 3) as well as in vivo (chapter 4). In 
addition to angiogenesis, other functional paracrine effects could be affected after myocardial 
injury upon cell transplantation therapy, including the modulation of immune responses. For 
this, the role of CMPCs and MSCs and their exosomes on the suppression of PBMCs and activated 
T-cell proliferation was studied in vitro (chapter 5). The efficacy of cell therapy can potentially 
be improved by manipulation of the cellular contents by overexpression of proteins and 
microRNAs. In chapter 6, the effects of forced miR-1 expression in CMPCs and their exosomes 
have been studied. In the third part, chapter 7, the release of extracellular membrane vesicles, 
including exosomes/exosome-like vesicles upon cardiac injury is studied, in which the number 
of vesicles released after ischemia reperfusion injury and their possible role in endothelial cell 
activation is determined. In chapter 8, all results are summarized and discussed, including a 
view on future directions.
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Transendocardial cell injection is not superior to  
intracoronary infusion in a porcine model of ischemic 
cardiomyopathy: A study on delivery efficiency
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ABSTRACT 

Introduction 
Stem cell therapy is a new strategy for chronic ischemic heart disease in patients. However, no 
consensus exists on the most optimal delivery strategy. This randomized study was designed 
to assess cell delivery efficiency of three clinical relevant strategies: intracoronary (IC) and 
transendocardial (TE) using electromechanical mapping guidance (NOGA) compared to surgical 
delivery in a chronic pig model of ischemic cardiomyopathy. 

Methods 
Twenty-four animals underwent delivery of 107 autologous Indium-oxine labeled bone marrow-
derived mesenchymal stem cells (MSC) four weeks after infarction and were randomized to 
one of three groups (n = 8 each group): IC, TE or surgical delivery (reference group). Primary 
endpoint was defined as percentage (%) of injected dose per organ and assessed by in vivo 
gamma-emission counting. In addition, troponin and coronary flow were assessed before and 
after MSC injection.

Results
Blinded endpoint analysis showed no significant difference in efficiency after surgical (16 ± 
4%), IC (11 ± 1%) and TE (11 ± 3%) (p-value = 0.52) injections. IC showed less variability in 
efficiency compared with TE and surgical injection. Overall, TE injection showed less 
distribution of MSC to visceral organs compared with other modalities. Troponin rise and 
intracoronary flow did not differ between the percutaneous groups.

Conclusion
This randomized study showed no significant difference in cell delivery efficiency to the 
myocardium in a clinically relevant ischemic large animal model between IC and TE delivery. 
In addition, no differences in safety profile were observed. These results are important in view 
of the choice of percutaneous cell delivery modality in future clinical stem cell trials.

25

2013140 proefschrift Krijn Vrijsen.indd   25 21-03-13   13:20



Part one   Cell delivery teChniques  |  Chapter 2

2

ch
ap

te
r

26

INTROduCTION

After myocardial infarction (MI), chronically ischemic myocardium may result in variable 
degrees of scar tissue. Endogenous repair mechanisms are insufficient to prevent cardiac 
remodeling to occur, consequently infarct-related heart failure remains a major cause of 
morbidity and mortality1. Cell therapy emerged as an innovative and attractive therapeutic 
approach for patients with chronic myocardial ischemia. The ultimate goal of this treatment 
is to support and enhance the endogenous repair mechanisms by replacing dysfunctional 
cardiomyocytes and inducing angiogenesis.
A modest beneficial effect was observed in clinical and pre-clinical studies2,3. One of the critical 
issues for the limited success of stem cell based therapy for myocardial repair is an efficient 
method for cell delivery4. Currently, two percutaneous approaches (e.g. intracoronary (IC) and 
transendocardial (TE) delivery) have been applied for treatment with different cell populations 
in patients with chronic ischemia5-8. However, a direct randomized comparison between IC and 
TE using the NOGA system with blinded endpoint analysis in a chronic MI model has not been 
performed. Surgical injection is considered as a reference strategy, because direct visualization 
of the area of interest, and direct monitoring of the injection is possible. A (pre-) clinically 
applicable method for accurate quantification of cell retention is direct cell radiolabeling by 
Indium-111 oxine (111In). This allows determination of cell transplantation efficiency, and 
thereby enables optimization of cell delivery. Therefore, our primary objective was to determine 
the most efficacious cell delivery technique in a randomized comparison between these 
clinically available transplantation modalities in a chronic ischemic large animal model. 

 mATERIAlS ANd mETHOdS

Animal experiments

Animals
Twenty-four female Dutch Landrace pigs (± 70 kg) received humane care in compliance with 
the “Guide for the Care and Use of Laboratory Animals,” published by the National Institutes of 
Health (National Institutes of Health publication 85-23, revised 1985). The study protocol was 
approved by the Animal Experimentation Committee of the University of Utrecht.

Anesthesia and euthanasia 
Animals were anesthetized in the supine position and intubated with an endotracheal tube. 
The animals were mechanically ventilated with the use of a positive-pressure ventilator with 
a mix of oxygen and air (FiO2 0.5). General anesthesia/analgesia was maintained with 
midazolam (0.7 mg/kg/h), sufentanyl citrate (2 μg/kg/h) and pancuronium bromid (0.1 mg/
kg/h). Metoprolol was administered intravenously (5 mg) to reduce the mechanical stress of 
the heart. The day before operation 160 mg acetylic salicylic acid and a bolus of 75 mg 
clopidogrel was administered. During surgery, animals were anti-coagulated with heparin 
(ACT > 250s). At the end of the experiment the animals were euthanized by pentobarbital 
overdose.
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Myocardial infarction procedure
During the entire procedure, electrocardiogram, arterial pressure and capnogram were 
continuously monitored. MI was created by temporary proximal ligation of the left circumflex 
artery (LCX) for 75 minutes as previously described9. To prevent ventricular arrhythmias, 300 
mg amiodarone was given intravenously. 

Randomized comparison on delivery efficiency
In 24 healthy animals, MI was surgically induced after median sternotomy. Four weeks later 
the animals received autologous cell transplantation and were sacrificed after nuclear imaging 
(Figure 1). After surgery, animals were randomly assigned to one of three groups (n = 8 per 
group): IC delivery, TE delivery or surgical delivery (reference group). The randomization 
scheme was stored in a sealed envelope and retrieved after induction of MI by a person not 
involved in the study. After recovery, the animals received daily an oral dose of 50 mg metoprolol, 
400 mg amiodarone, 75 mg clopidogrel and 160 mg acetylic salicylic acid until termination to 
prevent thrombosis and arrhythmias. Primary blinded endpoint was defined as percentage 
(%) of injected dose per organ derived from whole-body images observed at four hours after 
injection. To evaluate myocardial damage of percutaneous interventions, blood samples (2.5 
ml) were collected after MI, before and six hours after the intervention for the measurement 
of plasma concentration of cTnI.

Cell culture and labeling
A total of 20-25 ml bone marrow was extracted from the sternum by a heparinized syringe 
before creating MI. Bone marrow derived mesenchymal stem cells (MSC) were isolated by 
Ficoll density gradient centrifugation. Autologous MSCs were isolated and cultured in M-199 
(Lonza, Verviers, Belgium) supplemented with 10% FBS, heparin and 1% penicillin/ 
streptomyocin. The cells were incubated at 37°C and medium was changed every three days. 
Cells were cultured in 75 cm2 flasks and passaged when they reached 80 – 90% confluence till 
passage 5 - 7. MSCs were frozen in 10% DMSO and 90% culture medium. MSCs were 

MI
BM extraction

111 In labeling

intracoronary

transendocardial

surgical

n = 7

n = 7

n = 7

echo
PV-loop

echo echo
PV-loop

angiography

echo
angiography

nuclear
histology

t = 4 hours after injectionbaseline t = 4 weeks after MI

Figure 1

Figure 1 Study design. Intracoronary infusion was performed by stop-flow technique and transendocardial injec-
tion by using electromechanical mapping guidance (NOGA). Surgical injection was used as a reference 
group in this randomized study. BM= Bone marrow; MI= myocardial infarction; 111In = Indium; PV-loop = 
pressure-volume loop.
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characterized as previously described10. Seven days prior to transplantation cells were thawed, 
plated in flasks and grown to confluency. At the day of cell delivery, before trypsinization, cells 
were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen, Carlsbad, 
CA, USA) according to manufactures protocol. 
Subsequently, MSCs (107) were labeled with 30 MBq 111In at 37°C for 20 minutes. After 
incubation, cells were washed three times with HANKS buffer (Invitrogen, Carlsbad, CA, USA) 
to remove unbound label. Radiolabel uptake efficiency was measured with a dose calibrator 
(Veenstra, Joure, the Netherlands). After labeling, cell viability was assessed via trypan-blue 
(Sigma-Aldrich, St. Louis, MO, USA) counting. Before injection, MSCs were resuspended in 2 or 
10 ml PBS, depending on the delivery technique.

Intracoronary delivery
Four weeks after MI an over-the-wire balloon (Boston Scientific Corp, Natick, MA, USA) of 
equivalent size to the proximal LCX artery was placed. The balloon was inflated at low pressure 
(2 atm) at the same location and 3.3 ml of cell suspension was infused over 30 to 45 seconds. 
The angioplasty balloon was deflated after three minutes. This procedure was repeated for 
three times and a total of 10 ml (107 cells) was infused. After the procedure, coronary 
angiography was performed to confirm vessel patency using the thrombolysis in myocardial 
infarction (TIMI) score11. Blinded image analysis was performed by an independent observer, 
who was not involved in the study protocol.

Transendocardial delivery
After placement of an 8-F sheath into the femoral artery, a three-dimensional electromechanical 
map of the left ventricle (LV) was obtained using the NOGA system (Biosense Webster, Cordis, 
Johnson & Johnson, USA) as described previously12,13. First, an electromechanical map was 
obtained by retrograde passage of the catheter through the aortic valve into the cavity of the 
LV. Next, ten TE injections of approximately 0.2 ml were slowly performed (30-40 seconds) 
using the MYOSTAR® injection catheter (Biosense Webster, Cordis, Johnson & Johnson, Diamond 
Bar, USA). Two injections were placed in the infarct zone and eight in the border zone. Injections 
were only given in areas with a unipolar voltage > 6mV12,13.

Surgical delivery
Lateral thoracotomy was performed and the pericardium was opened to expose the lateral 
surface. A 1 ml syringe with a 27 gauge needle was used to inject 107 labeled cells. In total, ten 
injections of 0.2 ml were performed across the lateral wall in the border and infarcted zone 
delineated by superficial stitches.  

Imaging and analysis
The anaesthetized pigs were positioned in supine position and scanned with a dual-head 
gamma camera (Forte, Philips, Best, the Netherlands) within four hours after injection to 
quantify in vivo MSC distribution. A whole-body scan was acquired using the following imaging 
parameters: medium-energy general-purpose collimator and 512 x 1024 projection matrix. 
After termination, whole organs (heart; lungs; liver; spleen; kidneys; bladder including urinary 
catheter) and catheter systems were scanned ex vivo as static anterior and posterior images 
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for five minutes with the following parameters: medium-energy general-purpose collimator 
and 256 x 256 projection matrix. Two energy windows were acquired at 174 keV and 247 keV. 
The retained activity in syringes was measured by a dose calibrator (Veenstra, Joure, the 
Netherlands). After correction for half-life, background and attenuation reconstruction, regions 
of interest were placed over the major visceral organs and whole-body, using manufacturer’s 
software (Pegasys, Philips, Best, the Netherlands). Post-mortem segmental analysis of the LV 
was performed in a subset of animals by cutting the LV into five slices from base to apex. 

Echocardiography 
Chamber dimensions were obtained from transthoracic ultrasound images (5-MHz probe, IE-
33, Philips, Best, the Netherlands) in short-axis view at the mid-papillary level. All 
echocardiographic data were analyzed using the same protocol. The LV internal diameter (LVID) 
was measured in longitudinal length and the internal area (LVIA) was obtained without 
including the papillary muscles in end-systole and end-diastole. Fractional area shortening 
was calculated as ((LVIAED - LVIAES) / LVIAED) × 100. Echocardiographic data were collected 
after stabilization of the hemodynamics at baseline, MI and before MSC injection. A short 
echocardiogram was performed after cell injection to exclude a tamponade. Analysis was 
performed in a blinded fashion.

Pressure-Volume loop protocol
A 7-F conductance catheter was inserted via the left carotid artery into the LV and connected 
with a signal processor (Leycom CFL, CD-Leycom, Zoetermeer, the Netherlands). The catheter 
was placed retrogradely along the long axis of the LV. The correct position of the conductance 
catheter was verified by echocardiography or angiography and by inspection of the segmental 
conductance signals. The conductance signals were calibrated by thermodilution and hypertonic 
saline dilution14,15. For thermodilution cardiac output measurements and hypertonic saline 
infusion, a 7-F Swan-Ganz catheter was placed via the right jugular vein into the right pulmonary 
artery. Data were collected during steady-state conditions with the respirator systems turned 
off. From these signals, hemodynamic indices were derived. Data analysis and calculations 
were performed using custom-made software (CD Leycom, Zoetermeer, the Netherlands), as 
previously described16. Parameters of global systolic and diastolic function were calculated 
during steady-state conditions. Data were collected after stabilization of the hemodynamics at 
baseline and before MSC injection. 

Post-mortem examination
After euthanasia transverse slices of the heart were obtained. All major visceral organs were 
weighed. Heart samples were snap-frozen by liquid nitrogen. Before cutting sections of 7 μm 
samples were mounted in Tissue-Tek OCT. To detect autologous MSC in histology sections, cells 
were labeled with CFSE and nuclei were stained with Hoechst. Samples were analyzed by 
fluorescence microscopy. 

Statistical analysis
Values derived from echocardiography, nuclear imaging and cTnI were analyzed in a blinded 
fashion. Statistical comparison of data between three delivery groups was done using one-way 
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ANOVA with Bonferroni post-hoc correction or in case of two groups with an independent 
T-test. Cardiac TnI was compared to baseline using a paired sample T-test. Accuracy of in-vivo 
imaging was determined by a Pearson correlation and intraclass correlation coefficient (ICC). 
Data are presented as mean ± SE. P-values < 0.05 were considered statistically significant. 

 RESulTS

Procedural and safety data
In total 24 animals were included in the efficiency study. Three animals were excluded from 
the study due to cardiac tamponade evidenced by obduction (Surgical group; day 1 after MI), 
sudden death probably due to a fatal arrhythmia since signs of heart failure where absent (IC 
group; day 28 after MI) and mechanical dysfunction of the MYOSTAR® injection catheter (TE 
group). After TE injections, no cardiac tamponade was observed by echocardiography. After 
TE and IC infusion TIMI 3 flow of the LCX was established in all cases. In one animal (surgical 
group), pressure-volume loop measurements could not be performed due to instable catheter 
position. Four hours after MI induction, troponin levels increased to 27 ± 7 μg/l. Four weeks 
later, a slight increase in cTnI after cell injection was observed in both TE (n = 6) and IC (n = 
5) groups from 0.12 ± 0.1 μg/l to 2.70 ± 1.0 μg/l (p-value = 0.052) and from 0.14 ± 0.04 μg/l 
to 1.47 ± 0.8 μg/l (p-value = 0.389), respectively. However, no statistical difference between 
groups before and after injection was observed (p-value = 0.789 and p-value = 0.377),  
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Figure 2 Myocardial retention of autologous MSC at four hours after IC, TE and surgical delivery. 
No difference in myocardial retention between delivery techniques was detected (n = 7/
group; P = 0.52). Variation in efficiency was higher after TE and surgical transplantation 
(reference group) compared with IC infusion. IC = intracoronary; NS = not significant; TE 
= transendocardial. 
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respectively. No significant differences in hemodynamic and echocardiographic parameters 
between the delivery groups at baseline and four weeks after MI were observed indicating a 
correct randomization during the study (Table 1). Overall labeling uptake was 61 ± 2% and 
cell viability was 69 ± 3% before injection. No significant differences were found in cell 
characteristics (e.g. label uptake, viability, number of cells, labeling time and time from injection 
till scan) between the three delivery modalities.

No difference in delivery efficiency to the heart
Whole-body γ-scan revealed a trend towards higher retention of MSC after surgical delivery 
(16 ± 4%) compared with IC (11 ± 1%) and TE (11 ± 3%) but this difference was not statistical 
significant (p-value = 0.52). Variation in delivery efficiency was less in the IC group (Figure 2). 
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intracoronary transendocardial

nuclear histology nuclear
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Figure 3 Segmental analysis of the LV after percutaneous delivery. To visualize cell retention in the LV, the heart 
was cut into five slices from apex to base (histological images). Static anterior images were obtained 
from all slices within four hours after cell delivery. Note that after TE delivery cells were mainly retained 
in the midlateral wall whereas IC infusion showed a more scattered distribution of MSC in the pos-
terolateral wall. Representative histological and nuclear images were derived from the same animals 
for both groups. Black arrow = left anterior descending artery; IC = intracoronary; L = lateral wall; TE = 
transendocardial; White dotted lines = endocardial and epicardial border; S = septal wall; Black dotted 
line = area of interest;
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Qualitative analysis after TE delivery showed a higher local retention of cells at the mid-
papillary level in the targeted area compared with widespread distribution of cells in the 
infarcted area after IC infusion (Figure 3).

Variation in biodistribution of injected MSC between delivery modalities
High accumulation of 111In labeled cells in the lungs occurred in all injection groups (Figure 4). 
However, TE administration led to significant less retention of cells in the pulmonary tract 
compared with surgical delivery (p-value < 0.05). No trend in the lungs was seen for IC (p-value 
= 0.52). Low numbers of MSC were detected in the kidneys, liver and spleen. Significantly more 
labeled cells were distributed to the kidneys after TE injection compared with the other 
techniques (TE vs. IC p-value < 0.05; TE vs. surgical p-value < 0.001). A minimal amount of 
labeled MSC was located in the musculoskeletal system and none in the brain. For each delivery 
modality about 45% of radioactive cells accumulated in non-target organs. 
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Figure 4 Biodistribution of 111In labeled MSC to non-target organs. Distribution of 111In labeled MSC in various 
organs after IC, TE and surgical (reference) injection (n = 7/group). IC = intracoronary; TE = transendo-
cardial.
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Accuracy of in vivo imaging
Figure 5 displays a high correlation between whole-body radiation data and ex vivo 
measurements (R2 = 0.827). These data support the translational potential of whole-body 
γ-scan to guide cell therapy approaches from pre-clinical to clinical applications. To describe 
how strongly measurements resemble each other within the same group a reliability analysis 
was performed. The intraclass correlation coefficient (ICC) was above 0.79 in all cases, 
underlying a strong reliability within groups.

Histological analysis
Fluorescent microscopy confirmed the presence of CFSE labeled MSC in the heart, four hours 
after IC, TE and surgical injection (Figure 6). Clusters of cells were present within the infarcted 
area and border zone in the histological samples of TE and surgical injected animals, whereas 
after IC infusion MSCs were observed scattered throughout the targeted myocardium. Control 
samples taken from the remote area showed no CFSE labeled MSC (data not shown). 
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Figure 5 Correlation between in vivo and ex vivo gamma emission counts from major organs. Correlation be-
tween in vivo and ex vivo gamma emission counts from heart, lungs, liver, spleen and bladder including 
urine catheter. The R2 and the intraclass correlation coefficient (ICC) demonstrate a high agreement 
between quantitative whole-body imaging and post-mortem images.
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dISCuSSION

In this study, for the first time a randomized comparison with blinded end-point analysis 
between IC and TE using the NOGA system was performed and related to surgical injection 
(reference group). We used a porcine model of ischemic cardiomyopathy and used state-of-
the-art nuclear cell tracking to determine the most optimal stem cell delivery strategy in terms 
of delivery efficiency. The main novel findings are: (1) TE injection was not superior to IC in 
delivery efficiency; (2) Both techniques were safe, with no significant difference in myocardial 
damage and no mortality after cell injection. 
We observed a slightly higher efficiency (11%) in chronic ischemic myocardium at four hours 
after percutaneous cell delivery which is in contrast to previous studies17-20, that reported 
lower retention of transplanted cells (< 10%) in acute porcine MI models. The discrepancy 
between our observations and previous observations can be explained by the differences in 
study design, MI model, cell type, and delivery method. We performed an adequately powered 
randomized study for one time-point (four hours after injection) with blinded end-point 
analysis and standard medical care comparable with the clinical treatment of patients with 
chronic ischemic cardiomyopathy. MSC retention was assessed in a large animal model of 
ischemic cardiomyopathy (i.e. four weeks after MI) whereas others performed cell delivery 

Figure 6 Fluorescent microscopy images of labeled MSC in the heart.  Representative histological sections were 
stained with Hoechst for nuclei (blue). The green color indicates presence of CFSE labeled MSC after IC, 
TE or surgical delivery. Sections were derived from the same animals as shown in figure 3. Samples taken 
from remote area showed no CFSE labeled MSC (data not shown). Scale bar 100 µm, 200x magnification. 
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within seven days after acute MI. In addition, we used autologous MSC in contrast to allogeneic 
or human MSC thereby preventing an immunological response or ectopic tissue formation21-23. 
Until now, no study determined MSC retention via nuclear imaging in a ischemic 
cardiomyopathy model using the NOGA electronic mapping system which allows accurate 
injection by identifying the area of MI and border-zone without fluoroscopic guidance24. 
Previous studies on this topic used the Stiletto catheter (Boston Scientific Corporation, Natick, 
MA, USA) or performed surgical injection17,19.
It was anticipated by others that TE would yield better results than IC. Surprisingly, we could 
not observe a significant difference in efficiency between percutaneous delivery groups. 
Moreover, IC infusion clearly demonstrated less variation in efficiency compared to TE. A 
possible explanation for this finding could be that TE is relatively hampered by (1) the 
occurrence of premature ventricular arrhythmias as a result of the myocardial injection, or (2) 
the presence of the posterolateral papillary muscle leading to less stable catheter and needle 
position during TE delivery. IC is an easy method and relatively operator independent. Our 
segmental analysis by ex vivo γ-scan revealed site-specific retention of MSC after TE in the 
ischemic area compared with uniform distribution of cells after IC. These observations were 
also found in large acute MI models20 but until now not confirmed in an ischemic cardiomyopathy  
model. Our findings are also in line with a recent published rodent study showing superiority 
of IC in terms of uniformity of cell distribution but additionally also more myocyte regeneration 
and amount of viable tissue in the area at risk25. 
Common mentioned safety issues of cell delivery include (1) arrhythmias26 and death, (2) no 
reflow17 and myocardial damage due to cell plugging27, (3) cardiac tamponade28 and (4) cell 
distribution to non-target organs. We did not observe decreased coronary flow after IC or TE 
delivery during coronary angiogram. This may be due to the anti-coagulation protocol and 
lower injected cell number compared to other studies17,29. This study evaluated the effect of 
107 MSC and no dose-finding was performed. Regarding myocardial damage, we observed an 
increase in cTnI (< 10%) after percutaneous delivery. Echocardiographic images obtained after 
TE showed no signs of myocardial perforation. In agreement with other groups17,19 we noted 
a substantial redistribution of delivered MSC for all three techniques to non-targeted organs 
(about 45%). Cells were mainly retained in the lungs and to a lesser extent in the left-sided 
circulation indicating that most cells left the target area via the myocardial venous or lymphatic 
system. The possibility that less homing signals are present in chronic damaged myocardium 
and could lead to the higher redistribution remains to be elucidated. Although no acute adverse 
effects (e.g. respiratory failure) were observed due to extra-cardiac distribution, long-term 
side-effects cannot be ruled out yet, since the follow-up was four hours. 

Recommendations for future stem cell studies
Based on our results (e.g. delivery efficiency and safety data) and others3 the choice of 
delivery method could depend on medical indication and practical aspects, since TE and IC 
yield similar results. Since MSCs were injected through an open coronary artery, we suggest 
the use of IC for patients with a patent coronary artery and TE for severe and untreatable 
obstruction and/or severe stenosis of epicardial native vessels when using similar amount of 
cells. In this scenario, IC delivery cannot reach the regions of interest. This is important in view 
of (large scaled) clinical trials. Since the majority of the delivered cells were retained in non-
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target organs, organ toxicity should be evaluated in future (pre-) clinical studies. 
In our study, low efficiency (11%) to the heart was found using percutaneous delivery 
techniques. This finding should trigger researchers to develop new catheters or strategies (e.g. 
microtissues, image fusion or molecular approaches) to improve targeted cell retention. 

 Limitations
The design of our study did not include a functional evaluation of the different cell distribution, 
as the goal was to determine the most optimal delivery strategy by evaluating short term MSC 
retention. In a pre-clinical meta-analysis (52 studies; 900 animals) we have previously shown 
that improvements in ejection fraction (EF) after cell therapy were observed3. Interestingly, no 
differences in EF between IC, TE and surgical injection could be noticed. In addition, multivariate 
analysis showed that the method of delivery was a non-significant predictor of EF improvement3.
To date, numerous human and pre-clinical trials have already been conducted in order to 
assess the efficacy and safety aspects of cardiac stem cell therapy. Obviously, differences exist 
between large animal models and clinical practice. Healthy young large animals differ from 
older patients with long standing coronary artery disease, in who co-morbidities (e.g. 
diabetes, hypertension, renal failure) are frequently present. Despite these differences, a 
recent published pre-clinical meta-analysis showed that large animal models are valid to 
predict the outcome of clinical trials3. Relatively low cell viability after 111In labeling was 
observed, however no difference between groups was found. Moreover, the overall viability 
was comparable to other groups (69% vs. 74%)30. 
This randomized study showed no significant difference in delivery efficiency to the myocardium 
in a clinically relevant ischemic large animal model. Moreover, no differences in safety profile 
were observed. These results suggest that, the choice of delivery modality could depend on 
medical indication and practical aspects (costs, side effects on non-target organs and operator 
experience), since TE and IC yield similar results. 
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ABSTRACT 

Patients suffering from heart failure as a result of myocardial infarction are in need of heart 
transplantation. Unfortunately the number of donor hearts is very low and therefore new 
therapies are subject of investigation. Cell transplantation therapy upon myocardial infarction 
is a very promising strategy to replace the dead myocardium with viable cardiomyocytes, 
smooth muscle cells and endothelial cells, thereby reducing scarring and improving cardiac 
performance. Despite promising results, resulting in reduced infarct size and improved cardiac 
function on short-term, only a few cells survive the ischemic milieu and are retained in the 
heart, thereby minimizing long-term effects. Although new capillaries and cardiomyocytes are 
formed around the infarcted area, only a small percentage of the transplanted cells can be 
detected months post myocardial infarction. This suggests the stimulation of an endogenous 
regenerative capacity of the heart upon cell transplantation, resulting from release of growth 
factor, cytokine and other paracrine molecules by the progenitor cells; the so-called paracrine 
hypothesis. Here, we focus on a relative new component of paracrine signaling, i.e. exosomes. 
We are interested in the release and function of exosomes derived from cardiac progenitor 
cells and studied their effects on the migratory capacity of endothelial cells. We demonstrated 
that cardiomyocyte progenitor cells (CMPCs) do release exosomes into their environment that 
can stimulate migration of endothelial cells in an in vitro scratch wound assay. Furthermore, 
we demonstrated that matrix metalloproteinases (MMPs) and extracellular matrix 
metalloproteinase inducer (EMMPRIN) are present in exosomes and that an EMMPRIN-
mediated activation of CMPC exosomes is involved in the endothelial cell migration.

41
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INTROduCTION

Cell therapy
Upon myocardial infarction, cardiomyocytes are lost and scar tissue is formed. To compensate 
this loss, cardiac hypertrophy and morphological remodeling responses try to restore the 
cardiac output, but can ultimately lead to heart failure. Heart transplantation is currently the 
only treatment option, but the number of donor hearts does not meet the needs of all heart 
failure patients. Furthermore, rejection and the complications of immunosuppressive therapy 
limit the success of heart transplantation. In the last decade, cell transplantation therapy has 
emerged as a potential therapy to treat patients suffering from heart failure. This approach is 
a promising strategy to regenerate cardiac tissue after myocardial infarction, thereby replacing 
dead and/or fibrotic tissue, to reduce or prevent adverse remodeling of the heart, and improve 
cardiac function. 
Many different progenitor cells have been used in small animals, and in pre-clinical and clinical 
settings, thereby suggesting a beneficial effect of the presence of engrafted cells in the injured 
heart1-3. To regenerate the myocardium, the ideal cell for transplantation should be able to 
differentiate into different cardiac lineages. This includes cardiomyocytes to restore contractile 
properties, and smooth muscle cells and endothelial cells to restore perfusion and stabilize 
the heart. Only a few cell types are particularly suitable as a cell-source due to their 
differentiation potential into the cardiac lineages, as was demonstrated both in vitro as well as 
in vivo. From the perspective of differentiation, embryonic stem cells (ESC) seem to be an ideal 
candidate for cell transplantation because of their pluripotency, i.e. to form cells of all three 
lineages4. However, besides ethical issues, ESCs need careful selection of fully differentiated 
cells due to the risk of teratoma formation by undifferentiated cells5. Recently, other pluripotent 
cells have been described, termed induced pluripotent stem cells (iPS) that are capable of full 
differentiation into all lineages6. Although promising and having similar potential as ESCs, these 
reprogrammed fibroblasts need the introduction of viral- or transient expressed pluripotency 
genes and long-term effects of these introductions are not clear yet. Other stem- or progenitor 
cells, isolated from the blood7, bone marrow8 or other tissues are also used for cardiac cell 
transplantation, but their full differentiation potential towards all cardiac lineages is disputed3.
Since several years, different progenitor cells are isolated from the myocardium itself. They 
are thought to be a more suitable cell type due to their origin of isolation, potential 
predisposition for cardiac purposes, and their greater potential to differentiate towards 
cardiomyocytes compared to other adult stem cells3. Recently, we have isolated adult and fetal 
human cardiomyocyte progenitor cells (CMPC) from the heart that can easily be expanded in 
culture and are very promising as a source for cell therapy9-11. These cells are able to differentiate 
into vascular structures and beating cardiomyocytes in vitro, without co-culturing with neonatal 
cardiomyocytes. In addition the CMPCs can also form vasculature and cardiomyocytes upon 
injection into injured myocardium in NOD/SCID mice12.

The paracrine hypothesis
Upon injection of cells into the diseased myocardium, cardiac regeneration can potentially 
be achieved via multiple mechanisms. Although actual differentiation of progenitor cells and 
active contribution to cardiac function is the main goal, the engraftment of progenitor cells 
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and the number of newly generated cardiomyocytes and vascular cells are in many cases too 
low to explain the improved cardiac function and morphology12-14. In addition to differentiation 
and active participation, it is hypothesized that transplanted progenitor cells fuse with 
endogenous present cells and that release of soluble factors contribute to cardiac repair by 
inducing cytoprotection, neovascularization, and regeneration via endogenous resident 
cardiac stem cells13,15.
Although cardiac progenitor cells are a very promising cell source for therapy due to their 
differentiation potential, their release of paracrine factors might also have significant effects. 
In a study by Chimenti et al.16, paracrine factors of cardiac derived progenitor cells, so called 
cardiosphere derived cells (CDC), are investigated. Upon injection of CDCs in the heart, improved 
cardiac output and reduced scarring was observed. CDCs differentiated into capillaries and 
cardiomyocytes, thereby explaining 20 - 50% of the observed increases in angiogenesis and 
myogenesis. However, CDCs also attracted endogenous cells, thereby inducing blood supply 
and reducing apoptosis, this is suggestive for paracrine effects to be involved. The collected 
secretions of CDCs in vitro, labeled as conditioned medium, was studied in detail. The 
conditioned medium was shown to be able to protect neonatal rat ventricular myocytes from 
apoptosis under hypoxic conditions, and improve angiogenesis of human umbilical vein 
endothelial cells in a matrigel assay in vitro. 
In a model of chronic myocardial infarction in rats, Tang et al.14 confirmed a role for paracrine 
factors by intracoronary infusion of rat c-kit+ cardiac stem cells (CSC) in a four week old infarct. 
In some animals no engrafted cells could be found, but still scar area was reduced and cardiac 
output improved as compared to the PBS-injected control animals. Moreover, they observed 
that more cardiomyocytes, vessels and endogenous cardiac progenitor cells were present in 
the CSC treated animals, but without the presence of engrafted transplanted cells. This suggests 
that secreted factors, released by the transplanted CSC, trigger proliferation and/or migration 
of endothelial cells and endogenous CSC and thereby stimulate cardiomyocyte survival or CSC 
myogenic differentiation.
Upon transplantation of human CMPCs into the myocardium of infarcted mouse hearts, we 
could observe a reduced adverse remodeling of the heart in time. This effect was sustained for 
at least three months and human cells, expressing markers for sarcomeric proteins, as well as 
smooth muscle and endothelial cells were still present. Although very promising, only few 
injected cells (~ 3 - 4%) were engrafted and could be observed at three months. The positive 
outcomes are partially due to direct differentiation of progenitor cells towards endothelial, 
smooth muscle cells and cardiomyocytes, but the data suggests that paracrine effects are also 
involved. Interestingly, increased vascular density was observed upon transplantation of 
vascular endothelial growth factor (VEGF) producing CMPCs12.
Thus far, cell based therapies to regenerate the injured heart are successful in reducing the 
infarct size and improving cardiac output. However, true regeneration by engrafted cells is 
limited and suggests paracrine factors to be involved13. This effect reflects the communication 
between different cells via molecules that are released, thereby affecting processes in 
neighboring cells. Paracrine factors from progenitor cells are of major interest and have 
extensively been studied with respect to the release of growth factor, cytokines and chemokines. 
Many factors are described to be produced by different progenitor cell populations, including 
insulin like growth factor-1, stem cell derived factor, monocyte chemoattractant protein-1, 
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hepatocyte growth factor and VEGF. Several effects have been described on the survival, 
proliferation, and differentiation of cardiac cells, including cardiomyocytes, smooth muscle 
cells, endothelial cells and endogenous progenitor cells.
Ultimately, conditioned medium of progenitor cells has been applied in animal models in vivo 
and ex vivo. In a Langendorff perfused rat heart, mouse ESC derived conditioned medium 
enhanced recovery of myocardial function upon global ischemia17. Upon injection of 
concentrated conditioned medium from Akt-modified mesenchymal stem cells (MSCs) in 
infarcted rat hearts, apoptotic cell numbers were reduced and consequently reduced infarct 
sizes were assessed18. Furthermore Timmers et al.19 demonstrated that injection of conditioned 
medium from ESC derived MSCs leads to reduced infarct size and improved cardiac function 
in a pig model of ischemia reperfusion. In later experiments, exosomes within the conditioned 
medium were identified to contain the active component20.

Exosomes
Exosomes are small membrane vesicles with a lipid bilayer, secreted by many, if not all, cells. 
These exocytosed internal vesicles of endosomal origin range in size between 30-100 nm and 
can be observed in a cup-shaped morphology by electron microscopy analysis21. They form by 
inward budding of the cell membrane to form endosomes, followed by invagination of the 
limiting membrane of late endosomes to from multivesicular bodies (MVB). Fusion of the MVB 
with the plasma membrane results in the release of the internal vesicles to the extracellular 
space, then called exosomes. These vesicles contain cytosolic derivates and express the 
extracellular domain of membrane-bound receptors at the surface of the membrane22. Exosomes 
contain many different proteins, including growth factors and cytokines, and coding and non-
coding RNA molecules22,23. Exosomes are involved in intercellular communication between 
different cell types, but the mechanisms of their effects are not clear. It is postulated that 
exosomes can influence target cell behavior by receptor ligand binding, fusion and endocytosis. 
Exosomes are described to be involved in numerous processes, including immune modulating 
processes and angiogenesis and migration of endothelial cells to facilitate tumor growth and 
the formation of metastasis. In cardiovascular research, exosomes have been identified as the 
active component within the conditioned medium which was injected in a pig model of ischemia 
reperfusion injury20, demonstrating reduced damage and improved outcome. Ultimately these 
exosomes, derived from ESC derived MSCs, have been injected in a mouse model of ischemia 
reperfusion leading to a reduced infarct size24. To investigate whether CMPC derived exosomes 
could play a role in CMPC transplantation therapy, we studied the effect of these exosomes on 
endothelial cells migration in vitro and explore the mechanism involved. 

 mETHOdS & RESulTS

Collection CMPC secreted exosomes
CMPCs are isolated as previously described9-11 and cultured and grown to confluency in exosome 
depleted medium for three to four days. From this CMPC conditioned medium, exosomes are 
isolated by differential centrifugation and visualized using whole-mount transmission electron 
microscopy (Figure 1A), demonstrating the characteristic cup-shaped appearance. Exosome 
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vesicles are described to float in a sucrose gradient at a density between 1.10 and 1.17 g/ml21. 
Flotillin-1 was used as a marker protein to identify exosome-containing fractions and we 
observed that CMPC exosomes float round 1.10 – 1.12 g/ml (Figure 1B). 

Conditioned medium and exosomes in in vitro scratch wound assay
Since exosomes are described to be involved in angiogenesis and endothelial cell migration 
and based on the observation of increased capillary formation upon CMPC transplantation, we 
hypothesized that CMPC derived exosomes enhance migration of endothelial cells. The in vitro 
scratch wound assay was performed using human microvascular endothelial cells (HMECs). 
Upon stimulation of HMECs with CMPC derived conditioned medium, wound closure of HMECs 
is increased and, by diminishing the number of exosomes in this medium, this closure is reduced 
(ns, Figure 2A). Adding exosomes from 1.107 CMPCs in serum free medium (basal medium), 
migration of HMECs is significantly enhanced (Figure 2B).  

Exosomal signaling via MMP and EMMPRIN 
To explore the mechanism how exosomes might stimulate migration of endothelial cells, we 
studied the role of matrix metalloproteinases (MMP). For cell migration, the break down and 
remodeling of matrix is required and this is mediated by MMPs25. Interestingly, MMPs can be 
found in secreted vesicles. To identify the presence of MMP activity within CMPC derived 
exosomes, a zymogram was performed as described before26,27. In the exosomes from CMPCs, 
we observed the presence of gelatinase and collagenase activity, mainly the presence of 
inactive-, intermediate-, and active-MMP-2 (Figure 3A). Blocking MMP activity with 
Marimastat, the migratory response of the HMECs upon exosomal stimulation could completely 
be blocked (data not shown), but because of the direct effect of Marimastat on HMECS we 
could not exclude the inhibition of MMPs that are released from these endothelial cells. 

100 nm  B A 

1.
06

 

1.
07

 

1.
08

 

1.
09

 

1.
10

 

1.
12

 

1.
14

 

1.
15

 

1.
16

 

1.
18

 

1.
20

 

1.
23

 
1.

24
 

1.
27

 

flotillin-1  

density (g/ml)  

CMPC derived 
exosomes  

Figure 1 Exosome isolation of cardiomyocyte progenitor cells (CMPC). A) CMPC exosomes were isolated from 
three to four days conditioned medium by differential centrifugation; by an initial step at 10,000 x g, 
floating cells and cell debris were removed from the conditioned medium and followed by a centrifuga-
tion step at 100,000 x g to pellet the exosomes. The CMPC derived exosomes are analyzed by whole 
mount transmission electron microscopy, revealing a cup-shaped vesicle of approximately 100 nm.  
B) Exosomes density is analyzed using a sucrose gradient, for which the exosomes are resuspended in 
2.5 M sucrose. On top of the isolated exosomes, different molarities of sucrose (from 2.0 M to 0.4 M) are 
layered. After overnight centrifugation at 200,000 x g, 14 fractions with sucrose densities ranging from 
1.06 to 1.27 g/ml were analyzed for exosomal marker flotillin-1 by using Western blotting. The most 
intense flotilin-1 signal of CMPC derived exosomes was detected at 1.10 - 1.12 g/ml.
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Figure 2 Cardiomyocyte progenitor cell derived (CMPC) exosomes enhance migration of human microvascular 
endothelial cells (HMEC) in a scratch wound assay. A) In a confluent monolayer of HMECs, a scratch was 
made and cells were incubated with conditioned medium (CM), depleted from cells and cellular debris, 
or exosome-depleted CM for six hours. Diminishing the number of exosomes from the CM reduced 
the wound-closure. (n = 7; error bars = SEM; not significant). B) Isolated exosomes from 1.107 CMPCs, 
resuspended in basal culture medium of HMEC (MCDB131) without serum additives, is incubated with 
the HMECs. In the presence of the exosomes the closure of the wound is highly enhanced (n = 7; error 
bars = SEM * = p < 0.05).
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Figure 3 Matrix metalloproteinases (MMP) and extracellular matrix metalloproteinase inducer (EMMPRIN) 
are present in cardiomyocyte progenitor cell derived exosomes. A) A zymogram was performed to de-
tect gelatinolytic and collagenolytic MMP activity within the exosomes, as compared to equal amounts 
of cellular MMP. The strongest bands identify MMP-2 in the pro-, intermediate-, and active-form be-
ing predominantly expressed. B) Using Western blotting, EMMPRIN (47 - 55 kDa) is detected in the 
exosomes. These data demonstrate an enriched presence of MMPs and EMMPRIN within the released 
exosomes.
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Since a membrane bound MMP activator, extracellular matrix metalloproteinase inducer 
(EMMPRIN), has been demonstrated to be released via the shedding of extracellular 
microvesicles28, we hypothesized that CMPC derived exosomes might display EMMPRIN, thereby 
stimulating HMEC migraton. As displayed in figure 3B, CMPC derived exosomes contain an 
enriched level of EMMPRIN, as compared to total cell lysate. EMMPRIN is known to induce 
MMP and VEGF release from neighboring cells, thereby inducing angiogenic responses and cell 
migration. To elucidate the causal role of exosomal expressed EMMPRIN on HMEC migration, 
we performed a scratch assay with exosomes incubated with an EMMPRIN neutralizing 
antibody29. We observed that the enhanced closure of the wound via exosomes is completely 
blocked when the exosomes are treated with an EMMPRIN neutralizing antibody (Figure 4).
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Figure 4 Exosomal signaling enhanced migration of human microvascular endothelial cells (HMEC) via EMM-
PRIN. Cardiomyocyte progenitor cell derived (CMPC) exosomes, used to stimulate HMEC cells in a 
scratch wound assay for six hours, are treated with an anti-EMMPRIN neutralizing antibody (Fitzgerald; 
10R-CD147AHU; 20 μg/ml) or with an appropriate isotype control antibody. Excess antibody is washed 
away by ultra centrifugation at 100,000 x g. The stimulating exosome effect (derived from 1.107 CMPCs) 
is blocked when exosomes are treated with an anti-EMMPRIN-antibody (n = 4; error bars = SEM;  
* = p < 0.05). 
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dISCuSSION

Upon CMPC cell transplantation into the myocardium, the engrafted cells contributed to 
formation of new capillaries and cardiomyocytes by direct differentiation, which potentially 
can lead to improved heart function and morphology10-12. However, only few donor derived 
cells could be detected after three months12, suggesting a loss of transplanted cells but a 
stimulation of endogenous cardiac recovery. The transplanted CMPCs most likely produce 
paracrine factors that enhance this endogenous regeneration potential, including 
cardiomyogenesis and angiogenesis. 
Here, we studied in vitro the role of one of these factors, called exosomes. Exosomes from CMPCs 
are able to enhance migration of endothelial cells via an EMMPRIN-mediated mechanism. This 
suggests that exosomes, released by CMPCs upon transplantation, might be involved in the 
activation of endogenous cells and thereby result in increased capillary density. The role of 
MMPs and their regulators are well established in migration and angiogenesis. Here, we show 
that CMPC derived exosomes contain several MMPs and this might suggest that exosomes 
themselves are able to breakdown the extracellular matrix or activate pro-active MMPs. 
Additionally, EMMPRIN, located on the exosomes, might activate target cell MMP release and/
or activity. 
The effect of CMPC derived exosomes in other processes that are important for cardiac 
regenerative responses, such as survival, proliferation and differentiation, are unknown. 
However, conditioned medium from progenitor cells, containing exosomes, can affect 
proliferation, survival and differentiation of cardiomyocytes, cardiac fibroblasts, and cardiac 
progenitor cells16-19. Moreover, Lai and colleagues identified exosomes as the active component 
within MSC derived conditioned medium that resulted in cardiac protection upon reperfusion 
injury19,20,24. 
The full capacity of CMPCs is of major interest due to its regenerative potential via direct 
differentiation and through the proposed enhanced activation of endogenous cells. CMPC 
derived exosomes can enhance migration of endothelial cells in vitro. The potential of CMPC 
and other progenitor cell derived exosomes in different processes, such as proliferation, 
differentiation and survival on cardiomyocytes, smooth muscle cells and endogenous progenitor 
cells, are subject to research. 
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ABSTRACT 

Aim
In addition to differentiation of transplanted cells there is increasing evidence that paracrine 
effects are important in cardiac cell transplantation therapy. Exosomes, being part of these 
paracrine effects, might pose a new strategy to enhance cellular therapy and cardiac 
regeneration to prevent heart failure after myocardial infarction. The formation of new 
vasculature is a key objective for cardiac regeneration. Here, we tested the effect of exosomes 
derived from cardiomyocyte progenitor cells (CMPC) and mesenchymal stem cells (MSC) in 
angiogenesis.

Methods & Results
We have analyzed all vesicles in the conditioned medium by nanoparticle tracking analysis and 
observed that the majority of these vesicles are approximately 85 nm. We have isolated these 
vesicles from CMPCs and MSCs via differential ultracentrifugation and sucrose density gradient 
and identified them as exosomes by electron microscopy and Western blotting. CMPC and  
MSC derived exosomes stimulated the pre-requisites of angiogenesis in endothelial cells: 
migration, sprouting and endothelial network formation. In vivo we observed that matrigel 
plugs with exosomes injected subcutaneously in mice lead to a four fold higher influx of vascular 
cells. Moreover CMPC and MSC exosomes contain angiogenic stimuli like VEGF, MMP-9, and 
EMMPRIN, which are also highly expressed in the matrigel plug infiltrating cells.

Conclusion
Our data demonstrates that exosomes from CMPCs and MSCs can stimulate angiogenesis in 
vitro and in vivo. Exosomes from these progenitor cells might explain the paracrine effects in 
cardiac cell therapy as exosomes enhance the formation of new vasculature and provide a new 
strategy to improve cardiac regeneration. 

51
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INTROduCTION

Ischemic heart disease is the leading cause of death worldwide. As a result of cardiac ischemia, 
many cardiomyocytes and vessels are lost and replaced by non-contractile fibroblasts. The 
heart tries to compensate for the loss of contractile tissue, leading to adverse remodeling of 
the myocardium, which ultimately can lead to heart failure1. Through cardiac cell therapy, the 
lost cardiomyocytes and vessels are to be replaced by injection of stem cells2,3. Many studies 
have shown beneficial myocardial effects of cellular therapy in animal studies4, as well as in 
clinical trials5,6.  Although promising effects on cardiac function are observed, cell engraftment 
is very low, suggesting that other mechanisms are involved than only direct myocardial 
differentiation and contractile contribution. One of the suggested mechanism is via paracrine 
factors7 that are released from the cells and can communicate with their surroundings. Growth 
factors, chemokines, and cytokines are part of these paracrine factors. Several of these growth 
factors are well described8, but successful translation for their use in a clinical setting is lacking; 
the administration of individual growth factors is apparently not effective9-11 and a mixture  of 
factors might be needed. Several research groups have made an attempt to utilize the secretome 
from (progenitor) cells in order to successfully reduce injury after myocardial infarction (MI)12-

16. Administration of mesenchymal stem cell (MSC) derived conditioned medium during 
myocardial ischemia-reperfusion injury, lead to reduced infarct size and improved cardiac 
function15. From the conditioned medium of progenitor cells, exosomes were identified in the 
secretome and suggested to play an important role17,18. 
Exosomes are small membrane vesicles, released from many different cell types19,20, 
characterized by size  (30 - 100 nm), density (1.10 - 1.20 g/ml), and the expression of exosomal 
markers (e.g. CD9, CD63 and flotillin-1)21. Exosomes have been widely studied in several areas, 
especially in the field of immunology22-24 and cancer biology25,26, where they observed the linear 
transfer of both proteins and RNA molecules between cells via these small vesicles27.  Although 
several different stem- or progenitor cells have been used for cardiac cell transplantation 
therapy, most promising cells for a clinical setting are MSCs and cardiac derived progenitor 
cells, like the recently isolated cardiomyocyte progenitor cells (CMPC)28-30. MSCs because they 
are known for their effective paracrine effects and CMPCs for their intrinsic capacity to 
differentiate towards cardiomyocytes and vascular cells in vitro28,29 and in vivo31. Although these 
results are promising, the low engraftment and the observed activation of endogenous cells 
upon injection in vivo also suggest the release of paracrine factors as a mechanism of action31.  
Since one of the observed effects of both MSCs and CMPCs is the formation of new endogenous 
capillaries31, we focused on exosomes  released by these cells and whether they have angiogenic 
stimulatory capacities.
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mETHOdS

Cell culture

Cells
Standard informed consent procedures and prior approval of the ethics committee of the 
University Medical Center Utrecht were obtained. Human fetal CMPCs and MSCs are isolated 
as previously described based on the expression of Sca-128,30 and by Ficoll-Paque density 
separation followed by plastic adherence32 respectively. Both cells were cultured in their culture 
medium of which the serum component was depleted for exosomes as previously described 
in 0.1% gelatin coated flasks. Human umbilical vein endothelial cells (HUVECs) are isolated as 
previously described and propagated in EGM-2 culture medium on uncoated flasks33. Human 
microvascular endothelial cells (HMEC-1) are cultured on fibronectin coated flasks (10 μg/ml) 
in MCDB131 (Gibco; 10372-019), supplemented with 10% FBS, P/S, hydrocortisone (50 nM, 
Sigma; H6909-10), human endothelial growth factor (EGF, 10 ng/ml, Peprotech/Invitrogen 
016100-15-A) and L-glutamine (200 nM, Gibco; 25030-024)17,34 All cells are grown to confluence 
in three to four days, in a humidified 37°C incubator at 5% CO2.

Conditioned medium and exosome isolation
Conditioned medium was collected from confluent CMPCs and MSCs. For the isolation of 
exosomes from conditioned medium we followed a differential centrifugation protocol in which 
the medium was centrifuged for 30 minutes at 2,000 x g, 30 minutes at 10,000 x g and 60 
minutes at 100,000 x g. The pellet was washed in PBS and centrifuged again at 100,000 x g. 
The final exosome pellet was resuspended in PBS or subjected to a sucrose gradient for further 
purification17,21. 

Exosome characterization

NanoSight analysis
The conditioned medium was analyzed by nanoparticle tracking analysis (NanoSight LM10SH 
equipped with a 532-nm laser; NanoSight, Amesbury, United Kingdom and NTA software 
version 2.2) to determine the size distribution of all vesicles, including exosomes. The 
conditioned medium was centrifuged at 2,000 x g to remove cell debris and was diluted at least 
500 times with PBS. From each sample five recordings were made for 90 seconds at 22°C with 
equal shutter and gain adjustments35.

Electron microscopy
Isolated exosomes were resuspended in phosphate buffer containing 1% glutaraldehyde 
(Polyscience; 00216) and subsequently loaded onto formar/carbon-coated electron microscopy 
grids. Contrast of the samples was enhanced with uranyl acetate (SPI; 02624-AB). Images were 
captured using a transmission electron microscope JEOL 1200EX17,36.
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SDS-PAGE, Western blot and zymography
The expression of exosomal markers was analyzed by Western blot. Membranes were incubated 
with appropriate antibodies, diluted in 5% milk-PBS-T20; flotillin-1 (0.4 μg/ml; Santa-Cruz 
Biotechnology; SC25506), CD9 (0.5 μg/ml, Santa-Cruz Biotechnology; SC53679), VEGF (1 μg/
ml; Santa Cruz Biotechnology SC-152), EMMPRIN (10 μg/ml; Fitzgerald; 10R-CD147aHU), Goat 
anti-Rabbit HRPO (0.12 μg/ml, DAKO; P0448), and Goat-anti-Mouse HRPO (0.5 μg/ml, DAKO; 
P0447). The proteins were detected with chemiluminescent peroxidase substrate using a Chemi 
Doc™ XRS+ system (Bio-Rad) and Image Lab™ software.
For zymography, proteins were separated in a gelatin (2 mg/ml, Sigma) 8% bisacrylamide gel 
(Bio-Rad, 210004678). The gel was subsequently washed in 2.5% Triton-X100 solution (Sigma; 
T8787) and activated in 0.05% Brij35 solution (Sigma; B4184). The gel was counterstained 
with coomassie blue solution and bands were visualized using a Chemi Doc™ XRS+ system 
(Bio-Rad) and Image Lab™ software17.

Exosomal stimulation of endothelial cells in vitro

PKH labeling of exosomes and uptake by endothelial cells
CMPC and MSC derived exosomes were stained with PKH26 (Sigma; 050M0730), as previously 
described37. Excess PKH26 was washed from the exosomes by sucrose gradient. All fractions 
were subsequently centrifuged at 100,000 x g and the pellets were resuspended in 20 μl PBS 
and incubated for three hours with both HMECs and HUVECs.

Scratch wound cell migration assay
In a monolayer of HMECs a scratch was made and the medium was replaced with MCDB131, 
with or without the presence of CMPC- or MSC derived exosomes from 10 million cells. The 
cells were incubated at 37 C and 5% O2 for six hours and closure of the scratch was measured 
based on the surface covered between t = 0h and t = 6h using Adobe Photoshop CS5 Software17,34. 

Spheroid assay
HUVECs or HMECs spheroids were prepared in 0.1% methyl cellulose in DMEM34. After 24 
hours, the spheroids were embedded in collagen (1 mg/ml) and stimulated with CMPC and 
MSC derived conditioned medium, exosome depleted conditioned medium, or isolated 
exosomes resuspended in exosome depleted conditioned medium. After 24-48 hours, in vitro 
sprouting was quantified by measuring the cumulative length of the tubular outgrowth and 
the number of branch points using ImageJ software (NIH).

Matrigel assay
HMECs or HUVECs (10,000 cells) were cultured in a μ-slide for angiogenesis (Ibidi; 81501), 
coated with growth factor reduced (GR) matrigel (BD Biosciences; 354230), and incubated 
with basal endothelial medium with or without CMPC or MSC derived exosomes from 10 million 
cells. After 14h, the organization of the network was analyzed by comparing the total length 
of the network and the number of junctions using AngioQuant34. 
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Additionally, exosomes were treated with an anti-EMMPRIN antibody as described before17. 
To verify exosomal binding of the antibody, each fraction was used for western blot to detect 
the anti-EMMPRIN antibody with a secondary antibody (0.5 μg/ml, DAKO; P0447).

In vivo angiogenesis

Animal experiments
The animal experiments were approved by the Animal Ethical Experimentation Committee of 
Utrecht University and carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals. Male mice (C57bl/6) were anesthetized with a mixture of fentanyl (0.05 
mg/kg), midazolam (5 mg/kg), and medetomidine (0.5 mg/kg) through an intraperitoneal (ip) 
injection. CMPC and MSC derived exosomes (20 μg exosomal protein; determined by BCA 
protein assay, ThermoScientific; 23225) were resuspended in 50 μl PBS and 950 μl GR matrigel, 
of which 200 μl was subcutaneously injected in the skin in the abdominal area of a mouse. 
To recover, the mice received a mixture of atipamezole (2.5 mg/kg ip) and flumazenil (0.5 mg/
kg ip).  After 14 days, the matrigel plugs were collected and all mice were sacrificed using a 
cocktail of ketamine (100 mg/kg ip) and medetomidine (8 mg/ml). Matrigel plugs were fixated 
in formaldehyde and processed for paraffin sectioning. 

Immunohistology 
From the matrigel plugs, 7 μm paraffin tissue sections were obtained and stained by hematoxylin 
and eosin (H&E). For the detection of CD31+ and SMA+ cells, slides were stained with anti-CD31 
(130 ng/ml, Santa-Cruz Biotechnology; SC-1506R), biotinylated goat anti rabbit IgG (7.5 μg/
ml, Vector Laboratories; BA-1000) and streptavidin Alexa Fluor® 555 (2 μg/ml, Invitrogen; 
S21381) or with anti-actin-α-SM-FITC (1:400, Sigma-Aldrich; F3777), both counterstained 
with Hoechst 33342 (Invitrogen) and embedded in Fluoromount-G (SouthernBiotech; 0100-
01). Images were captured using cell-P software (Olympus) on an Olympus BX60 microscope 
and processed with Adobe Photoshop CS5. Total cell infiltration was quantified in the plugs at 
three levels and at three random areas per level, as well as the number of CD31+ and SMA+ cells.
In addition to the detection of vascular cells, infiltrated cells were analyzed for pro angiogenic 
proteins, EMMPRIN, MMP-9 and VEGF. For EMMPRIN, slides were stained with anti-EMMPRIN 
(Santa Cruz Biotechnology, sc-9753, 2 μg/ml), biotinylated rabbit anti-goat (1.6 μg/ml, DAKO; 
E0466) and streptavadin-horse radish peroxidase (HRPO). MMP-9 was detected by staining 
slides with anti-MMP-9 (2 μg/ml, Abcam; 38898) and anti-Rabbit-HRPO (brightvision; 
DPV0999). Both HRPO labeled antibodies were visualized by AEC and all nuclei were visualized 
via hematoxylin staining. Slides were embedded in entellan (Millipore; 107960) and images 
were captured and analyzed.  For the detection of VEGF positive cells, slides were stained with 
anti-VEGF (1 μg/ml, Santa Cruz Biotechnology; SC-152) and biotinylated goat anti rabbit IgG 
(7.5 μg/ml, Vector Laboratories; BA-1000) and streptavidin Alexa Fluor® 555 (2 μg/ml, 
Invitrogen; S21381) and nuclei were stained with Hoechst 33342. Slides were embedded in 
Fluoromount-G and pictures were taken and analyzed.
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RESulTS

Characterization of CMPC and MSC derived exosomes
By NanoSight analysis, the conditioned medium, thereby all CMPC and MSC derived vesicles 
were measured in the culture medium. In five independent measurements for three different 
cell lines for both MSCs and CMPCs, 44.13% ± 6.11% of the CMPC derived vesicles and 45.60% 
± 11.41% of the MSC derived vesicles are smaller than 100 nm with a peak at size 84.40 nm ± 
5.24 nm and 86.87 nm ± 6.96 nm, respectively (Figure 1A). After differential centrifugation, 
with a final centrifugation step of 100,000 x g and by EM analysis (Figure 1B), vesicles could 
be visualized of approximately 100 nm in size and containing a bi-lipid membrane layer. Upon 
exposure of these vesicles to a sucrose density gradient, exosomal enriched proteins flotillin-1 
and CD9 could be observed in fractions with a density of 1.09 g/ml to 1.17 g/ml, with a peak 
density at 1.12 g/ml for both MSC and CMPC derived exosomes (Figure 1C). The combination 
of these characteristics21 suggest that the cells produce mainly exosomes and that by our 
isolation procedure we are collecting exosomes from our cultured MSCs and CMPCs.

CMPC and MSC exosomes are taken up by endothelial cells
As visualized in figure 2A, PKH26 labeled exosomes or PKH26 were loaded at the bottom of a 
sucrose density gradient (left panel). After overnight (14h – 16h) centrifugation at 230,000 x 
g, the majority of PKH26 labeled exosomes floated (middle panels) to a density of 1.12 g/ml 
(Sup. Figure 1A), whereas the free PKH26 remained at the bottom of the tube (right panel). 
The pellets from each fraction (twelve fractions in total) were incubated with both HMECs and 
HUVECs (Sup. Figure 1B and C). Within three hours, cells incubated with PKH26 labeled 
exosomes became PKH26 (red) positive (Figure 2B, Sup. Figure 1B), but remain PKH26 negative 
in the absence of exosomes (Sup. Figure 1B). Based on the fluorescence intensity, HMECs 
seemed to take up more exosomes compared to HUVECs. PKH26 positive staining could only 
be detected in the fractions in which exosomes were present (Sup. Figure 1B). Therefore we 
concluded that HUVECs and HMECs are able to efficiently take up exosomes derived form 
CMPCs and MSCs.

CMPC and MSC exosomes enhance the angiogenic capacity of endothelial cells in vitro
In a scratch wound migration assay (Figure 3A, Sup. Figure 2A), stimulation of HMECs with 
CMPC or MSC derived exosomes lead to 4.7 ± 0.5 (46.6% ± 4.9% closure; p < 0.01) and 4.4 ± 
0.3 (42.9% ± 2.8% closure; p < 0.01) fold enhanced closure of the wound, respectively, compared 
to non stimulated HMECs (9.8% ± 5.4% closure). Stimulation of HMEC spheroids with CMPC 
or MSC derived conditioned medium lead to sprouting of the spheroid (Figure 3B, Sup. Figure 
2B). When exosomes were diminished from the conditioned medium, the cumulative sprouting 
length per spheroid was reduced with 55.4% ± 21.4% (p < 0.05) and 35.0% ± 9.0% (p < 0.05) 
for CMPC and MSC derived conditioned medium, respectively. Reconstitution of the isolated 
exosomes to the exosome diminished conditioned medium rescued the pro-angiogenic effect 
(p < 0.05). Additionally, HMECs stimulated with CMPC or MSC derived exosomes formed longer 
tubular networks (27.5% ± 5.7% and 33.4% ± 17.5%, respectively) compared to non-stimulated 
HMECs in a matrigel assay (Figure 3C). The number of junctions increased by 51.6% ± 11.4% 
and 48.1% ± 24.5% when HMECS were stimulated with CMPC and MSC derived exosomes, 
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respectively. No significant differences could be observed in the angiogenic potential of HMECs 
in a matrigel assay after stimulation with CMPC or MSC derived exosomes, whereas HUVECs 
(Sup. Figure 2C) only demonstrated an increase in tubular length (29.64% ± 7.09%; p<0.05) 
and the number of junction (33.53% ± 14.22%; ns) upon stimulation with CMPC derived 
exosomes and not with MSC derived exosomes (total tubular length: 4.50% ± 6.44% and 
number of junctions: 0.45% ± 9.63%). Exosomes, derived from both MSCs and CMPCs, can 
activate different types of endothelial cells in vitro by enhancing their angiogenic behavior.
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Figure 1 MSC and CMPC exosomes characteristics. A) Nanoparticle tracking analysis (NTA) of CMPC and MSC 
derived conditioned medium centrifuged at 2,000 x g (n = 3). The most abundant vesicles within the 
CMPC and MSC derived conditioned medium are 84.4 ± 5.2 nm and 86.9 ± 7.0 nm in size, respectively. 
B) Electron microscopy analysis of CMPC and MSC derived exosomes isolated from the conditioned me-
dium via differential centrifugation. C) Western blot analysis for the expression of exosomes enriched 
markers flotillin-1 and CD9 on sucrose gradient purified exosomes, displays the protein presence around 
1.12 g/ml (1.10 - 1.14 g/ml)
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CMPC and MSC derived exosomes stimulate angiogenesis in vivo
The angiogenic capacity of MSC and CMPC derived exosomes has been tested in a matrigel plug 
assay in vivo. After two weeks, more cells infiltrated the plug that contained 4 μg of CMPC and 
MSC exosomes (Figure 4A). No difference could be observed between CMPC and MSC exosomes, 
both leading to a three times increase of infiltrating cells as compared to matrigel plugs without 
any exosomes (CMPC; 3.4 ± 0.6, p < 0.05 and MSC exosomes; 3.1 ± 0.2, p < 0.05). From additional 
experiments, we concluded that the amount of exosomal protein was the determining factor 
for the number of infiltrating cells into the matrigel plugs. When less than 1 μg of exosomal 
protein was used, a non significant increase (CMPC; 20.7 ± 24.8% and MSC; 22.3 ± 29.4%) 
could be observed, whereas exosomal protein of 2 μg or more lead to more cells infiltrating 
the plug (CMPC; 306.3 ± 50.1, p < 0.05 and MSC; 309.6 ± 61.9, p < 0.05, Sup. Figure 3A). 
Additionally, when we combined matrigel plugs containing exosomes with a matrigel plug 
without any exosomes in a single animal, we could observe that the cellular influx in an empty 
plug was enhanced in a dose dependent manner in the proximity of an exosome-containing 
plug (Sup. Figure 3B).
The infiltrated cells in the plug were stained for CD31 and SMA (Figure 4B). The absolute 
number of CD31+ cells increased from 57.96 ± 21.5 to 202.4 ± 72.7 (p < 0.05) and 198.3 ± 
31.3 (p < 0.05) for CMPC and MSC derived exosomes, respectively, although the percentage 
of CD31+ cells remained approximately 50% (Sup. Figure 4A). The number and percentage 

Figure 2  PKH26 labeled exosomes are taken up by endothelial cells. A) PKH26 labeling of CMPC and MSC 
derived exosomes before (left) and after (right) sucrose gradient. PKH26 labeled exosomes float in 
sucrose gradient, whereas PKH26 without the presence of exosomes does not. B) CFSE labeled human 
microvascular endothelial cells (HMECs; green) take up PKH26 labeled CMPC and MSC exosomes (red), 
which are incubated for at least two hours at 37°C, 5% CO2.
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of SMA+ seemed to increase, although this was not significant due to the large variation 
between animals (Figure 4B, Sup. Figure 4B). SMA+ cells co-localized with CD31+ cells, 
suggested for true capillary formation. The detection of luminal structures perfused with 
red blood cells was limited, although red blood cells could be detected within the matrigel 
plug. Taken together, more cells infiltrated the plug in a dose dependent manner, of which 
the majority were CD31+ and SMA+ vascular cells.
Previously, we observed that CMPC exosomes were highly positive for EMMPRIN and MMP19. 
We now demonstrate that MSC derived exosomes also express EMMPRIN (Figure 5A) and 
MMP-9 (Figure 5B) and that both types of exosomes also contain VEGF (Figure 5C). These three 
proteins are all being recognized for their role in stimulating angiogenesis38-43.  In vivo, all cells 
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Figure 3  CMCP and MSC derived exosomes stimulate angiogenesis in vitro.  A) Scratch wound migration as-
say: CMPC and MSC derived exosomes lead to a 46.6% ± 4.9% (n > 4; p < 0.01) and 42.9% ± 2.8% (n = 
4; p < 0.01) closure of the wound. B) Spheroid assay: conditioned medium diminished for exosomes 
(by 100,000 x g centrifugation) lead to reduced sprouting with 55.4% (n = 3; p < 0.05) and 33.4% (n = 
4; p < 0.05) for CMPC and MSC derived, respectively. Reconstitution of the conditioned medium with 
the exosome pellet restored the sprouting stimulating capacity of conditioned medium on endothelial 
spheroids (p < 0.05). C) Matrigel assay: stimulation of HMECs with CMPC and MSC derived exosomes 
increased tubular lengths with 27.5% ± 5.7% (CMPC, n > 5; p < 0.05) and 33.4% ± 17.5% (MSC, n = 5; p < 
0.05) and number of junctions with 51.6% ± 11.4% (CMPC, p < 0.05) and 48.1% ± 24.5% (MSC, p < 0.05).
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that infiltrated the matrigel plug expressed these three angiogenic proteins (Figure 5D-F). 
Blocking exosomal EMMPRIN on CMPC and MSC derived exosomes  (Sup. Figure 5A) could 
block the angiogenic responses in vitro (Sup. Figure 5B)17 but did not result in a reduced cellular 
influx into the matrigel plug (Sup. Figure 5C). Moreover, blocking EMMPRIN did not reduce the 
expression of EMMPRIN, MMP-9 and VEGF in infiltrated cells (Sup. Figure 5D), as compared 
to isotype control treated exosomes 
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Figure 4  CMPC and MSC exosome enhance the influx of vascular cells into the matrigel plug in C57/Bl6 mice. 
A) Representative pictures of in vivo matrigel plug assay in C57/Bl6 mice (left) lead to enhanced cell 
infiltration into the matrigel plug, CMPC (n = 9) and MSC (n = 8) derived exosomes lead to 439.01 ± 53.7 
and 437.5 ± 94.9 cells per hpf, respectively, compared to 118.7 ± 7.1 cells per hpf in empty matrigel 
plugs (right, n = 5, p < 0.05). B) Representative pictures of CD31 and SMA staining in matrigel plugs (top) 
demonstrated that more CD31+ cells infiltrate the matrigel plug (bottom left) in the presence of CMPC 
(202.4 ± 72.7 cells per hpf) and MSC (198.3 ± 31.3 cells per hpf) exosomes compared to empty matrigel 
plugs (58.0 ± 21.5 cells per hpf, p < 0.05). The number of SMA+ cells seems higher in the presence of 
exosomes (bottom right), although not significant (no exosomes; 10.7 ± 9.8, CMPC; 76.9 ± 72.4, MSC; 
60.0 ± 40.0 cells per hpf).
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dISCuSSION

By using cardiac cell transplantation therapy, several cell sources resulted in improved cardiac 
performance in rodents28, preclinical animal models4,31 and even in patient populations6. 
Although direct differentiation of transplanted cells was suggested primarily31,44, current 
consensus is a paracrine role of the injected cells7,12,16,45. These paracrine effects include a 
stimulatory effect on the endogenous repair mechanisms of the myocardium12,45. Although 
several studies demonstrated the generation of new capillaries via direct differentiation of the 
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Figure 5  Expression of angiogenic growth factors in CMPC and MSC derived exosomes and their target cells in 
in vivo matrigel plug assay. A) Western Blot analysis of exosomal expression of EMMPRIN. B) Zymogram 
on CMPC and MSC derived exosomes to detect MMP-9. C) VEGF expression in CMPC and MSC derived 
exosomes detected by Western Blot. D-F) Immuno histochemistry on matrigel plugs demonstrated the 
expression of EMMPRIN (D), MMP-9 (E) and VEGF (F) in infiltrated cells.
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transplanted cells, even more evidence suggested the stimulation of endogenous generated 
host capillaries12,45. Here, we focused on one aspect of paracrine signaling, namely the 
production of exosomes by stem- or progenitor cells and expected that their exosomes also 
could contribute to stimulation of angiogenesis in vivo by endogenous cells. We selected two 
cell populations for our studies, MSCs and CMPCs, that have been suggested to be most 
promising for their paracrine effects46 or myogenic differentiation potential31, respectively.
Exosomes are entities of cellular communication and initially described from the maturing 
reticulocyte in 198347. Exosomes have been widely studied in several areas, especially in the 
field of immunology22-24 and cancer biology25,26, in which progression and the formation of 
metastasis from tumors, suppression of the immune system, and the pro-angiogenic activation 
of bone marrow progenitor cells25 are thought to be induced by exosomes. We have observed 
that both CMPCs and MSCs release different types of vesicles, as determined by size by NTA 
analysis in their culture medium. Based on the initial size distribution analysis, we determined 
that the majority of these vesicles are in the range of exosomes (30-100 nm). Using the exosome 
isolation protocol based on differential ultra centrifugation, adapted from Thery et al.21 we 
observed a uniform type of vesicles identified as exosomes or exosome-like vesicles based on 
morphology, a density of ~1.12 g/ml, and the enriched expression of exosome markers CD9 
and flotillin-1. 
Lai et al. identified exosomes as the active component within MSC derived conditioned medium, 
salvaging ischemia reperfusion damage upon immediate infusion, whereas other fractions of 
the conditioned medium could not18. For regeneration therapy, however, new capillary 
formation is of importance as was demonstrated upon transplantation of CMPCs31 and MSCs. 
We therefore hypothesized that exosomes from these cells have pro-angiogenic properties.  
From in vitro studies, we previously reported that CMPC derived exosomes can stimulate 
endothelial cell migration, suggesting some pro-angiogenic effects of CMPC exosomes17. Here, 
we show that MSC derived exosomes have similar effects on endothelial cells. Exosomes from 
CMPCs and MSCs are taken up by different endothelial cells (HUVECs and HMECs). We have 
demonstrated that PKH26 labeled exosomes, which floated at ~1.12 g/ml transfer the 
fluorescent dye to the targeted endothelial cells within three hours. Endothelial cells take up 
the exosomes, which are then located peri-nuclear. Exosomes can activate other cells via 
receptor ligand activation and via the horizontal transfer of proteins or nucleic acids (mRNA 
and miRNA) after fusion or via endocytosis of the exosomes with the target cell20,27. Upon 
cellular uptake exosomes from both MSCs and CMPCs stimulate the cellular sprouting and 
tubular formation and network organization of HMECs in a spheroid assay or matrigel 
respectively. However, the tubular formation and network organization of HUVECs in a matrigel 
assay was only stimulated by CMPC derived exosomes, suggesting as specific role for different 
types of exosomes. This suggest that the pro-angiogenic effect of exosomes on different target 
cells is not random but mediated via specific mechanisms, which is also suggested by the 
differences in uptake of CMPC and MSC exosomes between the different endothelial cells. 
Exosome content and the expression of transmembrane proteins are suggested to be responsible 
for the effect they can encompass when communicating with target cells48-50. The observed 
difference in cellular uptake of CMPC and MSC derived exosomes might be mediated via these 
pathways but is still unclear and further studies on exosome content and surface protein 
expression are warranted.  In vivo angiogenesis is enhanced after CMPC and MSC derived 
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exosome stimulation. The influx of cells increased almost four times and more interestingly 
the majority of cells, which infiltrated the matrigel plug, are stained positive for CD31 and SMA, 
suggestive of the formation of new capillaries. Although the matrigel plugs were harvested at 
an early time point, some capillaries could be detected. Whereas true capillary formation was 
limited, red blood cells were present within the matrigel plug two weeks after injection. It 
should be noted that this time-period was probably not sufficient to allow maturation of the 
vessels. Similar to our finding, Sahoo et al. described the pro-angiogenic stimulating capacity 
of CD34+ cell derived exosomes in a matrigel plug assay and in a corneal angiogenesis assay51 
and the horizontal transfer of their genetic contents51,52. In contrast to CD34+ cell, CMPCs and 
MSCs are relatively easily expanded, furthermore they can potentially be manipulated to 
improve their therapeutic effects. This could lead to strategic engineering of CMPC and MSC 
derived exosomes to load specific protein, miRNAs or RNAs or to manipulate exosomal targeting 
peptides50,53,54 to exploit the power of exosomal communication and to enhance cardiac 
regeneration. Additionally MSC derived exosomes have been described to bear little 
immunogenicity55,56 therefore pro-angiogenic exosomes from MSCs and possibly CMPCs can 
serve as an off-the-shelve therapy in ischemic disease and regeneration therapy restoring 
reperfusion by the formation of new vessels ands capillaries. 
We demonstrated that CMPC and MSC exosomes contain several pro-angiogenic proteins, 
including EMMPRIN, MMP-9 and VEGF, explaining the angiogenic stimulating capacity of these 
exosomes. Also in vivo, in matrigel plug experiments, CMPC and MSC derived exosomes 
stimulate angiogenesis as observed by the increased infiltration of CD31+ and SMA+ cells in the 
matrigel plug. This suggests that vascular cells are triggered to migrate into and/or 
transdifferentiate in the matrigel plug. We also demonstrate that all infiltrated cells are activated 
by the presence of EMMPRIN, MMP-9 and VEGF in these cells. We hypothesized that blocking 
EMMPRIN, a transmembrane protein, that activates angiogenic cells via EMMPRIN-EMMPRIN 
interaction and subsequent release of MMPs and VEGF, would reduce the pro-angiogenic 
activity of exosomes. We and others have previously observed that migration of endothelial 
cells after exosome17 or microvesicle57 stimulation  is dependent of EMMPRIN. Again we 
determined the role of EMMRPIN in exosomal communication. We have observed that blocking 
EMMPRIN on CMPC and MSC exosomes led to reduced endothelial network formation, however, 
in vivo this did not lead to less infiltrating cells nor to reduced expression of EMMPRIN and its 
down stream effector molecule MMP-9 and VEGF. This could be a result of the intrinsic 
differences between in vivo and well controlled in vitro cell models or due to major timing 
differences, ranging from hours in vitro to weeks in vivo for both the stimulating potential of 
exosomes, but also the inhibitory length of the used antibody. In addition to the transfer of 
proteins, other molecules could be shuttled to targeted cell, like mRNA and miRNA. We found 
approximately 80 - 100 miRNAs abundantly present in CMPC and MSC exosomes (data not 
shown). Among them, angiogenic miRNAs like miR-12658,59 are present that are involved in 
angiogenesis. Generating computing associated networks in Ingenuity Systems with the 
detected miRNAs in CMPC and MSC derived exosomes, demonstrated several other miRNAs 
and genes that are related with angiogenesis, including miR-21060 and EMMPRIN.
The dose dependent effects of MSC and CMPC derived exosomes that were observed in the 
matrigel plugs, attracting more cells, suggest a specific chemoattractant effect. This was 
confirmed by the potential of exosomes to leave the matrigel in vitro and thereby activating 
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cells in a transwell culture system (data not shown). Additionally, we have observed that empty 
matrigel plugs, having no exosomes, contain more cells when these plugs were surrounded 
with exosome-containing matrigel plugs. This phenomenon suggests that exosomes can activate 
endogenous cells, possibly over larger distances, to respond to a chemoattractant environment, 
like the matrigel plug. 
 
In conclusion, CMPC and MSC derived exosomes have pro-angiogenic potential by stimulating 
endothelial cell behavior in vitro and angiogenic cell infiltration in vivo. We therefore suggest 
that upon CMPC and MSC transplantation therapy, exosomes are, at least partly, responsible 
for the angiogenic effects, i.e. the formation of new capillaries, even without the successful 
long-term engraftment of transplanted cells. Exosomes from these progenitor cells are powerful 
entities of communication, shuttling their angiogenic contents to target cells and leading to 
enhanced angiogenesis. CMPC and MSC derived exosome therapy could be a new strategy to 
stimulate angiogenesis, enhancing cardiac repair.

 ACKNOWlEdGEmENTS

This research is funded by ZonMW - Translational Adult Stemcell research and forms part of 
the Project P1.04 SMARTCARE of the BioMedical Materials institute, co-funded by the Dutch 
Ministry of Economic Affairs, Agriculture and Innovation. The financial contribution of the 
Dutch Heart Foundation is gratefully acknowledged. We thank Viola Oorschot from the CMC-
Utrecht department for her technical support and René Scriwanek for photographic assistance 
regarding electron microscopy technique. 
 

2013140 proefschrift Krijn Vrijsen.indd   64 21-03-13   13:20



CMPC and MSC exosomes stimulate angiogenesis

4

ch
ap

te
r

65

REfERENCES 
1. Cohn, J. N., Ferrari, R. & Sharpe, N. Cardiac remodeling--concepts and clinical implications: a consensus pa-

per from an international forum on cardiac remodeling. Behalf of an International Forum on Cardiac Re-
modeling. in J. Am. Coll. Cardiol. 35, 569–582 (2000).

2. Chamuleau, S. A. J. et al. Cell therapy for ischaemic heart disease: focus on the role of resident cardiac stem 
cells. Neth Heart J 17, 199–207 (2009).

3. Liu, J. et al. Cell therapy for myocardial regeneration. Curr. Mol. Med. 9, 287–298 (2009).
4. van der Spoel, T. I. G. et al. Human relevance of pre-clinical studies in stem cell therapy: systematic review and 

meta-analysis of large animal models of ischaemic heart disease. Cardiovascular Research 91, 649–658 (2011).
5. Abdel-Latif, A. et al. Adult bone marrow-derived cells for cardiac repair: a systematic review and meta-

analysis. Arch. Intern. Med. 167, 989–997 (2007).
6. Jeevanantham, V. V. et al. Adult bone marrow cell therapy improves survival and induces long-term improve-

ment in cardiac parameters: a systematic review and meta-analysis. Circulation 126, 551–568 (2012).
7. Vrijsen, K. R., Chamuleau, S. A. J., Noort, W. A., Doevendans, P. A. & Sluijter, J. P. G. Stem cell therapy for end-

stage heart failure: indispensable role for the cell? Curr Opin Organ Transplant 14, 560–565 (2009).
8. Hwang, H. & Kloner, R. A. Improving regenerating potential of the heart after myocardial infarction: factor-

based approach. Life Sci. 86, 461–472 (2010).
9. Simons, M. et al. Pharmacological treatment of coronary artery disease with recombinant fibroblast growth 

factor-2: double-blind, randomized, controlled clinical trial. Circulation 105, 788–793 (2002).
10. Stewart, D. J. et al. VEGF gene therapy fails to improve perfusion of ischemic myocardium in patients with 

advanced coronary disease: results of the NORTHERN trial. Mol. Ther. 17, 1109–1115 (2009).
11. Laham, R. J. et al. Local perivascular delivery of basic fibroblast growth factor in patients undergoing coro-

nary bypass surgery: results of a phase I randomized, double-blind, placebo-controlled trial. Circulation 
100, 1865–1871 (1999).

12. Chimenti, I. I. et al. Relative roles of direct regeneration versus paracrine effects of human cardiosphere-
derived cells transplanted into infarcted mice. Circ. Res. 106, 971–980 (2010).

13. Maxeiner, H. et al. New insights into paracrine mechanisms of human cardiac progenitor cells. Eur. J. Heart 
Fail. 12, 730–737 (2010).

14. Nguyen, B.-K. et al. Improved function and myocardial repair of infarcted heart by intracoronary injection of 
mesenchymal stem cell-derived growth factors. J Cardiovasc Transl Res 3, 547–558 (2010).

15. Timmers, L. et al. Reduction of myocardial infarct size by human mesenchymal stem cell conditioned me-
dium. Stem Cell Res 1, 129–137 (2007).

16. Gnecchi, M. et al. Paracrine action accounts for marked protection of ischemic heart by Akt-modified mesen-
chymal stem cells. Nat. Med. 11, 367–368 (2005).

17. Vrijsen, K. R. et al. Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endothelial cells. 
J. Cell. Mol. Med. 14, 1064–1070 (2010).

18. Lai, R. C. et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res 4, 
9–9 (2010).

19. Théry, C. Exosomes: secreted vesicles and intercellular communications. F1000 Biol Rep 3, 15 (2011).
20. Théry, C., Zitvogel, L. & Amigorena, S. Exosomes: composition, biogenesis and function. Nat. Rev. Immunol. 2, 

569–579 (2002).
21. Théry, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from cell culture 

supernatants and biological fluids. Curr Protoc Cell Biol Chapter 3, Unit 3.22 (2006).
22. Chaput, N. & Théry, C. Exosomes: immune properties and potential clinical implementations. Semin Immu-

nopathol 33, 419–440 (2011).
23. Nolte-’t Hoen, E. N. M., Buschow, S. I., Anderton, S. M., Stoorvogel, W. & Wauben, M. H. M. Activated T cells 

recruit exosomes secreted by dendritic cells via LFA-1. Blood 113, 1977–1981 (2009).
24. Bobrie, A., Colombo, M., Raposo, G. & Théry, C. Exosome secretion: molecular mechanisms and roles in im-

mune responses. Traffic 12, 1659–1668 (2011).
25. Peinado, H. et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phe-

notype through MET. Nat. Med. 18, 883–891 (2012).
26. Ge, R., Tan, E., Sharghi-Namini, S. & Asada, H. H. Exosomes in Cancer Microenvironment and Beyond: have we 

Overlooked these Extracellular Messengers? Cancer Microenviron 5, 323–332 (2012).
27. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic ex-

change between cells. Nat. Cell Biol. 9, 654–659 (2007).

2013140 proefschrift Krijn Vrijsen.indd   65 21-03-13   13:20



Part two  ExosomEs in cardiac rEpair  |  chaptEr 4

4

ch
ap

te
r

66

28. Smits, A. M., van Oorschot, A. A. & Goumans, M.-J. Isolation and differentiation of human cardiomyocyte 
progenitor cells into cardiomyocytes. Methods Mol Biol 879, 339–349 (2012).

29. van Vliet, P. et al. Progenitor cells isolated from the human heart: a potential cell source for regenerative 
therapy. Neth Heart J 16, 163–169 (2008).

30. van Vliet, P., Sluijter, J. P. G., Doevendans, P. A. & Goumans, M.-J. Isolation and expansion of resident cardiac 
progenitor cells. Expert Rev Cardiovasc Ther 5, 33–43 (2007).

31. Smits, A. M. et al. Human cardiomyocyte progenitor cell transplantation preserves long-term function of the 
infarcted mouse myocardium. Cardiovascular Research 83, 527–535 (2009).

32. Noort, W. A. et al. Human versus porcine mesenchymal stromal cells: phenotype, differentiation potential, im-
munomodulation and cardiac improvement after transplantation. J. Cell. Mol. Med. 16, 1827–1839 (2012).

33. Tersteeg, C. et al. A fibronectin-fibrinogen-tropoelastin coating reduces smooth muscle cell growth but im-
proves endothelial cell function. J. Cell. Mol. Med. 16, 2117–2126 (2012).

34. van Mil, A. et al. MicroRNA-214 inhibits angiogenesis by targeting Quaking and reducing angiogenic growth 
factor release. Cardiovascular Research 93, 655–665 (2012).

35. van der Vlist, E. J. et al. CD4 +T cell activation promotes the differential release of distinct populations of 
nanosized vesicles. Journal of Extracellular Vesicles 1, (2012).

36. Slot, J. W. & Geuze, H. J. Cryosectioning and immunolabeling. Nat Protoc 2, 2480–2491 (2007).
37. van der Vlist, E. J., Nolte-’t Hoen, E. N. M., Stoorvogel, W., Arkesteijn, G. J. A. & Wauben, M. H. M. Fluorescent 

labeling of nano-sized vesicles released by cells and subsequent quantitative and qualitative analysis by 
high-resolution flow cytometry. Nat Protoc 7, 1311–1326 (2012).

38. Guo, H.-D. H. et al. Sustained delivery of VEGF from designer self-assembling peptides improves cardiac 
function after myocardial infarction. Biochem. Biophys. Res. Commun. 424, 105–111 (2012).

39. Yancopoulos, G. D. et al. Vascular-specific growth factors and blood vessel formation. Nature 407, 242–
248 (2000).

40. Siefert, S. A. & Sarkar, R. Matrix metalloproteinases in vascular physiology and disease. Vascular 20, 210–
216 (2012).

41. Bougatef, F. et al. EMMPRIN promotes angiogenesis through hypoxia-inducible factor-2alpha-mediated 
regulation of soluble VEGF isoforms and their receptor VEGFR-2. Blood 114, 5547–5556 (2009).

42. Hobeika, M. J., Thompson, R. W., Muhs, B. E., Brooks, P. C. & Gagne, P. J. Matrix metalloproteinases in periph-
eral vascular disease. Journal of Vascular Surgery 45, 849–857 (2007).

43. Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical applications of angiogenesis. Nature 473, 298–
307 (2011).

44. Beltrami, A. P. et al. Adult cardiac stem cells are multipotent and support myocardial regeneration. Cell 114, 
763–776 (2003).

45. Tang, X.-L. et al. Intracoronary administration of cardiac progenitor cells alleviates left ventricular dysfunc-
tion in rats with a 30-day-old infarction. Circulation 121, 293–305 (2010).

46. Gnecchi, M., Danieli, P. & Cervio, E. Mesenchymal stem cell therapy for heart disease. Vascul. Pharmacol. 57, 
48–55 (2012).

47. Harding, C. C., Heuser, J. J. & Stahl, P. P. Receptor-mediated endocytosis of transferrin and recycling of the 
transferrin receptor in rat reticulocytes. J. Cell Biol. 97, 329–339 (1983).

48. de Jong, O. G. et al. Cellular stress conditions are reflected in the protein and RNA content of endothelial cell-
derived exosomes. Journal of Extracellular Vesicles; Vol 1 (2012) incl Supplements (2012).

49. Park, J. E. et al. Hypoxic Tumor Cell Modulates Its Microenvironment to Enhance Angiogenic and Metastatic 
Potential by Secretion of Proteins and Exosomes. Mol. Cell Proteomics 9, 1085–1099 (2010).

50. Alvarez-Erviti, L. L. et al. Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. 
Nat Biotechnol 29, 341–345 (2011).

51. Sahoo, S. S. et al. Exosomes from human CD34+ stem cells mediate their proangiogenic paracrine activity. 
Circ. Res. 109, 724–728 (2011).

52. Mackie, A. R. A. et al. Sonic hedgehog-modified human CD34+ cells preserve cardiac function after acute 
myocardial infarction. Circ. Res. 111, 312–321 (2012).

53. Lee, Y., Andaloussi, El, S. & Wood, M. J. A. Exosomes and microvesicles: extracellular vesicles for genetic 
information transfer and gene therapy. Hum. Mol. Genet. 21, R125–34 (2012).

54. van Dommelen, S. M. S. et al. Microvesicles and exosomes: opportunities for cell-derived membrane vesicles 
in drug delivery. J Control Release 161, 635–644 (2012).

55. Baglio, S. R., Pegtel, D. M. & Baldini, N. Mesenchymal stem cell secreted vesicles provide novel opportunities 
in (stem) cell-free therapy. Front Physiol 3, 359 (2012).

2013140 proefschrift Krijn Vrijsen.indd   66 21-03-13   13:20



CMPC and MSC exosomes stimulate angiogenesis

4

ch
ap

te
r

67

56. Lai, R. C., Chen, T. S. & Lim, S. K. Mesenchymal stem cell exosome: a novel stem cell-based therapy for cardio-
vascular disease. Regen Med 6, 481–492 (2011).

57. Millimaggi, D. et al. Tumor vesicle-associated CD147 modulates the angiogenic capability of endothelial 
cells. Neoplasia 9, 349–357 (2007).

58. Fish, J. E. et al. miR-126 regulates angiogenic signaling and vascular integrity. Dev. Cell 15, 272–284 (2008).
59. Wang, S. et al. The endothelial-specific microRNA miR-126 governs vascular integrity and angiogenesis. Dev. 

Cell 15, 261–271 (2008).
60. Liu, F. et al. Upregulation of MicroRNA-210 regulates renal angiogenesis mediated by activation of VEGF 

signaling pathway under ischemia/perfusion injury in vivo and in vitro. Kidney Blood Press. Res. 35, 182–
191 (2012).

2013140 proefschrift Krijn Vrijsen.indd   67 21-03-13   13:20



Part two  ExosomEs in cardiac rEpair  |  chaptEr 4

4

ch
ap

te
r

68

SuPPlEmENTAl fIGuRES

1.
08

1.
09

1.
15

1.
06

1.
11

1.
12

1.
18

1.
20

1.
23

1.
25

1.
27

1.
24

fractions from sucrose gradient density (g/ml)

exosomes

PKH26  labeled 
exosomes

A

PKH26  without 
exosomes

1.18

1.06

PKH26 labeled MSC 
exosomes

PKH26 without 
exosomes

PKH26 labeled MSC 
exosomes

PKH26 without 
exosomes

PKH26 labeled CMPC 
exosomes

HM
EC

s

PKH26 labeled CMPC 
exosomes

1.261.06 1.08 1.111.09 1.23 1.24 1.251.12 1.15 1.201.18

B
density  sucrose gradient of PKH26 labeled exosomes (g/ml)

HU
VE

Cs

S1

Figure S1 PKH26 labeled exosomes are taken up by endothelial cells. A) PKH26 labeling of CMPC and MSC de-
rived exosomes before sucrose gradient (left) and after collection of twelve different fractions (1.06 - 
1.27 g/ml) after sucrose gradient (right). PKH26 labeled exosomes float in sucrose gradient to a density 
of 1.12 g/ml. B) CFSE (in green) labeled human micro vascular endothelial cells (HMECs) and human 
umbilical vein endothelial cells (HUVECs) incubated with all different fractions of the sucrose gradient 
demonstrate uptake of PKH26 labeled CMPC and MSC exosomes (red; approximate density 1.12 g/ml).
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Figure S2 CMPC and MSC derived exosomes stimulate angiogenesis in vitro. A) Scratch wound migration assay 
with HMECs stimulated with CMPC and MSC derived exosomes. Representative pictures of the closure 
of the wound at t = 6 hours and t = 0. B) Spheroid assay; representative pictures after stimulation of 
HMEC spheroids with CMPC and MSC derived exosomes. C) Matrigel assay: stimulation of HUVECs with 
CMPC-derived exosomes increased tubular lengths with 29.6% ± 7.1% (n > 5; p < 0.05) and number 
of junctions with 33.53% ± 14.22% (ns). MSC stimulation of HUVECs does not lead to a longer tubular 
length (n = 5; 4.50% ± 6.44%, ns) or increase in the number of junctions (0.45% ± 9.63%).
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Figure S3 Dose dependent effect of CMPC and MSC exosomes on influx of cells into matrigel plug. A) Less than 
1 μg of CMPC (n = 9) and MSC (n = 3) exosomes did not lead to a significant increase in the number of 
cells per hpf infiltrating the plug (respectively: 159.5 ± 32.7 and 161.6 ± 38.9) as compared to empty 
matrigel plugs (n = 10, 132.1 ± 11.7), whereas more than 2 μg of exosomes do (CMPC derived exosomes; 
n = 5; 404.8 ± 66.2, MSC derived exosomes; n = 10, 342.5 ± 34.5). B) CMPC and MSC derived exosomes 
in a matrigel plug can influence the influx of cells in neighboring empty matrigel plugs. In the matrigel 
plug without exosomes, without surrounding matrigel plugs 105.7 ± 6.8 cells per hpf could be detected, 
whereas in the empty matrigel plug surrounded by two matrigel plugs with a low dose of exosomes 
(derived from 1*107 cells) 161.2 ± 25.2 or with a high dose of exosomes (derived from 1*108) 248.7 ± 
46.3 cells per hpf could be detected.

0%

20%

40%

60%

80%

100%

no CMPC 
exosomes

MSC

A

pe
rc

en
ta

ge
 o

f C
D

31
+

ce
lls

 p
er

 p
lu

g 
(p

er
 hp

f)

exosomesexosomes

0%
5%

10%
15%
20%
25%
30%

no

exosomes

CMPC 
exosomes

MSC 

pe
rc

en
ta

ge
 o

f S
M

A+

ce
lls

 p
er

 p
lu

g 
(p

er
 hp

f)

B

Sup. Figure 4

exosomesexosomes

Figure S4 Percentage of vascular cells infiltrating the matrigel plug. A) CMPC and MSC derived exosomes in the 
matrigel plug (n = 3-5) does not lead to a significant increase in the percentage of CD31+ cells (no ex-
osomes; 61.8% ± 29.3%, CMPC exosomes; 48.3% ± 12.0%, MSC exosomes 54.1% ± 11.0%, ns) or B) SMA+ 
cells (no exosomes; 9.5% ± 4.0%, CMPC exosomes; 14.2% ± 12.7%, MSC exosomes 14.8% ± 11.6%, ns).
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Figure S5 CMPC and MSC derived exosome stimulation of angiogenesis in vitro is dependent on exosomal 
EMMPRIN expression, but not in vivo. A) Blocking exosomal EMMPRIN with anti-EMMPRIN antibody 
(Fitzgerald; 10R-CD147aHU, 20 μg/ml). Western blot analysis of antibody treated CMPC exosomes (top: 
isotope control antibody, middle: anti-EMMPRIN antibody) after sucrose gradient purification, probed 
with goat anti-mouse secondary antibody (top and middle) or flotillin-1 antibody (bottom). B) Matrigel 
assay with anti-EMMPRIN treated MSC exosomes lead to 22.1% ± 7.2% reduced total tubular length 
(top) and 39.3% ± 7.9% less junctions (bottom). C) In vivo matrigel plug assay with anti-EMMPRIN treat-
ed CMPC and MSC exosomes did not lead to reduced influx of cells (CMPC: 451.1 ± 97.8, MSC: 491.02 ± 
151.3 cells per hpf) compared to isotype control antibody treated exosomes (CMPC: 404.8 ± 66.2, MSC: 
348.17 ± 36.4 cells per hpf) (D) nor did it lead to reduced expression of EMMPRIN (top), MMP-9 (middle) 
and VEGF (bottom) in infiltrated cells.
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ABSTRACT 

Introduction
Myocardial infarction (MI) followed by reperfusion results in damage of the myocardium and 
subsequently to an inflammatory response. Although the inflammatory response is necessary 
to remove dead cells and matrix debris, progressive inflammation worsens the overall cardiac 
outcome. Cardiac stem cell therapy using mesenchymal stem cells (MSC) or cardiomyocytes 
progenitor cells (CMPC) improved cardiac function, despite low engraftment of the cells. 
Therefore, it is likely that paracrine factors produced by progenitor cells target several processes 
after MI, including inflammation. Here, we investigated the immune modulating effects of both 
MSC and CMPC on peripheral blood mononuclear cells (PBMC) or T-lymphocytes in vitro, as 
well as the underlying mechanism.

Material & Methods
Human fetal MSCs and CMPCs were characterized using flow cytometry and tested for 
multipotency by determining differentiation into all mesenchymal or cardiac lineages. The 
immunosuppressive properties of CMPCs and MSCs and their exosomes were tested in co-
culture with freshly isolated, allogeneic PBMCs or T-lymphocytes stimulated with interleukin-2 
(IL-2) and phorbol 12-myristate 13-acetate (PMA). Proliferation was measured by 
carboxyfluorescein succinimidyl analysis using flow cytometric analysis. 

Results
Proliferation of PBMCs and T-lymphocytes was significantly reduced in the presence of MSCs 
(PBMC: 60 ± 9%, T-lymphocytes: 65 ± 8%) or CMPCs (PBMC: 57 ± 9%, T-lymphocytes: 97 ± 
1%). In addition, the inflammatory cytokine panel of the cells in culture changed, with strong 
down regulation of IFNγ and TNFα. The inhibition of PBMC and T-cell proliferation was 
observed in both direct cell contact as well as in transwell co-culture systems (MSC: 58 ± 10%, 
CMPC: 62 ± 9%). Transfer of conditioned medium from co-cultured progenitor cells and PBMCs 
or T-lymphocytes to unrelated, activated PBMCs or T-lymphocytes abrogated their proliferation 
to a similar extent as the original co-culture (MSC: 51 ± 8%; CMPC: 97 ± 1%). Interestingly, 
exosomes isolated from the conditioned medium of MSCs and CMPCs prevented T-lymphocyte 
proliferation in a dose-dependent fashion.

Conclusion
Both MSCs and CMPCs have a strong capacity for in vitro immune suppression. This is mediated 
by paracrine factors. One potent immunosuppressive factor secreted by MSCs and CMPCs are 
exosomes, which prevented T-lymphocyte proliferation in a dose-dependent fashion.

73
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INTROduCTION

Ischemic heart disease occurs in approximately 40% of the population above 40 years and is 
the leading cause of death worldwide1. During ischemia a shortage of oxygen and nutrients in 
the heart occurs, resulting in both apoptosis and necrosis of cardiomyocytes and endothelial 
cells. Subsequent restoration of blood flow, currently the most effective therapy, results in 
additional damage of the myocardium, also known as ischemia/reperfusion injury (I/R injury)2. 
Both ischemia and reperfusion induced cell death trigger a strong, local inflammation3,4. The 
inflammatory response is essential, as cell debris must be removed by macrophages and 
neutrophils before the reparative phase can take place5. The inflammatory response is hard to 
contain however, and pro-inflammatory chemokines and cytokines produced by macrophages 
attract even more immune cells. The extravagated immune response causes further stress on 
the surviving myocytes in the infarct and border zone, thereby leading to more cell death.  
Activation of auto-reactive T-lymphocytes has been reported at later stages, which negatively 
influences cardiac remodeling and cardiac function long after the initial infarction6-9. In the 
damaged areas a sturdy scar tissue forms. The loss of myocytes and matrix deposition in the 
scar impedes optimal contraction of the heart, resulting in a loss of cardiac function4,10-13  which 
can progressively develop into heart failure. No curative therapy for heart failure exists besides 
cardiac transplantation, which is not without risk and due to a lack of donor organs many 
patients die waiting for a heart1. With the idea that stem cells could be used for myocardial 
repair, and especially cardiac stem cells, cardiac stem cell therapy is increasingly seen as a 
potential new treatment14,15. The aim is to halt or reverse progressive heart failure by replacing 
scar tissue for contractile cells. Stem cells transplanted in the heart are suggested to reduce 
damage after infarction, promote activation of the endogenous regenerative potential of the 
heart and integrate in the regenerative tissue15,16. However, despite favorable results on cardiac 
function obtained in animal studies, only few stem cells survive in the heart upon injection14,17,18. 
The low engraftment and survival of cells indicates that stem cell differentiation is at most a 
minor cause for the observed myocardial effects, while supportive or paracrine factors released 
by the injected cells are probably responsible – a theory called the paracrine hypothesis.
Although many different stem cells have been investigated for cardiac stem cell therapy, we 
selected the mesenchymal stem cell (MSC) and the cardiomyocyte progenitor cell (CMPC) as 
favorable candidates. MSCs were selected because of their strong paracrine activity and the 
extensive characterization in literature. MSCs are multipotent stem cells; well known for their 
beneficial paracrine effects on angiogenesis, cell survival, and inflammation. MSCs can 
traditionally differentiate into osteocytes, chondrocytes and adipocytes19. Although 
differentiation into cardiomyocytes has been described, the in vivo occurrence of cardiomyocyte 
differentiation is rare16,19,20. Animal and clinical studies using MSC therapy after MI report 
beneficial effects, such as increased ejection fraction and reduced remodeling. However, the 
cells disappear rapidly from the heart with 10% left after four hours and 1% after a day16,21-23. 
No long term engraftment and subsequent vascular differentiation has been reported16.  
Another candidate that has emerged for cardiac stem cell therapy is the cardiac progenitor/
stem cell (CSC), especially the cardiomyocyte progenitor cell (CMPC). CMPCs are recently 
discovered progenitor cells, which are located in the adult and fetal hearts24. CMPCs can 
differentiate into cardiomyocytes, smooth muscle cells and endothelial cells, both in vitro and 

2013140 proefschrift Krijn Vrijsen.indd   74 21-03-13   13:20



Immune modulating capacity of CMPC, MSC and exosomes

5

ch
ap

te
r

75

in vivo17,24,25. Like MSCs, animal studies injecting CMPCs after MI show beneficial effects of the 
therapy17, yet again few injected cells remained in the heart. CMPCs also produce large amounts 
of paracrine factors, thereby strongly stimulating angiogenesis17,26. However, the effects of CMPC 
on the immune system are still unknown.  
Besides soluble factors, exosomes are part of the secretome of many cells, including MSCs 
and CMPCs. Exosomes are small extra cellular vesicles of 30 - 100 nm produced via the 
endosomal pathway27-30. Exosomes contain proteins, mRNA and miRNA31 and embody a 
specific subcellular compartment, with specific proteins that arise from the plasma 
membrane, the endocytic pathway and the cytosol. The precise function of exosomes is not 
yet fully understood, but it is thought that they are important for communication between 
cells and affect a variety of pathways30,32. 
As the immune response is present shortly after myocardial injury and has a strong effect on 
cardiac function and outcome, it is likely to be affected by transplanted cells soon after injection. 
Our aim was to investigate the effect MSCs and CMPCs could have on the activated immune 
system.  In this paper, we examine the modulating effect of MSCs and CMPCs on allogeneic 
PBMC and T-lymphocyte proliferation in vitro. 

mATERIAlS ANd mETHOdS

Cell culture
Human fetal MSCs and human fetal CMPCs were obtained and characterized as described 
previously24,33. Of both cells types four different donors were used between passage six and 
passage 17. Cells were cultured in plastic culture flasks coated with 0.1% gelatin. MSCs were 
cultured in MEM-alpha (Gibco, 22561) supplemented with 10% fetal bovine serum (Gibco, 
10099-141), 100 U/ml penicillin and 100 µg/ml streptomycin (Lonza, 17-602E), 1 ng/ml bFGF 
(Sigma F0291) and 35.2 µg/ml ascorbic acid (Sigma A4034), as described before19. CMPCs 
were cultured in CMPC culture medium (1 part endothelial basal medium (EGM-2; Lonza CC-
3156) and 3 parts M199 (Lonza BE12-119F) supplemented with 10% FBS, 100 U/ml penicillin 
and 100 µg/ml streptomycin and 1% non-essential amino acids (Lonza 13-114), as described 
before24,25. Both MSCs and CMPCs were passaged when reaching 80 - 90% confluence by trypsin 
digestion (0.25% Trypsin; Lonza, CC-5012) at 37°C. 
Endothelial colony forming cells (ECFC) were isolated from human umbilical cord blood as 
previously described34. Briefly, the mononuclear cell (MNC) fraction was isolated from whole 
blood using Ficoll-paque density gradient centrifugation (GE life sciences, 17-1440-02). MNCs 
were plated on rat-tail collagen type I (BD Biosciences, 354236) coated six-well culture plates 
in a final concentration of 2 x 107 cells per well in endothelial growth medium, consisting of 
EGM-2 supplemented with 10% FBS, 1% GlutaMax (Gibco, 35050038), 100 U/ml Penicillin 
and 100µg/ml streptomycin. Medium was refreshed daily for the first four days. After day seven 
the cells were trypsinized and plated on fresh collagen type I coated wells until colonies 
appeared. ECFC colonies were isolated and passaged at 90% confluency. 
To generate conditioned medium, cell cultures were maintained at 37°C for at least three days 
in a humidified atmosphere (5% CO2 and 20% O2) and directly used in experiments, used for 
isolation of exosomes or stored in -20°C for later use. 
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PBMC and T-lymphocyte isolation 
Peripheral blood mononuclear cells (PBMC) and T-lymphocytes were isolated from healthy 
donor blood. PBMCs were purified by a Ficoll-Paque density gradient, according to the 
manufacturer’s protocol35. Using anti-CD3 magnetic beads (BD Biosciences, 552593) and the 
BD IMagnet (BD Bioscience, 552311), T-lymphocytes were isolated from the PBMCs according 
to manufacturer’s protocol. Both PBMCs and T-lymphocytes were labeled with 1.5 μM 
carboxyfluorescein succinimidyl ester (CFSE; Sigma, 21888) as described previously36. CFSE 
was diluted stepwise to the desired concentration and incubated with the cells for ten minutes 
at 37°C in a dark, shaking water bath. Afterwards 5% FBS was added to block further uptake 
and cells were washed to remove excess CFSE. 

Proliferation assay
PBMC and T-lymphocyte proliferation was subsequently determined in the presence of MSCs, 
CMPCs, their conditioned medium or their exosomes. Stem cells were plated at a concentration 
of 5.0 * 104 cells per well in a 48-wells plate. After 24 hours, 5.0 * 104 freshly isolated, CFSE-
labeled PBMCs or T-lymphocytes were added in RPMI-1640 (Lonza, BE12-702F) supplemented 
with 10% autologous human serum, 100 U/ml penicillin and 100 µg/ml streptomycin.  PBMCs 
and T-lymphocytes were activated using phorbol 12-myristate 13-acetate (PMA, 0.123ng/ml; 
Sigma, P8139) and interleukin-2 (IL-2) (120 U/ml, BD Pharmingen, 554563). After a six-day 
culture, cells were stained with Sytox blue 1:1000 (Invitrogen, S34857) for viability and cell 
proliferation analyzed by flow cytometry (Gallios, Beckmann coulter) and the data analysis 
software Kaluza. 
The visible halving of the fluorescent CFSE signal upon each cell division allowed us to count 
the number of cells present in each division. Then, we calculated what percentage of the initial 
population had divided at the time of measurement. To allow comparisons between different 
donors, proliferation of the stimulated immune cells is normalized to one and all other samples 
are compared to it.

Cytokine analysis
Conditioned medium was collected from CMPCs, MSCs and T-lymphocytes after six days or 
from CMPC and MSC co-culture with T-lymphocyte. The medium was used for cytokine 
profiling. Cytokines were measured using the multiplex immunoassay system (BioPlex, 200; 
Bio-Rad Laboratories) combined with the BioPlex Precision Pro Human Cytokine 10-Plex 
Panel (Bio Rad 171-A1001P), according to the manufacturer’s protocol. This multiplex assay 
detects IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p70), IL-13, IFN-γ and TNF-α. For analysis, 
the data was normalized to stimulated T-lymphocytes to allow optimal comparisons between 
the different groups.

Conditioned Medium Experiments
To produce sufficient quantities of conditioned medium, 0.5 * 106 stem cells were co-cultured 
with similar number of PBMCs or T-lymphocytes in six-wells plates, either stimulated or non-
stimulated. Conditioned medium was collected after six days of culture and centrifuged at 500 
x g for ten minutes. Supernatant was collected, filtered through a 0.2 μm filter (Corning, 431219) 
and stored in -20°C for analysis and further experiments. In the experiments where conditioned 
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medium was used for cell conditioning, 2 * 104 freshly isolated, CFSE-labeled PBMCs or 
T-lymphocytes were added per well in a 96 wells plate and conditioned medium was added 
1:1 with fresh medium. PBMCs and T-lymphocytes were collected for analysis by flow cytometry 
after four days of culture.

Exosome isolation and purification
For the isolation of exosomes, CMPCs and MSCs were cultured in exosome free medium. Hereto 
all serum components were centrifuged 60 minutes at 150,000 x g. Exosomes were isolated 
from the conditioned medium by differential centrifugation27. The conditioned medium was 
centrifuged for 30 minutes at 2,000 g to remove cell debris and subsequently for 30 minutes 
at 10,000 g at 4°C (Beckman, Optima LE-80K Ultracentrifuge). In a final centrifugation step 
(60 minutes at 100,000 g at 4°C) exosomes were pelleted. The exosomal pellet was washed 
with PBS and pelleted by another centrifugation step for 60 minutes at 100,000 g at 4°C. Finally, 
the washed pellets were resuspended in PBS before use in functional experiments and the 
exosomal protein concentration was determined with BCA protein assay (ThermoScientific). 
To determine the effect of CMPC and MSC derived exosomes on activated PBMCs and 
T-lymphocytes, they were added immediately after PMA and IL-2 activation. After six days the 
cells were collected and analyzed by flow cytometry.
To visualize exosomal uptake, the exosomal pellet was stained with PKH26 (Sigma, PKH26GL)37. 
PKH26 was inactivated with exosome free FBS. PKH26 labeled exosomes and unlabeled PKH26 
were separated by sucrose gradient purification. PKH26 labeled exosomes were pelleted once 
more by centrifugation at 100,000 g. The labeled exosomes were added to CFSE labeled 
T-lymphocytes. After overnight incubation, T-lymphocytes were trapped on Poly-L-Lysine 
(Sigma-Aldrich, P4707) coated slides, the nucleus was stained with Hoechst 1:10,000 
(Invitrogen H3570), fixated with 4% paraformaldehyde and analyzed with fluorescence 
microscopy.

Data analysis
All data are reported as mean ± SEM.  Analysis was performed with IBM SPSS 20.0. For group 
comparison, parametric (one-way ANOVA) and non-parametric (Kruskal-Wallis) analysis was 
performed followed by a LSD and Mann-Whitney post-hoc analysis with a Bonferroni correction 
for significance respectively. A p-value < 0.05 was considered significant. 

RESulTS

MSCs and CMPCs suppress proliferation of allogeneic PBMCs and T-lymphocytes
To examine and compare the immune modulating capacities of both MSCs and CMPCs, we 
performed co-culture experiments. We combined either MSCs or CMPCs with PBMCs or 
T-lymphocytes and stimulated the cells with PMA and IL-2 to induce lymphocyte proliferation. 
As a control, endothelial colony-forming cells (ECFC) were also used in the co-cultures. PBMCs 
are a heterogeneous mixture of cells and to see a more defined effect of our progenitor cells, 
we selected a main component of the PBMCs: the T-lymphocyte fraction. 
Upon stimulation, proliferation clusters are formed in both PBMC and T-lymphocyte cultures 
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(Figure 1A). In the presence of MSCs and CMPCs this cluster formation was strongly reduced 
or even absent, whereas in the presence of ECFCs proliferating colonies still form. Proliferation 
of the PBMCs or T-lymphocytes was measured based on CFSE-signal intensity using flow 
cytometry (Figure 1B). Quantification of the proliferation of PBMCs and T-lymphocytes can be 
seen in figure 1C and 1D, respectively. In the non-stimulated conditions no proliferation could 
be observed, indicating that the isolation process itself did not activate the isolated cells. In 
cultures stimulated with PMA and IL-2, the percentage of proliferating PBMCs was reduced in 
the co-cultures with MSCs (60 ± 9%; p < 0.01) and CMPCs (57 ± 9%; p < 0.01) (Figure 1C). 
Likewise in T-lymphocytes, proliferation was significantly lower in the presence of MSCs (65 
± 8%; p < 0.001) or CMPCs (97 ± 0.6%; p < 0.001; Figure 1D). ECFCs, on the other hand, did 
not influence the number of proliferating of T-lymphocytes (1 ± 0.2%). In the co-cultures of 
PBMCs with MSCs or CMPCs, both progenitor cells have the same inhibitory effect. 
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Figure 1 MSC and CMPC co-cultures with PBMC or T-lymphocytes after six days of stimulation. A) Light micros-
copy images of T-lymphocyte co-cultures after six days. In the non-stimulated samples, small individual 
cells are spread throughout the well. Upon stimulation, T-lymphocytes form proliferating colonies. In 
the presence of MSC and CMPC, the formation of T-cell colonies is strongly reduced or even absent, 
while in the co-culture with ECFC colony formation can still occur. Bar is 200 µm. B) Proliferation of T-
lymphocytes as measured by flow cytometry. Non-stimulated T-lymphocytes have a single FL1 peak at a 
high fluorescent intensity. Upon stimulation, lower intensity peaks form, halving the fluorescent signal 
upon each cell division. C and D) Quantification of proliferation of PBMCs (C) and T-lymphocytes (D) in 
different co-cultures. C) PBMC-proliferation was significantly reduced in the presence of both MSCs (60 
± 9%, p < 0.01) and CMPCs (57 ± 9%, p < 0.01), n=10. D) Similarly, proliferation of T-lymphocytes only is 
significantly reduced in the presence of MSCs (65 ± 8%) and CMPCs (97 ± 0.6%), but not of ECFCs (1 ± 
0.2%) (MSC and CMPC: n = 12; ECFC: n = 3). * p < 0.001  
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However, in the co-cultures of T-lymphocytes and one of the progenitor cell-types, CMPCs 
perform significantly better than MSCs (p < 0.001). 

MSCs and CMPCs alter the inflammatory environment of stimulated T-lymphocytes
Since cell proliferation is only one element of inflammation, we also investigated the 
inflammatory status of the co-culture medium. To examine the production and release of 
cytokines, conditioned medium was collected from MSCs, CMPCs, T-lymphocytes and co-
cultures of MSCs or CMPCs with T-lymphocytes and cytokines determined by Luminex Assays. 
The majority of pro-inflammatory cytokines were strongly reduced in the presence of MSCs 
and CMPCs (Figure 2A). 
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Figure 2 Alteration of the inflammatory environment. The cytokine production by MSCs and CMPCs only, by 
T-lymphocytes only, and upon co-culture of stem cells and T-lymphocytes was measured by Luminex as-
says.  A) Pro-inflammatory cytokines IFN-γ, TNF-α, IL-4, IL-5, IL-12 and IL-13 are produced by stimulated 
T-lymphocytes but down-regulated upon co-culturing with both MSCs and CMPCs. A significant reduc-
tion in IFN-γ, TNF-α and IL-13 in the conditioned medium indicated a reduced inflammatory environ-
ment. B) Release of IL-10, a supposedly anti-inflammatory cytokine, is strongly suppressed when stem 
cells are present in the co-culture, yet highly produced by stimulated T-lymphocytes. C) The release of 
IL-1b, which is produced by MSCs and CMPCs but hardly by T-lymphocytes, is further increased upon 
co-culture with T-lymphocytes. * p < 0.001  and  ° p < 0.01.
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A strong reduction was measured in the release of the strong pro-inflammatory cytokines IFN-γ 
(MSC: 82 ± 6%, CMPC: 84 ± 3%, p<0.001 for both) and TNF-α (MSC: 90 ± 1%, CMPC: 91 ± 1%, 
p < 0.001 for both). In addition, IL-4 (MSC: 91 ± 3%, CMPC: 56 ± 6%, p < 0.01 for both), IL-5 
(MSC: 99 ± 0.5%, CMPC: 99 ± 0.1%, p < 0.001 for both), IL-12 (MSC: 81 ± 4% , CMPC: 85 ±  5%, 
p < 0.001 for both) and IL-13 (MSC: 99 ± 0.5% , CMPC: 100 ± 0.07%, p < 0.001 for both) were 
also strongly decreased. The cytokine IL-10, usually suggested to be anti-inflammatory, was 
produced in high levels by active and proliferating T-lymphocytes, whereas its release was 
strongly diminished in the presence of both MSCs (99 ± 0.1%, p < 0.001) and CMPCs (99 ± 
0.2%, p < 0.001; Figure 2B). The cytokine IL-1b was produced by MSCs and in high levels by 
CMPCs compared to stimulated T-lymphocytes (3-fold and 36-fold increase (p < 0.01), 
respectively). In the co-culture experiments, the levels were increased even further to 13-fold 
for MSCs and 52-fold for CMPCs (p < 0.001).  

Cell-cell contact is dispensable for immunomodulation by MSCs and CMPCs
To investigate whether the immunosuppressive effect of MSCs and CMPCs is depended on direct 
cell-cell contact, we subsequently used a transwell cell culture system. In this transwell system, 
a transwell insert separated the different cell types from each other. As can be seen in figure 
3A, proliferation of PBMCs is reduced under cell contact conditions (MSC: 76 ± 11%, p < 0.01; 
CMPC: 60 ± 10%, p < 0.01), while during prevention of cell-cell contact this suppression is even 
stronger (MSC: 97 ± 3%, CMPC: 90 ± 5%, both p < 0.01). The same effect is visible, although 
less pronounced, when comparing the co-culture of T-lymphocytes in direct contact with MSCs 
(39 ± 17%, ns.) and CMPCs (42 ± 16%, p < 0.05) with the transwell co-cultures (MSC: 58 ± 
10%, CMPC: 62 ± 9%, p < 0.05 for both; Figure 3B).

Conditioned medium contains immunosuppressive factor from MSCs and CMPCs
To examine if the observed immune suppression is a relative stable paracrine secretion that 
could be transferred, conditioned medium was collected after six days of co-culture. The 
obtained conditioned medium was added 1:1 to freshly isolated and stimulated PBMCs. The 
proliferation of PBMCs was strongly reduced with conditioned medium from MSC co-cultures 
(85 ± 3%, p < 0.01) and CMPC co-cultures (61 ± 3%, p < 0.01; Figure 4A). To clarify which of 
the cells in the co-culture caused this effect, we collected conditioned medium from MSC-only, 
CMPC-only and T-lymphocyte-only cultures. A significant suppression of T-lymphocyte 
proliferation occurred in the presence of conditioned medium obtained from MSCs (40 ± 10%, 
p < 0.01), while the conditioned medium from the co-culture of MSCs with T-lymphocytes 
performed even better (51 ± 8%, p < 0.01; Figure 4B). This difference was, however, not 
significant. Still stronger effects were observed with conditioned medium from CMPCs (97 ± 
0.2%, p < 0.0001) or co-culture of CMPCs with T-lymphocytes (97 ± 0.3%, p < 0.0001) (Figure 
4C). No significant effect, neither suppressive nor stimulatory, was seen after addition of 
conditioned medium derived from stimulated T-lymphocytes only (14 ± 17% increase in 
proliferation, Figure 4B and C). 

 Stem cell derived exosomes can inhibit T-lymphocyte proliferation
To investigate whether exosomes secreted by stem cells can influence the proliferation of 
T-lymphocytes, we isolated exosomes from conditioned medium of MSCs and CMPCs27.  
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To demonstrate uptake of exosomes by stimulated T-lymphocytes, we added purified PKH26 
(red) labeled exosomes to CFSE labeled (green) T-lymphocytes. After overnight incubation, we 
analyzed the cells under fluorescence microscopy and observed a clear co-localization of our 
exosome-, T-lymphocyte- and nuclear labels (Figure 5A). Next, we examined the effect of 
exosomes on T-lymphocyte proliferation by adding exosomes from MSCs and CMPCs. As the 
rate of exosome production by cells is hardly constant, we sought a reliable way to quantify 
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Figure 3 Cell contact is not necessary for the immune modulating effect of MSCs and CMPCs. Transwell ex-
periment (TW) were performed where MSCs or CMPCs are located in the bottom part and activated 
PBMCs or T-lymphocytes on top of the 0.4 µm TW-filter. In control groups the cells were allowed cell-cell 
contact. A) Stimulated PBMCs co-cultured with CMPCs or MSCs with (TW -) and without (TW +) direct 
cell-cell contact. Significant suppression of proliferation occurs with in the presence of MSCs (76 ± 11%, 
p < 0.01) and CMPCs (60 ± 10%, p < 0.01) in the case of direct contact, while suppression becomes 
even stronger without cell-cell contact (MSC: 97 ± 3%, CMPC: 90 ± 5%, p < 0.01;  n = 3) B) Stimulated 
T-lymphocytes co-cultures with MSC and CMPC with (TW -) and without (TW +) direct cell-cell contact. 
Suppression of T-lymphocytes proliferation occurs in cell contact groups (MSC: 39 ± 17%, ns., CMPC: 
42 ± 16%, p < 0.05). Reduction of proliferation still occurs in the absence of direct cell-cell interactions 
(MSC: 58 ± 10%, CMPC: 62 ± 9%; p < 0.05 for both) (n = 5). ° p < 0.05  and  * p < 0.01 compared to stimu-
lated T-lymphocytes. 
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the amount of exosomes added to T-lymphocytes. To do so, we quantified the total protein level 
of isolated exosomes and examined which dose of CMPC derived exosomes adequately 
suppressed T-lymphocyte proliferation. We tested different amounts of exosomes, ranging from 
0.0025 μg to 10 μg (Figure 5B). As shown in figure 5B, a cut-off point between 0.5 to 1.25 µg 
of exosomal protein was found to be necessary for optimal suppression of T-lymphocyte 
proliferation. 
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Figure 4 The effect of conditioned medium on activated PBMCs and T-lymphocytes. Conditioned medium ob-
tained from single cell cultures or co-cultures was added to stimulated PBMCs (A) and T-lymphocytes 
(B, C). A) Conditioned medium isolated from PBMC co-cultures with MSCs and CMPCs confers suppres-
sive effect of stem cells on unrelated PBMCs (MSC conditioned medium: 85 ± 3%, CMPC conditioned 
medium: 61 ± 3%; p < 0.01 for both; n = 5). B) Stimulated T-lymphocytes grown in the presence of con-
ditioned medium from MSCs or MSC-T-lymphocyte co-culture have a significantly reduced proliferation 
(40 ± 10% (n = 3) and 51 ± 10% (n = 7), respectively), whereas conditioned medium from stimulated T-
lymphocyte has no effect (14 ± 17% increase). C) Stimulated T-lymphocytes proliferate significantly less 
after addition of conditioned medium from CMPC (97 ± 0.2%; p < 0.0001; n = 3) or CMPC-T-lymphocyte 
co-culture (97 ± 0.3%; p < 0.0001; n = 9).  * p < 0.01  and  ** p < 0.0001 compared to stimulated T-
lymphocytes.
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Having identified the optimal range of exosome quantity based on exosomal protein, we added 
1.5 μg MSC- or CMPC derived exosomes to 2 x 105 stimulated T-lymphocytes. As seen in figure 
5C, the addition of MSC derived exosomes resulted in a strong decrease of proliferation (73 ± 
12%, p<0.01). CMPC derived exosomes performed slightly better (77 ± 10%, p < 0.01), although 
this difference was not significant.   
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Figure 5 Effect of stem cell derived exosomes on T-lymphocyte proliferation. Exosomes were isolated from 
the conditioned medium of CMPC and MSC to investigate their immune modulating potential. A) Fluo-
rescence microscope visualization of the exosome uptake by T-lymphocytes. Red: exosomes (PKH26). 
Green: T-lymphocytes (CFSE). Blue: nucleus (Hoechst). B) Titration curve of CMPC derived exosome 
protein concentration and the effect on T-lymphocyte proliferation after stimulation. A cut-off point is 
reached around 1 μg of exosomal protein. C) MSC and CMPC derived exosomes significantly reduce T-
lymphocyte proliferation (MSC exosomes: 73 ± 12%, CMPC exosomes: 77 ± 10%). * p < 0.01 compared 
to stimulated T-lymphocytes.
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dISCuSSION

Mesenchymal stem cells are well known for their immune suppressive actions as described by 
Di Nicola and others38-40. MSCs are able to create an anti-inflammatory environment by inhibiting 
the release of pro-inflammatory cytokines and their secretion of anti-inflammatory factors39,40. 
For this reason, MSCs have been investigated in a clinical setting for a variety of immune related 
diseases, with often conflicting results41-44. As MSCs are described to have a broad differentiation 
capacity14,16 they have been investigated in the field of regenerative therapy for the heart as 
well. Although several studies have reported differentiation of MSCs towards cardiomyocytes 
and other cells of cardiac lineage, their differentiation rates are very low45-48. The CMPCs with 
their cardiac-specific differentiation capacities also appear to be ideal candidates for cardiac 
regeneration. However, in the application of cardiac stem cell therapy very low engraftment 
have been observed for both MSCs and CMPCs16,19,20. Nonetheless a preservation of cardiac 
function was observed after treatment, making it likely that the predominant mechanism of 
action is due to paracrine influences17,20,36. Paracrine factors produced by stem cells can promote 
cardiomyocyte survival and angiogenesis, leading to improved outcome after MI16,20. However, 
another important paracrine effect of stem cells, modulating the immune response, has not yet 
been investigated intensively in cardiac stem cell therapy.
In this study, we have investigated whether MSCs and CMPCs have a immune modulatory effect 
in vitro. We have demonstrated that both MSCs and CMPCs inhibit PBMC and T-lymphocyte 
proliferation, where CMPCs were found to be significantly stronger at this suppression than 
MSCs. In addition to merely suppression of proliferation, both MSCs and CMPCs also suppressed 
release of pro-inflammatory cytokines from T-lymphocytes. A shift towards specific 
T-lymphocyte phenotypes is occasionally reported to be induced by MSCs49,50. This entails an 
inhibition of TH1 lymphocyte formation, which reduced the activation of cytotoxic T-cells. 
Formation of TH2 lymphocytes, which activate the humoral immune response, and regulatory 
T-lymphocytes, which suppresses activation of the immune system, is reported to be increased51. 
We found the cytokines of both TH1 (IL-12, IFN-γ, TNF-α) and TH2 (IL-4, IL-5, IL-6 and IL-10) 
subtypes to be suppressed, which, combined with the strong reduction in proliferation, could 
indicate the T-lymphocytes remain in a naïve, undifferentiated state.
Suppression of PBMC or T-lymphocyte proliferation by MSC has been shown in a number of 
other previous studies36,38,39,52, albeit with a lot of variation in suppression between different 
donors. With our discovery that cardiac progenitor cells are also strong modulators of the 
immune system and the reports of immune modulating effects of neural stem cells51,53, we 
wondered whether immunomodulation is a more general stem cell trait. For this reason we 
included ECFC, a circulatory endothelial colony-forming cell, which did not alter the number 
of proliferating cells. 
Both MSCs and CMPCs mediated immunomodulation by production of paracrine factors, which 
was readily demonstrated in our transwell experiments. This finding is in agreement with Di 
Nicola et al.38 who also found cell-cell contact was not necessary for immunosuppression by 
MSCs, while others52 found reduced immunosuppression in absence of cell-contact. An 
interesting explanation for this is coined by English54 who claims cell-cell contact is not 
necessary for suppression of T-lymphocyte proliferation, but for induction of the T-regulatory 
phenotype it is.  
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The conditioned medium from stimulated single cultures and co-cultures contained factors, 
which suppress proliferation in activated T-lymphocytes and PBMC, as shown in figure 4.  These 
findings correlate to several studies, where injection of conditioned medium from MSC 
conferred the same improvements as the cells themselves55,56.  
Several potential mediators, produced by MSCs, have been investigated for their involvement 
in the immunomodulatory effects, including IL-10, transforming growth factor-β, prostaglandin 
E2, inducible nitric oxide synthase and indoleamine 2,3-dioxygenase40,51,52,54,57,58. Several studies 
have attempted to block these pathways, which resulted in a decrease of the immune 
suppressive effect of MSC. However, these experiments demonstrated different outcomes and 
until now the exact mechanisms of immune suppression are controversial51,52,54,58. Recently, 
MSC derived exosomes have been identified as cardioprotective vesicles, which improve cardiac 
function after MI28. Immune suppression by exosomes derived from (modified) dendritic 
cells59-61 or cancer stem cells62 has been reported and a recent study demonstrated effects of 
MSC derived exosomes on hepatic inflammation and fibrosis63. We examined the immune 
modulating capacity of MSC and CMPC derived exosomes and observed a strong inhibition of 
T-lymphocyte proliferation in vitro when exosomes were added to stimulated T-lymphocytes. 
Our titration experiment indicated this effect is dose-dependent, with a minimal dose between 
0.5 and 1.25 μg of exosomes to block T-lymphocyte proliferation for at least six days. We do 
believe, that although MSC and CMPC derived exosomes are important mediators of 
immunomodulation, however, they do not cover the complete suppressive effect. As nearly all 
interactions with and within the immune system are redundant, exosomes most likely function 
optimally when combined with several growth factors or cytokines produced by MSCs and 
CMPCs. Further analysis will have to be done to correctly identify the most important factors.  
By analyzing the miRNAs present in CMPC and MSC derived exosomes by micro-array analysis 
(LC Sciences, data not shown), we found several miRNAs, which are involved in the regulation 
of the immune response. For example, miRNA-126 was present in both types of exosomes and 
miR-146a was only present in CMPC derived exosomes. MicroRNA-126 is involved in vascular 
inflammation64 and miR-146a is expressed in PBMCs upon inflammation influencing the 
function of Th1 cells65. Generating computing associated network functions in Ingenuity Systems 
with the observed miRNAs from MSCs and CMPCs derived exosomes, demonstrated an 
association with other genes and miRNAs that are involved in inflammation, including 
chemokine ligand-266, integrin alpha-167, macrophage stimulating protein receptor and 
miRNA-15568,69. Activated T-lymphocytes and PBMCs treated with CMPC and MSC derived 
exosomes might be influenced by the direct transfer of exosomal proteins and miRNA or the 
activation of associated network functions. 
We recognize several limitations of this study. The first is inherent in the study of the immune 
system in vitro, which forced us to use a non-physiological method of PBMC and T-lymphocyte 
activation. However, in the MI-setting, activation of the immune system is a complex response 
mediated by various cytokines, damage-associated molecular patterns (DAMPs), natural 
antibodies and many other factors51,70, which is impossible to simulate in vitro. This leads 
directly to the second limitation in our study, which applies to all in vitro immune research: 
the immune system is a complex and interactive system in which all components strongly 
influence each other and excluding a specific cell type could unbalance this system and possibly 
influence the interactions with MSCs or CMPCs. 
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We demonstrated that both mesenchymal stem cells and cardiomyocyte progenitor cells 
strongly modulate the immune system by attenuation of PBMC and T-lymphocyte proliferation 
in vitro and reducing the release of pro-inflammatory cytokines. This suppression is not 
dependent on cell-cell contact and mediated via paracrine factors, which are already produced 
during regular culture as can be seen by the effect of MSC and CMPC conditioned medium on 
T-lymphocyte proliferation. One of the potential paracrine factors isolated from MSC and CMPC 
derived conditioned medium are exosomes, which were shown to be dose-dependently capable 
of suppressing T-lymphocyte proliferation. The use of stem cells or stem cell derived exosomes 
as a new treatment for post-MI inflammation could reduce damage to the heart in both short 
and long term.
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ABSTRACT 

Instigated by the discovery of adult cardiac progenitor cells, cell replacement therapy has 
become a promising option for myocardial repair in the past decade. We have previously shown 
that human derived cardiomyocyte progenitor cells (CMPCs) can differentiate into 
cardiomyocyte-, endothelial-, and smooth muscle-like cells in vitro, and in vivo after 
transplantation in a mouse model of myocardial infarction, resulting in preservation of cardiac 
function. However, to allow successful repopulation of the injured myocardium, it is of key 
importance to restore myocardial perfusion by the formation of new vasculature. Several 
studies have shown that microRNAs regulate vascular differentiation of different stem/
progenitor cells. In addition to cell differentiation, CMPCs have been thought to contribute to 
cardiac repair via the paracrine activation of endogenous cells. Moreover, exosomes from CMPCs 
have been demonstrated to enhance angiogenesis. 
Here, we show that miR-1 is upregulated in CMPCs during angiogenic differentiation. 
Upregulation of miR-1 enhanced the formation of vascular tubes on matrigel and within a 
collagen matrix and increased CMPC motility, as shown by planar and transwell migration 
assays. By western blot, qRT-PCR and luciferase reporter assays, miR-1 was found to directly 
target and inhibit the expression of sprouty-related EVH1 domain-containing protein-1 
(Spred1), a protein that negatively regulates angiogenesis by controlling growth factor-induced 
activation of the MAP kinase cascade. Using a systems biology approach, we found that in 
CMPCs, miR-1 is proposed to control a network of target genes predominantly involved in 
angiogenesis related processes. 
Overexpressing miR-1 in CMPCs, enhanced miR-1 levels were present in exosomes as compared 
to controls. The enhanced miR-1 levels could be shuttled to endothelial cells, thereby enhancing 
the migration of targeted endothelial cells.
Our data shows that, by upregulation of miR-1, the angiogenic differentiation of CMPCs and 
the angiogenic stimulating capacity of CMPC derived exosomes can be enhanced. The induction 
of angiogenesis may be used as a new therapeutic approach to improve the efficiency of cell-
based or cell-free therapy for cardiac regeneration by enhancing the formation of new 
vasculature.
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INTROduCTION

Despite the progress that has been made in the prevention and treatment of myocardial 
infarction (MI), heart failure remains one of the leading causes of morbidity and mortality 
worldwide. Current treatment options cannot overcome the progressive decline in cardiac 
function caused by the loss of functional cardiomyocytes, which may result in end-stage heart 
failure, for which currently the only therapeutic options are heart transplantation or left 
ventricular assist devices. To regenerate the injured myocardium after myocardial infarction, 
a considerable amount of new cardiomyocytes is needed. In 2003, the first adult murine 
cardiac progenitor cells were described1,2, leading to the discovery of the first adult human 
cardiac progenitor cells a few years later3-5. Since then, it became increasingly clear that 
transplantation of these cells could lead to partial regeneration of the injured myocardium. 
Subsequently, cell replacement therapy and the concept of regenerative medicine became a 
promising option to stop the development of end-stage heart failure by regenerating both 
cardiomyocytes and vasculature6-8 via transdifferentiation and the recently accepted 
hypothesis of endogenous cell activation by paracrine factors9,10. However, true cardiac 
regeneration is still limited, and to increase regeneration of the injured myocardium it is of 
key importance to restore myocardial perfusion, enabling free availability of oxygen and 
nutrients for the myocardium in need. This makes the formation of new vasculature vital to 
achieve true cardiac regeneration. We have previously shown that human derived 
cardiomyocyte progenitor cells (CMPCs) have the potential to form cardiomyocyte-, 
endothelial-, and smooth muscle-like cells in vitro, and in vivo after transplantation in a mouse 
model of myocardial infarction5,11. After transplantation in immune compromised mice with 
induced myocardial infarction, CMPCs were predominantly shown to contribute to the 
formation of new vasculature, leading to preservation of cardiac function11,12. However, this 
effect was mainly due to paracrine effects. Interestingly, conditioned medium and exosomes 
from progenitor cells have been shown to play a role in the activation of endogenous cells to 
prevent cardiac injury and to stimulate repair13-16. Moreover, CMPC derived exosomes have 
also been tested for the stimulation of new vasculature formation17. Therefore, the promotion 
of vascular growth, and thereby cardiac regeneration, might be greatly enhanced if we can 
direct CMPCs to differentiate into vascular cells, or utilize and stimulate the angiogenesis 
stimulating capacity of endogenous cardiac cells.
MicroRNAs (miRNAs) have been described to tightly regulate both angiogenesis and stem- or 
progenitor cell differentiation. We have previously shown that upregulating miR-1 and miR-499 
potently enhances the cardiomyogenic differentiation of CMPCs and mouse embryonic stem 
cells (ESC). This positive effect of miR-1 and/or miR-499 on cardiac differentiation was further 
demonstrated in human ESCs and the functional relevance was shown in vivo after myocardial 
infarction18-23. MicroRNAs were also shown to be key regulators of vascular differentiation24-26. 
Clearly, modulation of miRNA expression can be used to regulate the differentiation of adult 
cardiac progenitor cells and ESCs. Moreover, miRNA can be shuttled from cells into their 
surrounding via cellular communication by exosomes27. Therefore, miRNAs are potential 
interesting candidates to enhance the angiogenic differentiation of CMPCs or to enhance their 
angiogenic stimulating capacity to influence endogenous repair. Compared to the laborious in 
vitro CMPC myogenic differentiation protocol, in vitro angiogenic differentiation is achieved 
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relatively easy by culturing CMPCs on matrigel. It is, however, unclear which underlying 
molecular signaling pathways regulate this process, and if specific miRNAs are important. In 
this study, we found that miR-1 is upregulated in CMPCs cultured on matrigel, indicating a 
possible role of this miRNA in the angiogenic differentiation. Indeed, we found that miR-1 
upregulation enhanced the angiogenic differentiation of CMPCs, thereby directly targeting 
sprouty-related EVH1 domain-containing protein-1 (Spred1), a protein that negatively regulates 
angiogenesis by controlling growth factor-induced activation of the MAP kinase cascade28,29. 
With this study we show that miR-1 overexpression enhances the angiogenic differentiation 
of CMPCs and the angiogenic stimulating capacity of CMPC derived exosomes, possibly via 
shuttling of miR-1 to target endothelial cells, which can potentially be exploited to improve 
cardiac regeneration.

 mATERIAlS ANd mETHOdS

Cell culture
After obtaining individual informed consent, human fetal hearts were collected after elective 
abortion at week 17 to 19 of gestation. The investigation conforms to the principles outlined 
in the Declaration of Helsinki and was approved by the Medical Ethics committee of the 
University Medical Center Utrecht. CMPCs were isolated as described elsewhere5,30,31. CMPCs 
were cultured on 0.1% gelatin in SP++ medium (22% EGM-2 Lonza, Basel, Switzerland, 66% 
M199, 10%  FBS, 1% penicillin/streptomycin, and 1% MEM nonessential amino acids, 
Invitrogen, Carlsbad, CA) and passaged 1:5 when they reached 80% confluence. For the isolation 
of exosomes, CMPCs were cultured in exosome free17,32 SP++ medium. Human microvascular 
endothelial cells were cultured on uncoated flasks with HMEC culture medium (MCDB131, 
10% FBS, hydrocortisone (50 nM, Sigma ; H6909-10), human endothelial growth factor (EGF, 
10 ng/ml, Peprotech/Invitrogen 016100-15-A), L-glutamine (200 nM, Gibco; 25030-024) and 
1%  penicillin/streptomycin)17.

miRNA transfection
CMPCs were reverse-transfected with 3, 30 or 100 nmol/l Pre-miRTM miRNA Precursor 
Molecules for miR-1 (PM10617, Ambion, Austin, TX) or Negative Control#1 (AM17110, 
Ambion), using siPORTTM NeoFXTM Transfection Agent (Ambion). Transfection efficiency was 
confirmed by transfection of FAM3™ dye-labeled Pre-miR™ Negative Control #1 (AM17121, 
Ambion) and miR-1 expression was assessed by TaqMan MicroRNA Assay as described. For 
fluorescence microscope analysis of FAM3-labeled negative control miR transfected cells, cells 
were fixed with 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature. Nuclei 
were stained with 0.2 μg/ml Hoechst 33342 dye (Invitrogen) and mounted in Fluoromount-G 
(SouthernBiotech, Birmingham, AL).

Exosome isolation
For the isolation of exosomes, CMPCs were transfected as described (100 nM). The cells were 
grown to confluency and cultured for maximal five days post transfection. At day 1 and day 5 
the conditioned medium was collected for exosome isolation, according previously described 
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protocols via differential ultra centrifugation17,32. The exosome pellet was resuspendend in PBS 
to determine protein concentration. 

Taqman miRNA qRT-PCR
Cellular and exosomal total RNA was isolated with TriPure Isolation Reagent (Roche Applied 
Science, Penzberg, Germany) and treated with RNase-free DNase I (Qiagen, Venlo, The 
Netherlands). The expression of miR-1 and miR-126 was validated by TaqMan MicroRNA Assay 
(002222, 002228, Applied Biosystems, Foster City, CA) and normalized to the expression of 
the small nuclear RNA RNU19 (001003, Applied Biosystems) as previously described33.

qRT-PCR
Total RNA was isolated as described. Five hundred ng of total, DNA-free, RNA was transcribed 
to cDNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), and quantitative real-time 
polymerase chain reaction (qRT-PCR) was performed using iQ SYBR Green Supermix (Bio-Rad) 
and specific primers for α-SMA, KDR, β-actin, and Spred1 (Invitrogen) in a MyIQ single-color 
qRT-PCR system (Bio-Rad) as previously described33. Primers used are: α-SMA forward: 
5`-actgggacgacatggaaaa-3`, reverse: 5`-tttgagtcattttctcccgg-3`, KDR forward: 
5`-aaagggtggaggtgactgag-3`, reverse: 5`-cggtagaagcacttgtaggc-3`, β-actin forward: 
5`-gatcggcggctccatcctg-3`, reverse: 5`-gactcgtcatactcctgcttgc-3`, Spred1 forward: 
5`-agggcttttgatagaggtatccg-3`, reverse: 5`-catttgcttgtaagtcatctgcc-3`.

Matrigel assay
CMPCs were transfected as described. The next day, 15,000 CMPCs were seeded onto a matrigel-
coated (Merck Millipore, Billerica, MA) 24-well in SP++. After 16 hours, the cells were fixed 
with 4% PFA and blocked for 30 minutes using 0.1% saponin and 2% BSA. The cells were 
incubated with goat anti-PECAM-1 (1:200, sc-1505, Santa Cruz Biotechnology, Santa-Cruz, CA) 
and mouse anti-α-SMA (1:40, A2547, clone 1A4, Sigma-Aldrich, St. Louis, MO) for 1 hour at 
room temperature, followed by incubation with Alexa Fluor® 555 donkey anti-goat (1:400, 
A21432, Invitrogen) and Alexa Fluor® 488 goat anti-mouse (1:400, A11001, Invitrogen). Nuclei 
were stained using 0.2 μg/ml Hoechst 33342 dye. Cells were embedded in mowiol and images 
were captured using cell-P software (Olympus) on an Olympus BX60 microscope. Tube 
formation was quantified using AngioQuant software34.

Spheroid assay
CMPCs were transfected as described. After 24 hours, spheroids consisting of 400 CMPCs each 
were generated and embedded in 1 mg/ml collagen (Advanced Biomatrix, San Diego, California) 
in M199 with SP++ medium on top. In vitro sprouting was quantified by measuring the 
cumulative length of the tubular outgrowth using ImageJ software (NIH).

Scratch wound cell migration assay
CMPCs were transfected as described. The following day, at 90% confluence, a scratch was 
made and the medium was renewed with 50% SP++/50% M199. After eight hours, wound 
closure was measured using ImageJ software. 
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In addition, a scratch was made in confluent untransfected human microvascular endothelial 
cells (HMEC-1). The culture medium was replaced with MCDB131 with or without 0.5 μg of 
CMPC derived exosomes. After four to six hours, wound closure was measured using PhotoShop 
CS5 software17.

Transwell cell migration assay
CMPCs were transfected as described. After 24 hours, 60,000 transfected cells were resuspended 
in 20% SP++/80% M199, and added to the upper chamber of a transwell system (3422, Corning, 
Tewksbury, MA). 20% SP++/80% M199 was added to the lower chamber and cells were allowed 
to migrate for 6 hours before membranes were fixed with 4% PFA. The non-migrated cells from 
the upper well were removed with a cotton swab, and migrated cells were stained with Hoechst 
33342 dye, followed by quantification using Image J software.

Microarray
Total RNA was isolated from fetal CMPCs as described and subsequently purified with 
Nucleospin columns (Machery-Nagel). Five hundred nanogram of total, DNA-free RNA was 
transcribed to cDNA as described and subsequent cRNA synthesis was performed with the 
Illumina® TotalPrep™ RNA amplification kit (Ambion). The Illumina Expression BeadChip 
(HumanRef-8 v2) microarray assay was performed using a service provider (LC Sciences, 
Houston, TX). Data were analyzed by first subtracting the background and then normalizing 
the signals using a LOWESS filter (Locally-weighted Regression).

Luciferase experiments
The Spred1 3’ untranslated region (UTR) was cloned into the pMIR-REPORT Luciferase vector 
(Ambion). Seed mutations for target site 1, 2, and 3 were generated by QuikChange Site-Directed 
Mutagenesis (Agilent Technologies, Santa Clara, CA), and validated by sequencing. To determine 
the targeting capacity of miR-1, HEK293 cells were co-transfected with 200 ng of the pMIR-
REPORT-Spred1 3’ UTR Luciferase vector, or one of the mutated vectors and the pMIR-REPORT 
β-gal control plasmid to assess transfection efficiency. In addition, 50 nmol/l premiR-1, a 
combination of premiR-1 and antimiR-1 (AM10617, Ambion), or a ctrl-miR was introduced by 
using Lipofectamine 2000 (Invitrogen). Luciferase and β-galactosidase activity was assessed 
after 48 hours with the Luciferase Assay System and β-galactosidase Enzyme Assay System 
(Promega, Fitchburg, WI), respectively.

Western blot
Total protein was isolated with TriPure Isolation Reagent (Roche Applied Science). Equal 
amounts of protein were separated and then transferred to a PVDF membrane with the Novex® 
NuPAGE® SDS-PAGE Gel System (Invitrogen). Membranes were blocked (5% non-fat dry milk, 
PBS-0.1% Tween), and probed with Spred1 (sc-101392, Santa-Cruz Biotechnology) and 
β-tubulin (#2146, Cell Signaling, Danvers, MA) antibodies, followed by incubation with goat 
anti-rabbit or anti-mouse IgG secondary antibody, horseradish peroxidase-conjugated (P0448/
P0447, Dako, Glostrup, Denmark). The signal was visualized with enhanced chemiluminescence 
system (Sigma-Aldrich) and detected by using the ChemiDoc XRS system (Bio-Rad).
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Ingenuity systems pathway analysis
From each of the six miRNA target prediction databases (Microrna.org v08-2010, TargetScan 
v6.0, PicTar v03-2007, MicroCosm v5, Diana-microT v3, and ElMMo 11-2011), the 100 top-
scoring miR-1 predicted targets were analyzed for expression in CMPCs and only those 
expressed in CMPCs and predicted by three or more databases were evaluated with the 
ingenuity systems pathway analysis (IPA) software (Ingenuity® Systems, www.ingenuity.com). 
The most significant miR-1-predicted target-associated network functions and biological 
functions were identified.

 Statistical analysis
Data are presented as mean + SEM from at least three individual experiments (unless otherwise 
described) and were compared using a Student’s t test, or Mann Whitney. Differences were 
considered statistically significant when p-values were ≤ 0.05 as indicated by an asterisk.

RESulTS

miR-1 is upregulated during vascular tube formation by CMPCs
CMPCs propagate rapidly when cultured on 0.1% gelatin-coated culture flasks, while 
maintaining an undifferentiated state (Figure 1A) as shown previously5. When plated on 
matrigel, CMPCs are capable of reorganizing into cord-like structures, forming a complete 
vascular network within 16 hours (Figure 1B). As shown earlier, these tubular structures 
consist of aligned endothelial cell marker positive cells surrounded by cells expressing smooth 
muscle cell markers5. As these markers are absent in CMPCs, this shows that the cells 
differentiated towards endothelial and smooth muscle-like cells. To investigate which miRNAs 
might be involved in the formation of this vascular network by CMPCs, we analyzed the 
expression of various miRNAs and found that miR-1 is rapidly expressed when CMPCs are 
cultured on matrigel (Figure 1C).

miR-1 enhances vascular tube formation of CMPCs
Since miR-1 is upregulated during the angiogenic differentiation of CMPCs, we investigated its 
role in this process. Compared to the endothelial-specific miR-126, miR-1 is hardly present in 
undifferentiated CMPCs (Sup. Figure 1), and therefore can easily be upregulated but not 
inhibited. CMPCs can be efficiently transfected (up to 99%) as shown by visualization of 
different concentrations of fluorescent miRNA control (Sup. Figure 2A), and upregulation of 
miR-1 could be achieved up to at least eight days post-transfection in a dose-dependent manner 
as shown by taqman qRT-PCR (Sup. Figure 2B).
To study the role of miR-1 during vascular tube formation, 3, 30, or 100 nM of premiR-1 was 
transfected in CMPCs which were then plated on matrigel. Transfection by fluorescent 
miRNA control showed that the transfected miRNA mimics are retained in the CMPCs during 
vascular tube formation on matrigel (Sup. Figure 3). After 16 hours, cells were fixed and 
stained for αSMA and CD31, revealing a dose-responsive increase in tubular formation in 
the premiR-1 transfected cells (Figure 2A) and an alignment of CD31+ cells surrounded by 
spindle-shaped αSMA+ cells (Figure 2B). When performing time-lapse recordings of network 
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formation, we found that miR-1 accelerated the formation of tubular structures and 
increased the formation of more mature, cord-like structures (data not shown). Accurate 
unbiased analysis of the vascular organization was accomplished by computational 
quantification with AngioQuant software, which provides results on tubular length, size, 
and junctions (Sup. Figure 4). Quantification of the tubule dimensions showed that miR-1 
upregulation increased tubule length up to 2.5 fold and tubule size up to 4.5 fold (Figure 
2c). Next to immunofluorescent staining, the expression of KDR/VEGFR-2 and αSMA was 
analyzed. KDR is expressed on endothelial cells and mediates the cellular response to VEGF, 
and αSMA is the actin isoform typical of vascular smooth muscle cells and regulates cell 
motility and contraction. miR-1 upregulation increased the expression of KDR by almost 
20-fold and αSMA was increased over 10-fold compared to ctrl-miR transfected cells (Figure 
2D). These data indicate that the differentiation towards both endothelial and smooth 
muscle-like cells is enhanced by miR-1.
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Figure 1 miR-1 is upregulated during vascular tube formation by CMPCs. A) Undifferentiated CMPCs cultured 
on 0.1% gelatin. B) CMPCs, 16 hours after seeding on matrigel, differentiated and reorganized into cord-
like structures. C) TaqMan qRT-PCR analysis of miR-1 expression in undifferentiated CMPCs compared 
to CMPCs differentiated on matrigel. Data are represented as fold induction relative to undifferentiated 
CMPCs.
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Figure 2 miR-1 enhances vascular tube formation of CMPCs.  A) Matrigel angiogenesis assay of CMPCs trans-
fected with 0, 3, 30, or 100 nM premiR-1. Cells were stained for CD31 and αSMA. B) High magnification 
of tubular structures formed on matrigel showing aligned CD31+ cells surrounded by αSMA+ cells. C) 
Quantification of tubule length and tubule size. D) KDR and αSMA expression after miR-1 upregulation 
relative to ctrl-miR transfected cells.
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Figure 3 miR-1 enhances CMPC spheroid sprouting. A) Spheroid angiogenesis assay of ctrl or premiR-1 trans-
fected CMPCs, with or without the addition of VEGF-A. Quantification of sprout length relative to ctrl-
miR is shown below.
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miR-1 enhances CMPC spheroid sprouting
To further investigate the functional role of miR-1 in regulating CMPC angiogenic differentiation, 
we performed a three-dimensional spheroid sprouting assay where we overexpressed miR-1. 
We found that introducing miR-1 positively affected tubular outgrowth, as shown by an over 
two-fold increase in total sprout length after one day of culture (Figure 3). Adding the pro-
angiogenic growth factor VEGF-A to the culture medium increased spheroid sprouting to a 
similar extend as adding miR-1. When adding both VEGF-A and miR-1, tubular sprouting was 
increased over five fold. These data indicate a positive role for miR-1 on the angiogenic 
differentiation needed for the formation of these tubular sprouts.

miR-1 enhances CMPC migration
Since KDR expression is highly increased upon miR-1 upregulation, and VEGF has been shown 
to stimulate endothelial cell migration, we studied the effect of miR-1 upregulation on CMPC 
migration. Cell migration is one of the key steps necessary to achieve new blood vessel 
formation, and was studied in two different assays, the scratch or wound closure and transwell 
assay. PremiR-1 transfection resulted in an induction of wound closure by 46% compared to 
ctrl-miR transfected cells, six hours after inducing the scratch (Figure 4A). 
In the transwell migration assay, miR-1 upregulation resulted in twice as much cells migrating 
through the porous membrane, as shown by nuclear staining (Figure 4B). These data show 
that CMPC migration is regulated by miR-1 abundance.

Spred1 is a target of miR-1
To get insight in the mechanism by which miR-1 enhances the angiogenic differentiation of CMPCs, 
we performed a stringent target search. From six different miRNA target prediction databases the 
100 top-scoring miR-1 predicted targets were selected for further analysis. Only those predicted 
by three or more databases were searched in the CMPC microarray expression data (Sup. Table 
1). Only those expressed in CMPCs were considered for reporter gene analysis and are listed in 
Table 1. In total, 78 genes were predicted by three or more databases and expressed in CMPCs. 
Given the essential role in angiogenesis, and having several conserved miR-1 target sites (Sup. 
Figure 5), we identified Spred1 as a potential direct target of miR-1. The function of Spred1 has 
been explored in detail by several groups, showing that Spred1 negatively regulates angiogenesis 
by controlling growth factor induced activation of the MAP kinase cascade28,29. To investigate if 
miR-1 could directly target Spred1, we cloned the Spred1 3’ UTR, containing three conserved 
miR-1 target sites (Figure 5a), into a luciferase reporter vector (Figure 5b) and then co-transfected 
this vector together with premiR-1 into HEK293 cells. We found that Spred1 is indeed directly 
targeted by miR-1, as we observed that the luciferase activity could be significantly repressed 
(Figure 5b). Importantly, antimiR-1 co-transfection and mutating the target sequences 
complementary to the miR-1 seed region (Figure 5a, and Sup. Figure 6) relieved the repressive 
effect of miR-1 on luciferase activity, verifying the direct targeting of Spred1 by miR-1 (Figure 5b). 
The mutation data indicated that target site 1 is the most important site for miR-1 binding. Since 
miRNA targeting can result in mRNA degradation and/or translational blockage, we analyzed the 
effect of upregulating miR-1 on Spred1 mRNA and protein levels. Consistent with the conclusion 
that Spred1 is a direct target of miR-1, we found that miR-1 was capable of dose-dependently 
decreasing Spred1 mRNA (Figure 5c), as well as reducing the level of Spred1 protein (Figure 5d).
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Predicted miR-1 targets are associated with angiogenesis related processes
To understand the broader role of miR-1 in CMPCs, we analyzed the selected targets, listed in 
Table 1, with ingenuity pathway analysis (IPA) software. The most significant molecular, cellular, 
and developmental categories and two top functions per category are listed in Table 2. IPA 
analysis showed that miR-1 predicted targets are associated with cellular movement (invasion 
and migration), gene expression, and cellular growth and proliferation, functions that are 
commonly associated with vascular development and the process of angiogenesis. Sup. Figure 
7 shows the top network associated with these functions, and includes Spred1. In addition, the 
physiological and developmental functions associated with the predicted miR-1 targets include 
tissue development, vasculogenesis, and angiogenesis. These results are in line with the 
functional effects brought about by miR-1 upregulation.
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Figure 4 miR-1 enhances CMPC migration. A) Scratch wound cell migration assay of ctrl or premiR-1 transfected 
CMPCs. Quantification of wound closure relative to ctrl-miR is shown below. B) Transwell migration as-
say of ctrl or premiR-1 transfected CMPCs, with quantification of migrated cells, relative to ctrl.
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Table 1 miR-1 targets predicted by three or more databases and expressed in CMPCs. 

ADAR CORO1C HSPD1 PDCD4 SLC31A1 TMSL3

ANXA2 CREBL2 KLF13 PPIB SMARCC1 TPM3

ANXA4 CTBP2 KTN1 PPP2R5A SMARCD1 TRAPPC3

AP3D1 DCP2 LASP1 PRKACB SNX2 TRIM2

ARCN1 DDX5 MAP3K1 PTBP1 SPRED1 UBE2H

ARHGEF18 EFNB2 MATR3 RAB5A STK39 UBE4A

BDNF FN1 MEIS1 RAP1B STXBP4 UNC50

BSCL2 FOSB MMD RASA1 SULF1 WDR1

C9orf82 FOXP1 MYLK RNF38 TAGLN2 XPO6

CCND2 GJA1 NAP1L5 SEC63 TH1L YWHAQ

CEBPZ HDAC4 NCOA3 SETBP1 THBS1 YWHAZ

CITED2 HMGCR NDRG3 SFRP1 TIMP3 ZBTB4

CLTC HMGN1 NFAT5 SFRS9 TMSB4X ZFP36L1

Targets are listed in alphabetical order. miRecords, miRWalk, and miRTarBase were used to find experimentally 
validated targets (underlined).
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hsa-miR-1 3' uaUGUAU-GAAGA-AAUGUAAGGu 5'
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SPRED1 5' ugaguUAUAUCUGUACAUUCUg 3' 
SPRED1 mut 5' ugaguUAUAUCUGUAAAGUCUg 3'
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hsa-miR-1 3' uaUGUAUGAAGAAA----UGUAAGGu 5'

| | : ||||||    ||||||| 
SPRED1 5' ggAAAGGGUUCUUUAAGAACAUUCCc 3'
SPRED1 mut 5' ggAAAGGGUUCUUUAAGAACCUGCCc 3' 0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

no
 m

iR
N

A

ct
rl-

m
iR

pr
em

iR
-1

pr
e+

an
tim

iR
-1

no
 m

iR
N

A

ct
rl-

m
iR

pr
em

iR
-1

no
 m

iR
N

A

ct
rl-

m
iR

pr
em

iR
-1

no
 m

iR
N

A

ct
rl-

m
iR

pr
em

iR
-1

re
la
tiv

e 
co

rr
ec

te
d 

lu
ci

fe
ra

se
 a

cti
vi

ty

**

wt
mut target site  1 + 2
mut target site 2 + 3
mut target site 1 + 2 + 3

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 nM 3 nM
premiR-1

30 nM
premiR-1

100 nM
premiR-1

re
la
tiv

e 
ex

pr
es

si
on

Sp
re

d1
/β

-a
cti

n

*

*
Spred1

ctrl -miR       premiR -1

β-tubulin
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

ctrl-miR premiR-1

Sp
re

d1
 p

ro
te

in
 e

xp
re

ss
io

n 
(r

el
ati

ve
 d

en
si

ty
)

*

C

D

FIGURE 5
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Figure 5 Spred1 is a target of miR-1. A) Three predicted, conserved miR-1 target sites for Spred1, including se-
quences with seed-mutations used for validating direct targeting of miR-1. B) Schematic representation 
of the Spred1-3’UTR-pmiR luciferase reporter vector, and luciferase reporter gene analysis showing the 
effect of co-transfecting ctrl-miR, premiR-1, a combination of premiR-1 and antimiR-1, with the Spred1-
pmiR-reporter or one of the mutated Spred1-pmiR-reporters. Significance is measured compared to 
ctrl-miR. C) qRT-PCR analysis of Spred1 expression after premiR-1 transfection in CMPCs, normalized 
to β-actin. D) The effect of miR-1 upregulation on Spred1 protein levels, as shown by western blot and 
densitometric analysis. Data is normalized to β-tubulin and relative to ctrl-miR transfected cells.
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 miR-1 enhances the angiogenic stimulating capacity of CMPC derived exosomes
Transfection of CMPCs with miR-1 also lead to increased expression of miR-1 in CMPC derived 
exosomes, as detected by taqman qRT-PCR (Figure 6A). Since exosomes from CMPCs have 
previously been shown to stimulate endothelial cell migration17, we tested whether an enhanced 
presence of miR-1 in exosomes would affect endothelial cell behavior as well. In a scratch 
wound migration assay, exosomes derived from miR-1 transfected CMPC led to an increased 
closure of the wound by 19% ± 11% in addition to the effect of ctrl-transfected exosomes 
(Figure 6B). Moreover, miR-1 was successfully shuttled into the endothelial cells, as miR-1 was 
upregulated 135 ± 73 fold in HMECs treated with miR-1 containing exosomes, as compared to 
control transfected CMPC derived exosomes (Figure 6C). 

Table 2 Predicted miR-1 targets are associated with angiogenesis-related processes. 

MoLECuLAR AND CELLuLAR FuNCTIoNS

Category p-value #Molecules

Cellular Movement 1.00E-07 - 8.91E-03 24

Gene Expression 1.55E-07 - 8.91E-03 33

Cellular Growth and Proliferation 4.27E-07 - 8.91E-03 36

Top two functions per category p-value #Molecules

Invasion of cells 1.00E-07 15

Migration of cells 3.82E-06 23

Transcription 1.55E-07 30

Expression of DNA 3.15E-07 29

Proliferation of cells 4.27E-07 31

Growth of cells 4.86E-04 20

PHySIoLogICAL SySTEM DEVELoPMENT AND FuNCTIoN

Category p-value #Molecules

Tissue Development 1.52E-06 - 8.91E-03 29

Cardiovascular System Development and Function 3.34E-06 - 8.94E-03 17

Organismal Development 3.34E-06 - 8.91E-03 29

Top two functions per category p-value #Molecules

Tissue development 1.52E-06 27

Development of organ 2.07E-04 17

Vasculogenesis 3.34E-06 13

Developmental process of organism 3.44E-06 26

Vasculogenesis 3.34E-06 13

Angiogenesis 1.28E-04 10

Ingenuity Systems pathway analysis of miR-1 targets predicted by three or more databases and expressed in 
CMPCs, showing the top three most significant associated molecular and cellular categories and physiological 
system development categories. For each category, the two top functions are listed. P-values are calculated using 
the right-tailed Fisher’s exact test. # Molecules: the number of molecules related to the specific function.

2013140 proefschrift Krijn Vrijsen.indd   102 21-03-13   13:20



miR-1 enhances the angiogenic potential of CMPC and their exosomes

6

ch
ap

te
r

103

Figure 6 miR-1 enhances paracrine signaling from CMPCS. A) TaqMan qRT-PCR analysis of miR-1 expression in 
unransfected CMPCs derived exosomes compared to ctrl-miR and premiR-1 transfected CMPCs. Data 
are represented as fold induction relative to exosomes derived from untransfected CMPCs B) Scratch 
wound cell migration assay of HMECs stimulated with ctrl- or premiR-1 transfected CMPC derived ex-
osomes. Data are represented as fold induction of the closure of the wound relative to HMECs treated 
with ctrl-mir transfected CMPC derived exosomes C) TaqMan qRT-PCR analysis of miR-1 expression in 
HMECs treated with untransfected or ctrl-miR or premiR-1 transfected CMPC derived exosomes. Data 
are represented as fold induction relative to HMECs treated with exosomes derived from untransfected 
CMPCs.
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 dISCuSSION

With this study, we have uncovered a role for miR-1 in the angiogenic differentiation of CMPCs. 
We found that miR-1 was upregulated when CMPCs were induced to differentiate into 
endothelial and smooth muscle-like cells, forming a vascular network in vitro. miR-1 is normally 
absent in CMPCs, but undifferentiated CMPCs do express several vascular development related 
miRNAs, including the endothelial cell-specific miR-126, underlying the angiogenic potential 
of CMPCs. The pro-angiogenic function of miR-126 has already been described in great detail35,36, 
and was therefore not explored in this study. By increasing miR-1 levels, we could enhance the 
angiogenic differentiation as shown by an increase in CD31, KDR and αSMA expressing cells 
and an enhanced and accelerated formation of tubular structures on matrigel. The enhanced 
tube formation corresponds with our finding that miR-1 targets Spred1, thereby sensitizing 
the progenitor cell to pro-angiogenic stimuli. The increase in αSMA expression agrees with two 
previous reports showing that miR-1 inhibits smooth muscle cell (SMC) proliferation and 
promotes SMC differentiation37,38. In addition, we have shown that miR-1 upregulation in CMPCs 
enhances angiogenic sprouting in a three-dimensional collagen matrix. We found that miR-1 
or VEGF augmented tubular sprouting, but the combination of miR-1 and VEGF resulted in an 
additional improvement, which can be rationalized by Spred1 inhibition, making the cells more 
sensitive to pro-angiogenic stimuli. Spred1 is also known to inhibit cell motility39,40, a key 
process during vascular tube formation. Consistent with the negative role of Spred1 on cell 
migration, our data shows a positive effect of miR-1 on cell migration. Under normal physiology, 
miR-1 is considered to have a muscle-specific expression pattern41,42, however, a recent study 
has shown its expression in dorsal root ganglion neurons, where miR-1 upregulation positively 
affected neuronal outgrowth43. Intriguingly, inhibition of Spred1 has been shown to increase 
neuronal outgrowth. Blood vessels and nerve fibers have been shown to share some deep 
similarities in the mechanisms involved in the differentiation of the cellular players, growth, 
and navigation, and it is now well established that VEGF also plays a critical role in the nervous 
system44. The positive role of miR-1 on both angiogenic sprouting and neuronal outgrowth may 
very well add to these similarities. 
Among the list of 78 predicted miR-1 targets, which were expressed in the CMPC and predicted 
by three or more databases, 34 have already been experimentally validated, underlying the 
efficiency of this method in finding actual target genes. We validated Spred1 as a direct target 
of miR-1 by luciferase reporter assay and found that target site 1 was the most important for 
repression, showing the relevance of mutating each predicted target site to uncover dominant 
or functional sites. Spred1 is an intracellular inhibitor of the MAP kinase pathway and 
diminishes the transmission of intracellular pro-angiogenic signals by different angiogenic 
growth factors28. Thus, when miR-1 is overexpressed in CMPCs, Spred1 is silenced, mitigating 
the repressive influence of Spred1 on the intracellular signaling cascade activated by pro-
angiogenic growth factors, thereby sensitizing CMPCs to these pro-angiogenic growth factors. 
Consequently, when these CMPCs find themselves in an area where these pro-angiogenic growth 
factors are present, they can be induced to differentiate and form new vasculature. Importantly, 
while miR-1 seems to enhance both cardiomyogenic differentiation and angiogenic 
differentiation of CMPCs, it is clear that these processes are dependent on the milieu the CMPC 
resides in. Where TGF-β is necessary to initiate cardiomyogenic differentiation of CMPCs, 
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vascular growth factors will induce the angiogenic differentiation. TGF-β is a well-known 
inducer of cardiomyogenic differentiation and we have previously shown that the differentiation 
of CMPCs into cardiomyocytes is enhanced by TGF-β signaling45. It has been shown that TGF-β 
enhances the expression of Spred146. Therefore, in the presence of cardiomyogenic 
differentiation factors such as TGF-β, Spred1 levels are likely to be maintained making CMPCs 
less prone to form blood vessels. In addition, it has been shown that miR-1 does not regulate 
cell fate determination, but rather maturation in lineage-committed cells47, which is in line 
with the role of miR-1 in enhancing both the cardiomyogenic and angiogenic differentiation of 
CMPCs.
Paracrine activation of endogenous cells is, in addition to cell differentiation, an additional 
mode of action from transplanted cells to enhance angiogenesis and cardiac repair15,16,48. 
Previously, we have demonstrated the pro-angiogenic role of CMPC derived exosomes17. 
Exosomes can be taken up by surrounding cells and the exosomal cargo is released to the 
targeted cell. Proteins and RNA, including miRNAs, are effectively shuttled via exosomes27,49. 
Since miR-1 transfected CMPCs have a stronger angiogenic phenotype we also investigated a 
possible pro-angiogenic stimulation of CMPC derived exosomes. Upregulation of cellular miR-
1 led to enhanced exosomal presence of miR-1, which could successfully be transferred to 
endothelial cells. Additionally, increased presence of miR-1 in exosomes enhanced the migration 
stimulating capacity of CMPC derived exosomes on endothelial cells. MiR-1 is also released 
upon cardiac injury50. This could be an active signaling method to enhance endogenous repair 
via the stimulation of endogenous endothelial cells. 
 
 In conclusion, our data show that the angiogenic differentiation of CMPCs and the angiogenic 
stimulating capacity of CMPC exosomes is enhanced by upregulation of miR-1. Next to improving 
our understanding of how cardiac progenitor cell differentiation towards vascular structures 
is regulated, these new insights may help to devise a novel therapeutic approach to improve 
cardiac regeneration by enhancing the formation of new vasculature via transdifferentiation 
of transplanted progenitor cells or via enhanced endogenous angiogenesis.
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Figure S1 miR-1 expression in different cells compared to miR-126. Expression of miR-1 and endothelial-specific 
miR-126 is shown in CMPC-derived cardiomyocytes (CMPC-CM), undifferentiated CMPCs (CMPC), hu-
man endothelial cells (EC), and human vascular smooth muscle cells (vSMC).
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Figure S2 Small RNA transfection efficiency. A) Light and fluorescent microscope pictures of CMPCs transfected 
with different concentrations of FAM-labeled ctrl-miR. B) Taqman qRT-PCR analysis of CMPCs trans-
fected with 0, 3, 30, or 100 nM of premiR-1, or ctrl-miR, one, thee, or eight days after transfection.
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Figure S3 Transfection efficiency before and after seeding CMPCs on matrigel. FAM-labeled ctrl-miR transfected 
CMPCs grown on 0.1% gelatin and 16 hours after plating on matrigel.

Figure S4 AngioQuant quantification of vascular tube formation of CMPCs on matrigel. Tubule size and length 
quantification are shown for untransfected and premiR-1 transfected CMPCs. A zoomed image shows 
the accuracy of quantification.
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S5

Spred1 target site 1: 
Homo sapiens: AUAUAUAUCUACUGUCACAUUCCA
Pan troglodytes: AUAUA--UCUACUGUCACAUUCCA
Gorilla gorilla: AUAUAUAUCUACUGUCACAUUCCA
Mus musculus: GCACAUAUCUGCCACCACAUUCCA

Spred1 target site 2:
UGAGUUAUAUCUGUACAUUCUG
UGAGUUAUAUCUGUACAUUCUG
UGAGUUAUAUCUGUACAUUCUG
UGAGUCAUAUCUGUACAUUCUG

Spred1 target site 3:
GGAAAGGGUUCUUUAAGAACAUUCCC
GGAAAGGGUUCUUUAAGAACAUUCCC
GGAAAGGGUUCUUUAAGAACAUUCCC
GUGAGGGAUUGUUGCAAAAUACUCCC

Homo sapiens:
Pan troglodytes: 
Gorilla gorilla: 
Mus musculus:

Homo sapiens:
Pan troglodytes: 
Gorilla gorilla: 
Mus musculus:

Figure S5 Three conserved miR-1 target sites in the Spred1 3’ uTR. Seed sequences are underlined, and nucleo-
tides which are not conserved are shown in italics.

Figure S6 Sequence chromatograms of three wild type and mutated miR-1 target sites in the Spred1 3’ uTR 
pmiR luciferase vector. Mutated nucleotides are encircled in red.
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Figure S7 Ingenuity pathway analysis. IPA top predicted network built from putative miR-1 targets which are 
expressed in CMPCs and predicted by at least three online target prediction algorithms. In grey: genes 
from the dataset inputted into IPA. In white: non-dataset genes/molecules, which are incorporated into 
the network through relationships with other molecules. Solid line: direct interaction. Dashed line: indi-
rect interaction. Oval: transcription regulator. Double circle: complex/group. Diamond: enzyme. Circle: 
other.
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ABSTRACT 

Introduction
Upon myocardial infarction, the heart releases different enzymes, growth factors and cytokines. 
These factors are released into the circulation to attract cells to the injured area but can also 
serve as markers of cardiac injury. Some factors, like Troponin-I and C-reactive protein are 
released as a result of cells dying, probably via membrane disruption. Other factors, like SDF-
1, are actively released by cardiomyocytes, possibly to activate and stimulate the endogenous 
repair mechanism. In addition to these well studied factors, many cells are also able to release 
extracellular microvesicles (EMV), including exosomes. The release of microparticles and EMV 
upon myocardial damage have been studied and were associated to the severity of cardiac 
injury. These studies have focused, however, mainly on platelet and endothelial cell derived 
vesicles. In this manuscript, we examine the release of EMV and exosome/exosome-like vesicles 
(EEV) that are secreted by cells, released from the heart in three different models: ex vivo 
Langendorff, in vivo murine and porcine model of myocardial ischemia.

 Methods & Results 
Two hours after myocardial ischemia reperfusion injury (I/R) in C57/Bl6 mice, the number of 
EMV with a density of 1.13 g/ml that are released in the circulation is enhanced nearly eight 
fold as analyzed by high-resolution flow cytometry. EMV, in fractions with a different density, 
are also increased in mouse plasma after I/R compared to healthy controls. At least part of 
these vesicles is released by cardiomyocytes due to cardiac actinin positivity. From ex vivo 
Langendorff perfused hearts, the release of EEV was not significantly increased after two hours 
of ischemia based on protein concentration. However ischemia induced vesicles were able to 
enhance endothelial cell activation 1.26 fold in vitro. Protein concentrations of EEV, isolated 
from plasma from a porcine model of ischemia reperfusion following occlusion of the left 
anterior descending artery, was enhanced 2.16 fold. Occlusion of the left circumflex artery did 
not lead to a significant increase in EEV release as determined by protein quantification and 
the expression of flotillin-1. However, EEV released after LCX occlusion also enhanced 
endothelial cell activation 2.26 fold in vitro.

Conclusion
Upon myocardial injury, the number of released EMV is increased in circulation. Part of these 
vesicles is of exosomal origin and directly derived from myocytes. Moreover, isolated EEV from 
Langendorff perfused hearts and pig plasma can stimulate endothelial cell activation in vitro, 
which is enhanced after ischemia, thereby potentially stimulating endogenous repair 
mechanisms upon cardiac injury.

113
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INTROduCTION

During myocardial infarction, the heart produces enzymes, growth factors and cytokines that 
play a role in myocardial salvage, but are also released to the circulatory system. The release 
of Troponin, C-reactive protein (CRP) and Lactate dehydrogenase (LDH) can be used as a marker 
of (cardiac) injury; e.g. Troponin is used for the diagnosis of myocardial infarction upon 
hospitalization of patients with acute chest pain1-3. In addition to the detection of these markers, 
which is a result of passive leakage of cytosolic parts into their surroundings, active release of 
signaling molecules occurs as well. For example SDF-1 is released from the injured myocardium 
to form a gradient in which bone marrow progenitor cells can extravagate and migrate towards 
the site of injury to participate in the endogenous repair mechanism4. 
Besides the classical communication between cells via soluble factors, vesicle mediated 
signaling is a relatively new area of research5,6. Different types of extracellular microvesicles 
(EMV), are released by cells7,8 including exosomes. Exosomes are small membrane vesicles 
(30-100 nm) with a density of approximately 1.10-1.17 g/ml9,10. Exosomes are constitutively 
produced by the endosomal pathway. Inward budding of the membrane of late endosomes 
results in multivesicular bodies (MVB) that contain intraluminal vesicles (ILV). When MVBs 
fuse to the cellular membrane, ILVs are released into the extracellular environment and from 
then on referred to as exosomes. Exosomes reflect part of the cytosol and the cellular membrane 
content, but are enriched for several markers, including CD9, CD63, CD81 and flotillin-1. 
Differential isolation between exosomes and other extracellular vesicles with exosome-like 
characteristics (exosome-like vesicles) is not possible; therefore the isolated exosomes and 
exosome-like vesicles described in this research are referred to EEV. 
Although the composition and loading of EMVs and their release is not fully understood, it is 
thought that these processes are tightly regulated11-15. The release of EMVs upon cardiac injury 
is extensively studied and associated to the area at risk during myocardial infarction16, but 
these EMVs are not derived from ischemic cardiomyocytes but from activated platelets and 
endothelial cells16. Recent technological developments allowed us to focus on subclasses of 
small vesicles, shifting from large microparticles to small EMVs including EEVs. 
The role of EMVs under physiological or pathophysiological conditions is probably the exchange 
of cellular information from one cell to another5,17,18. Although the phenomenon is generally 
accepted, a detailed analysis and characterization based on density of released vesicles upon 
myocardial injury is lacking. Moreover, it is currently unknown if exosomes that are released 
after cardiac ischemia can have additional effects on endothelial cell behavior. 

mATERIAlS ANd mETHOdS

Animal experiments
Animal experiments were approved by the Animal Ethical Experimentation Committee of 
Utrecht University and carried out in accordance with the Guide for the Care and Use of 
Laboratory Animals. 
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Myocardial infarction and reperfusion in mice
To assess EMV release after myocardial infarction in vivo, mice (C57/bl6, 10-12 weeks) were 
anesthetized with a mixture of fentanyl (0.05 mg/kg), midazolam (5 mg/kg), and medetomidine 
(0.5 mg/kg) through an intraperitoneal injection.  The thorax was opened via left-sided 
thoracotomy and myocardial infarction was induced by ligation of the left anterior descending 
coronary artery.  The infarction was confirmed by the degree of paleness of the tissue19. After 
30 minutes of occlusion, the ligature was removed to allow reperfusion of the myocardium20,21. 
After two hours of reperfusion, blood was collected in EDTA or citrate tubes via cardiac puncture 
via the left ventricle (n = 9). For control conditions, blood was collected via cardiac puncture 
from sham operated (n = 3) and healthy animals (n = 8). Plasma was separated by centrifugation 
of the sample at 2,000 x g for ten minutes and subsequently centrifuged another 20 minutes 
at 2,000 x g. In the cleared plasma, we determined the levels of LDH by LDH based toxicology 
assay kit (Sigma; TOX7) according manufactures protocol.

Langendorff 
C57/Bl6 mice were injected with heparin 100 IU/kg via the tail vein and prepared for 
Langendorff retrograde perfusion (n = 8). In short, mice were anesthetized intraperitoneal 
with a mixture of fentanyl (0.05 mg/kg), midazolam (5 mg/kg), and medetomidine (0.5 mg/
kg) and the hearts were collected quickly. The explanted hearts were placed in ice-cold tyrode 
buffer solution (NaCl: 124 mM, KCl: 4.7 mM, MgCl2: 1.0mM, NaHCO3: 24mM, CaCl2: 1.3 mM, 
Glucose: 11.0 mM, Pyruvic Acid: 5.0 mM, pH = 7.4) and prepared for cannulation of the aortic 
opening. The mouse heart was connected to the Langendorff perfusion system22 and perfused 
for two to three hours. The perfusion buffer was kept at 37°C and gassed with carbogen (85% 
O2 + 15% CO2) and at a constant pressure of 73 mmHg. During perfusion, the heart flow-through 
was collected for the isolation of EEVs.

Pig experiments
Female Dutch Landrace pigs (approx. 70 kg) were anesthetized in the supine position and 
intubated with an endotracheal tube. The animals were mechanically ventilated with the use 
of a positive-pressure ventilator with a mix of oxygen and air (FiO2 0.5). General anesthesia/
analgesia was maintained with midazolam (0.5 mg/kg/h; Roche), sufentanyl bromid (2.0 μg/
kg/h; Janssen-Cilag) and pancuronium bromid (0.1 mg/kg/h; Organon) as previously 
described23. During the entire procedure, electrocardiogram, arterial pressure and capnogram 
were continuously monitored. MI was created by a temporary proximal ligation of the left 
circumflex artery (LCX, n = 7)24 or by percutaneous balloon inflation of equivalent size to the 
proximal LCX (n = 13)24 or left anterior descending artery (LAD, n = 5) for 75 minutes. During 
the procedures, we collected blood in heparin and citrate tubes at three different time points: 
before ischemia (baseline), after 60 minutes of ischemia and after 60 minutes of reperfusion.

Cell culture
Cardiomyocytes were dissociated from ventricles of two day old male neonatal Wistar rats and 
grown in culture medium, supplemented with 5% exosome free horse serum (Invitrogen, 
Carlsbad, CA, USA), penicillin (100 U/mL) and streptomycin (100 µg/mL; P/S; Bio-Whittaker, 
Verviers, Belgium), as previously described25.
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Human microvascular endothelial cells
Human microvascular endothelial cells (HMECs) were used in a scratch wound migration assay 
as described before26. For the propagation of these cells, they were cultured on fibronectin 
coated flasks in MCDB131 (Gibco; 10372-019), supplemented with 10% FBS, P/S, 
hydrocortisone (50 nM, Sigma; H6909-10), and human endothelial growth factor (EGF, 10 ng/
ml, Peprotech/Invitrogen; 016100-15-A) and L-glutamine (200 nM, Gibco; 25030-024.  
These cells are grown to confluence in three to four days, in a humidified 37°C incubator at 5% 
CO2

26.
For a scratch wound migration assay, HMECs were seeded in their culture medium without 
L-glutamine. After overnight incubation a scratch was made using a 200 μl tip in the middle of 
each well, all detached cells were removed and washed, and medium was replaced with 
MCDB131 without any additives. Exosomes/exosome-like vesicles (EEV) derived from mouse 
and pig plasma or from mouse Langendorff flow through were used to stimulate the endothelial 
cells. Pictures were taken at baseline (t = 0) and after six hours (t = 6). Closure of the scratch 
was measured based on the surface covered between t = 0 and t = 6 using Adobe Photoshop 
CS5 Software26. 

Extracellular microvesicles and exosomes/exosome-like vesicles isolation 
Mouse plasma samples were pooled from two to four animals. We have performed three 
individual experiments for healthy controls and I/R injured hearts and one experiment for 
sham operated animals. Mouse plasma samples were diluted 1:1 with PBS and subsequently 
centrifuged at 30 minutes at 2,000 x g, followed by 100,000 x g (Beckmann Coulter LE-80K 
Optima, SW60) for one hour to isolate EMVs which sediment at  ≥ 10,000 x g. EEVs from mouse 
and pig plasma, Langendorff perfused hearts and cultured cardiomyocytes were isolated 
according to the previous described ultra centrifugation protocol, in which diluted plasma or 
the flow-through and the conditioned cultured medium were differentially centrifuged at 2,000 
x g, 10,000 x g and 100,000 x g. The EEV pellet was resuspended in a small volume of PBS9.

Electron microscopy
Isolated EEVs were resuspended in phosphate buffer containing 1% glutaraldehyde 
(Polyscience; 00216) and subsequently loaded onto formar/carbon-coated electron microscopy 
grids. Contrast of the samples was enhanced with uranyl acetate (SPI; 02624-AB). Images were 
captured using a transmission electron microscope JEOL 1200EX26,27.

PKH67 labelling and flowcytometric analysis
Plasma derived EMVs were stained with PKH6728 (Sigma; PKH67GL). For this, EMVs were 
resuspended in 20 μl PBS and subsequently diluted in 80 μl diluent C. This was combined with 
PKH67 (1.5 μl) dissolved in 100 μl Diluent C and incubated for three minutes and inactivated 
with 50 μl of exosome free FBS (centrifuged O/N at 150,000 x g). To separate PKH67 labelled 
EMV from free PKH67 label, the mixtures were subjected to a sucrose gradient, as previously 
described9,26. After centrifugation of the sucrose gradient, twelve fractions were collected of 
which the density was determined. Upon diluting ten times in double filtered PBS, sucrose 
fractions were analysed by high resolution flow cytometric analysis with a threshold on 
fluorescence as previously described28,29. 
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SDS-PAGE and Western blots
To assess the expression of exosomal enriched proteins and cellular proteins, present on the 
isolated EMVs and EEVs, they were analysed by Western blot technique. Isolated and sucrose 
gradient purified EMVs and EEVs were resuspended in PBS and 4x laemli buffer and subjected 
to SDS-PAGE using pre-casted gels (Novex; NP0335BOX). Proteins were transferred to PVDF 
membranes (Millipore; IPVH00010). Membranes were blocked in 5% milk (BioRad; 170-6404) 
dissolved in PBS-T20 (0.1%) and incubated with appropriate antibodies, diluted in 5% milk-
PBS-T20; flotillin-1 (0.4 μg/ml; Santa-Cruz Biotechnology; SC25506), CD9 (0.5 μg/ml, Santa-
Cruz Biotechnology; SC53679), CD63 (1.0 μg/ml, BD; 556019) and cardiac actinin (1:1000, 
Sigma; A7811). The proteins were detected with chemiluminescent peroxidase substrate using 
a Chemi Doc™ XRS+ system (Bio-Rad) and Image Lab™ software.

RESulTS

Ischemia reperfusion injury in mice leads to the release of extracellular microvesicles 
into the circulation
Plasma was isolated from C57/bl6 mice after 30 minutes of ischemia followed by two hours of 
reperfusion (Figure 1A) and demonstrated a 15.5 ± 3.0 fold increase of LDH as compared to 
sham operated and healthy not operated (control) animals (Figure 1B). In sham-operated 
animals, LDH was also slightly elevated (3.9 ± 0.4 fold) compared to healthy controls. From the 
plasma of these C57/bl6 mice, EEVs were isolated according to the protocol adapted from Thery 
et al9. The isolated EEVs have a lipid bilayer, which were approximately 100 nm (Figure 1C). 
To determine the release of extracellular vesicles in circulation upon I/R injury in mice PKH67 
stained EMV, which were initially isolated by differential centrifugation at 2,000 x g and 100,000 
x g were analysed by high-resolution flow cytometry, which allowed us to quantify individual 
vesicles.  The distribution of these released vesicles is not comparable in individual experiments 
from I/R injured mice (Sup. Figure 1). In one experiment most EMVs had a higher density, 
whereas in another experiments the majority of vesicles were present in the lower density 
fractions. However, taking together the number of isolated EMVs from plasma after I/R are 
increased in all different fractions collected after sucrose gradient compared to the number of 
EMVs isolated from healthy control mice, which is set to 1. (Figure 1D and 1E). The forward 
scatter of the majority of the vesicles measured by high resolution flow cytometry are 
comparable to the forward scatter of 100 and 200 nm beads, suggesting that the size of the 
majority of the EMVs is in a similar range, although forward scatter is also affected by the 
composition of the events. Relative time-based quantification demonstrated that EMVs in the 
sucrose fractions with a density within the exosomal range (1.11 - 1.13 g/ml) have the highest 
increase (7.8 and 7.9 fold, respectively; Figure 1E).
The sucrose fractions from isolated EMVs from mouse plasma were analysed by Western blot, 
corrected for the initial used volumes for isolation. We observed the presence of exosomal 
enriched proteins CD63, CD9 and flotillin-1 in these vesicles (figure 2A, B en C, respectively). 
The expression of CD9 and flotillin-1 was mainly present in the EMVs with the density of 1.07 
- 1.11 g/ml and 1.07 - 1.17 g/ml, respectively, and were enhanced upon I/R injury. The 
expression of flotillin-1 was 5.3 (± 2.5) fold increased in the smallest density fractions after 
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Figure 1 Release of extracellular microvesicles after cardiac ischemia reperfusion injury in mice. A) Ischemia 
and reperfusion (I/R) injury in C57/Bl6 mice, time line. B) After I/R injury lactate dehydrogenase (LDH) 
is increased in plasma samples in mice. C) From mouse plasma extracellular microvesicles can be iso-
lated via ultra centrifugation. Electron microscopy analysis demonstrated isolated vesicles smaller than 
100 nm. D) High-resolution flow cytometric analysis of isolated extracellular microvesicles with differ-
ent densities from mouse plasma after I/R injury. Data are illustrated by density dot-plots. E) Relative 
time-based quantification28 of isolated extracellular microvesicles from mouse plasma after I/R injury 
compared to healthy control, which is set to one.
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I/R compared to healthy controls (figure 2C and D). In addition to these exosomal markers, we 
analysed the expression of cardiac actinin to observe part of the cellular origin of the EMVs.  
The expression of cardiac actinin was mainly present in the fractions 1.07-1.17 g/ml (Figure 
2C) and was 1.7 (± 0.4) fold increased upon I/R injury (Figure 2D).  
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Figure 2 Western blot analysis of mouse plasma derived extracellular microvesicles. A) Extracellular microvesi-
cles from mouse plasma express CD63. B) Sucrose gradient of isolated extracellular microvesicles dem-
onstrated that CD9, an exosome enriched protein, is mainly expressed in vesicles with a density of 1.07-
1.11 g/ml. C and D) Western blot analysis (C) from sucrose gradient isolated extracellular microvesicles 
after ischemia reperfusion injury demonstrated enhanced expression of flotillin-1 and cardiac actinin, 
as quantified in D.
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Exosomes/exosome-like vesicles from Langendorff perfused hearts stimulate endothelial 
cell migration
We have observed the increased release of EMVs upon cardiac injury is at least partly derived 
from cardiomyocyte origin. Next we tried to exclude the release of extracellular vesicles from 
non-cardiac cells by harvesting the vesicles from hearts of healthy C57/Bl6 mice upon 
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FIGURE 3

Figure 3 Analysis of cardiac derived exosomes/exosome-like vesicles. A) Electron microscopy analysis of Lan-
gendorff perfused heart derived exosomes/exosome-like vesicles. Cardiac derived exosomes/exosome-
like vesicles are approximately 50 nm in size B) Western blot analysis demonstrated the expression of 
exosomal enriched proteins CD9 and flotillin-1. C) Electron microscopy analysis of neonatal rat cardio-
myocytes derived vesicles revealed vesicles with an exosome-like appearance which are approximately 
100 nm in size. D) Protein quantification of cardiac derived (Langendorff perfused hearts) exosomes/
exosome-like vesicles after cardiac ischemia, by ex vivo ligation of the myocardium compared to vesicles 
isolated without cardiac ischemia E) Scratch wound migration assay. Exosomes/exosome-like vesicles 
from Langendorff perfused hearts stimulate endothelial cell migration in a wound closure assay. Ex-
osomes/exosome-like vesicles derived from ischemic hearts enhance this effect.
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Langendorff perfusion. Also the vesicles from these flow-throughs have an exosomal appearance 
as observed by the small double membrane layered vesicles by electron microscopy (figure 
3A) and the expression of CD9 and flotillin-1 (figure 3B). EEV isolated from Langendorff 
perfusion could be derived from different cardiac cell types, therefore we analysed the 
conditioned medium from cultured cardiomyocytes and confirmed by electron microscopy 
that they are able to release EMV into their medium (Figure 3C). Upon ischemia, by ligation of 
the LAD ex vivo in a Langendorff setting, we could only find a trend towards more exosomal 
protein in the flow-trough during two hours of collection (figure 3D). We aimed to identify if 
hypoxic derived EEVs were able to activate other cells more than normoxic derived EEVs and 
therefore stimulated HMECs in a scratch wound migration assay with EEVs from Langendorff 
perfused heart. Interestingly, the closure of the wound was increased by 17% and 26% in the 
presence of EEVs derived from normoxic and ischemic Langendorff perfused hearts, respectively, 
compared to non-stimulated endothelial cells (figure 3E). We could only detect a trend towards 
more activation between the activating capacity of EEV from “healthy” and “ischemic” 
Langendorff perfused hearts. 
These results indicated that the myocardium is able to release EMVs, including exosome-like 
vesicles, which is enhanced upon cardiac injury, and thereby, could trigger other cell types in 
their function. Although the release of vesicles could be determined in individual mice for each 
condition (i.e. control, sham or I/R injury), their yield was too little to perform functional 
follow-up assays. 

Plasma derived exosomes/exosome-like vesicles from a porcine model of ischemia 
reperfusion injury enhance endothelial cell migration
We used EEVs, isolated from pigs at baseline, during myocardial ischemia by occlusion of the 
LCX, and upon reperfusion (Figure 4A). In mice, enhanced release of vesicles upon cardiac 
injury was observed, but this was not clear in porcine based on the total protein concentration 
(Figure 4B) or the quantitative signal from flotillin-1 and cardiac actinin (Figure 4C), as detected 
by Western blot. Interestingly, however, we observed that EEVs from the circulation of 
myocardial injury in pigs could enhance endothelial cell activation (Figure 4D), similar to our 
findings from Langendorff perfused hearts. Circulating EEVs at baseline lead to a 1.5 (± 0.15) 
fold increased in closure of the wound compared to no EEVs. Cardiac ischemia, followed by 
reperfusion, lead to enhanced endothelial cell activation by obtained EEVs, since the closure 
of the wound is further increased with 41% (ischemia; 2.12 ± 0.32 fold increase) and 50% 
(reperfusion; 2.27 ± 0.21 fold increase), respectively. Although LCX occlusion did not result in 
an increase of total exosomal protein, occlusion of the LAD (Figure 5A) did show a significant 
release of EEVs based on total amount of EEV protein. Total EEV derived protein increased 1.30 
(± 0.17) fold after one hour of ischemia and up to 2.16 (± 0.30) fold after one hour of reperfusion 
(Figure 5B) 

2013140 proefschrift Krijn Vrijsen.indd   121 21-03-13   13:20



Part three  ExosomEs in cardiac injury  |  chaptEr 7

7

ch
ap

te
r

122

0

0.2

0,4

0.6

0.8

1

1.2

baseline ischemia reperfusion

pi
g 

pl
as

m
a 

de
riv

ed
 E

EV
 a

ft
er

 L
CX

 o
cc

lu
si

on
 

4

C

B

0

0.25

0.5

0.75

1

1.25

baseline ischemia reperfusion

re
la

tiv
e 

ca
rd

ia
c a

cti
ni

n
-1

 e
xp

re
ss

io
n 

on
 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

baseline ischemia reperfusion

re
la

tiv
e 

 fl
oti

lli
n

- 1
 e

xp
re

ss
io

n 
on

 p
ig

 
pl

as
m

a d
er

iv
ed

 EE
V 

aft
er

 LC
X 

oc
cl

us
io

n
re

la
ti

ve
 p

ro
te

in
 c

on
ce

nt
ra

ti
on

 fr
om

 

pi
g 

pl
as

m
a 

de
riv

ed
 EE

V 
aft

er
 LC

X 
oc

cl
us

si
on

 

A

= blood collection

t = 90 
minutes

t = 0 
minutes

reperfusionischemia: LCX occlussion

baseline 60 minutes ischemia 60 minutes reperfusion

   
  c

lo
su

re
 o

f t
he

 w
ou

nd
 o

f H
M

EC
S 

aft
er

 tr
ea

tm
en

t
w

ith
 E

EV
 is

ol
at

ed
 fr

om
 p

ig
 p

la
sm

a 
aft

er
 L

CX
 o

cc
lu

si
on

3

2.5

2

1.5

1

0.5

0
no EEV baseline ischemia reperfusion

D
§* *

Figure 4 Analysis of plasma derived exosomes/exosome-like vesicles (EEV) in a porcine model of ischemia 
reperfusion injury via occlusion of the left circumflex artery. A) I/R injury by occlusion of the LCX 
in a porcine model of ischemia reperfusion injury, time line. B) Protein quantification of exosomes/
exosome-like vesicles isolated from plasma before, during and after cardiac ischemia. C) Quantitative 
Western blot analysis for flotillin-1 and cardiac actinin. D) Scratch wound migration assay. Exosomes/
exosome-like vesicles after cardiac ischemia and reperfusion stimulate endothelial cell migration in a 
wound closure assay. Vesicles derived after reperfusion enhance this effect.
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dISCuSSION

Extracellular microvesicles are powerful entities in cellular communication5,6. Upon injury and 
disease, different vesicles circulate in the human body, which are involved in the pathology and 
the progression of disease30-35. For example carcinoma derived vesicles can circulate in the 
human body and can enhance angiogenesis36, supress tumour specific immune responses37 
and instruct “healthy” cells to become more oncogenic to facilitate tumour development38 and 
metastasis39,40. As they can be detected in different body fluids, these vesicles have a potential 
as diagnostic biomarker. Tumour derived vesicles, found in plasma and urine, can identify 
patients with bladder carcinomas41 or other types of carcinomas35,40,42,43. Upon cardiac injury, 
microparticles are released by endothelial cells and activated platelets and can be found in the 
circulation16. Moreover the presence of these vesicles is correlated to the size of the ischemic 
area, but these are not derived from (dying) cardiomyocytes16. Here, we demonstrated that 
EMVs including EEVs are released into the circulation, which was increased two hours upon 
cardiac I/R injury. Based on Western blotting, these EMVs showed an enhanced expression of 
cardiac actinin, suggesting their cardiomyocyte origin. Serial sampling in a porcine model of 
I/R injury via occlusion of the LCX, did not demonstrate a clear increase in EEV release upon 
injury as determined by protein concentration and the expression of exosomal markers. 
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Figure 5 Analysis of plasma derived exosomes/exosome-like vesicles (EEV) in a porcine model of ischemia rep-
erfusion injury via occlusion of the left anterior descending artery. A) I/R injury by occlusion of the LAD 
in a porcine model of ischemia reperfusion injury, time line. B) More exosomes/exosome-like vesicles 
are released to the circulation upon cardiac I/R injury as determined by protein concentration.
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Occlusion of the LAD, however, did demonstrate an increase of EEVs determined by protein 
concentration. The discrepancy in EEV release after the LCX and LAD occluded hearts is most 
likely caused by differences in severity of cardiac injury, as the occlusion of the LAD created a 
larger infarct size. The protein concentration in EEV pellets and the expression of exosomal 
markers are commonly used to monitor exosome release, however, these parameters do not 
necessarily reflect the number of vesicles44,45. It merely represents a possible difference in their 
composition. Measuring individual vesicles by high resolution flow cytometric analysis28,29 is 
demonstrating individual changes, but needs an intensive laborious and detailed analysis. 
Analysis of EMVs released in a mouse model of I/R injury in multiple experiments did not 
demonstrate a uniform distribution of vesicle density, as observed in supplemental figure 1. 
In three different experiments, the majority of the EMVs had either a small (1.08 – 1.12 g/ml) 
or a large density (1.20 g/ml), regardless of the size of these EMVs. 
Since the content of vesicles reflects part of the cellular compartment, the content is depending 
on cell type and cellular state46,47. Profiling the composition and cargo of exosomes provides 
therefore an additional option for EMVs as biomarkers46. In this way EMVs that are released 
from a common cell type, but having a changed composition and cargo provide a potential 
diagnostic value. For example hypoxia and oxidative stress changed the proteomic and RNA 
content of endothelial and mast cells36,47,48 In addition to proteins and mRNA, EMVs contain 
selectively packaged microRNAs (miRs)18, which can thereby be efficiently shuttled to targeted 
cells18,49. MicroRNA profiles in exosomes are widely studied, which can serve as possible 
biomarkers for multiple diseases30,31,36,40,43,50. Interestingly miRNAs are currently also explored 
as markers of cardiac injury51-54 in which specific miRNAs are found in the circulation of acute 
coronary syndrome patients and potentially partly found in EMVs including exosomes. Profiling 
the contents of EMVs and/or EEVs to determine their composition, protein, mRNA and miRNA 
cargo which are released upon cardiac injury might reveal more sensitive and specific 
biomarkers for cardiac injury or other disease states as compared to current available markers 
for clinical use.
Although we did not observe a difference in EEV protein levels in all injury models, an enhanced 
activation of endothelial cells could be observed after stimulation of EEVs that were isolated 
after myocardial injury. This suggests that, in addition to EEV number, the exosome composition 
is changed upon injury via a regulated process.
In addition, to the release of EMVs upon cardiac injury, several growth factors and heat shock 
proteins are released to maintain normal cardiac physiology and allow possible regeneration. 
For example, Yu et al. demonstrated that TNF-α released by hypoxic cardiomyocytes was located 
in exosomes. The release of TNF-α is associated with myocardial infarction and is involved in 
an exuberated inflammatory response, tissue necrosis and cardiac remodelling55. Likewise, 
plasma levels of HSP20 were elevated upon I/R injury in mice and released by the myocardium56. 
Interestingly, HSP20 is associated with exosomes and could thereby stimulate the proliferation, 
migration and capillary tube like formation of HUVECs56,  suggesting a pro-angiogenic role for 
these exosomes. We also observed that EEVs isolated after cardiac ischemia have pro-angiogenic 
effects on endothelial cell migration. This suggests that EEVs released from ischemic 
cardiomyocytes (in vivo and in vitro) can stimulate different processes. It is possible that EEVs 
released upon cardiac injury have more than one function15 or that more than one type of 
vesicle is being produced57. EMVs’ mode of action is determined by their cargo and composition 
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and defined by the cells that take up the EMVs. We hypothesize that these differences in EMV 
function depend on the time after myocardial infarction, as the vesicular content is cell-type 
and cell-state specific. Thereby it is possible that EMVs shortly after myocardial infarction try 
to salvage any damage and in sustained hypoxia/infarction need to cope with massive cell 
death. For this, the contents of the released vesicles should be studied in more detail, as well 
as their physiological role upon cardiac injury to reveal possible targets and possible therapeutic 
strategies.
In conclusion, we have observed that the number of extracellular microvesicles are enhanced 
in  different models of I/R injury, at least partly derived from cardiomyocytes. In addition we 
determined that exosomes/exosome-like vesicles from Langendorff perfused mouse heart and 
derived from pig plasma can stimulate endothelial cell activation, especially upon ischemia, 
suggesting at least a possible role in the activation of endogenous repair.

ACKNOWlEdGEmENTS

This research was supported by Wijnand M. Pon Stichting and the interuniversity cardiology 
institute the Netherlands. This research and forms part of the Project P1.04 SMARTCARE of 
the BioMedical Materials institute, co-funded by the Dutch Ministry of Economic Affairs, 
Agriculture and Innovation. The financial contribution of the Dutch Heart Foundation is 
gratefully acknowledged. We thank Verena Schrier for technical assistance.
 

2013140 proefschrift Krijn Vrijsen.indd   125 21-03-13   13:20



Part three  ExosomEs in cardiac injury  |  chaptEr 7

7

ch
ap

te
r

126

REfERENCES
1. Dekker, M. S., Mosterd, A., van ‘t Hof, A. W. J. & Hoes, A. W. Novel biochemical markers in suspected acute 

coronary syndrome: systematic review and critical appraisal. Heart 96, 1001–1010 (2010).
2. Brunetti, N. D., Troccoli, R., Correale, M., Pellegrino, P. L. & Di Biase, M. C-reactive protein in patients with 

acute coronary syndrome: correlation with diagnosis, myocardial damage, ejection fraction and angio-
graphic findings. Int. J. Cardiol. 109, 248–256 (2006).

3. Li, H. H., Li, J. J., Wang, Y. Y. & Yang, T. T. Proteomic analysis of effluents from perfused human heart for trans-
plantation: identification of potential biomarkers for ischemic heart damage. Proteome Sci 10, 21–21 (2011).

4. Hu, X. et al. Stromal cell derived factor-1 alpha confers protection against myocardial ischemia/reperfu-
sion injury: role of the cardiac stromal cell derived factor-1 alpha CXCR4 axis. Circulation 116, 654–663 
(2007).

5. Keller, S. S., Sanderson, M. P. M., Stoeck, A. A. & Altevogt, P. P. Exosomes: From biogenesis and secretion to 
biological function. Immunol Lett 107, 7–7 (2006).

6. Théry, C., Zitvogel, L. & Amigorena, S. Exosomes: composition, biogenesis and function. Nat. Rev. Immunol. 2, 
569–579 (2002).

7. Cocucci, E., Racchetti, G. & Meldolesi, J. Shedding microvesicles: artefacts no more. Trends Cell Biol. 19, 43–
51 (2009).

8. György, B. et al. Membrane vesicles, current state-of-the-art: emerging role of extracellular vesicles. Cell. 
Mol. Life Sci. 68, 2667–2688 (2011).

9. Théry, C., Amigorena, S., Raposo, G. & Clayton, A. Isolation and characterization of exosomes from cell culture 
supernatants and biological fluids. Curr Protoc Cell Biol Chapter 3, Unit 3.22 (2006).

10. Théry, C. Exosomes: secreted vesicles and intercellular communications. F1000 Biol Rep 3, 15 (2011).
11. Raiborg, C., Rusten, T. E. & Stenmark, H. Protein sorting into multivesicular endosomes. Curr. Opin. Cell Biol. 

15, 446–455 (2003).
12. de Gassart, A., Geminard, C., Fevrier, B., Raposo, G. & Vidal, M. Lipid raft-associated protein sorting in ex-

osomes. Blood 102, 4336–4344 (2003).
13. Trajkovic, K. et al. Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 

319, 1244–1247 (2008).
14. Marsh, M. & van Meer, G. Cell biology. No ESCRTs for exosomes. Science 319, 1191–1192 (2008).
15. van Niel, G., Porto-Carreiro, I., Simoes, S. & Raposo, G. Exosomes: a common pathway for a specialized func-

tion. J. Biochem. 140, 13–21 (2006).
16. Jung, C. et al. Circulating endothelial and platelet derived microparticles reflect the size of myocardium at 

risk in patients with ST-elevation myocardial infarction. Atherosclerosis 221, 226–231 (2012).
17. Bang, C. C. & Thum, T. T. Exosomes: New players in cell-cell communication. Int J Biochem Cell Biol 44, 

2060–2064 (2012).
18. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic ex-

change between cells. Nat. Cell Biol. 9, 654–659 (2007).
19. van Laake, L. W. et al. Monitoring of cell therapy and assessment of cardiac function using magnetic reso-

nance imaging in a mouse model of myocardial infarction. Nat Protoc 2, 2551–2567 (2007).
20. Oerlemans, M. I. F. J. et al. Active Wnt signaling in response to cardiac injury. Basic Res Cardiol 105, 631–641 

(2010).
21. Oerlemans, M. I. F. J. et al. Inhibition of RIP1-dependent necrosis prevents adverse cardiac remodeling after 

myocardial ischemia-reperfusion in vivo. Basic Res Cardiol 107, 270 (2012).
22. Lai, R. C. et al. Exosome secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell Res 4, 

9–9 (2010).
23. van der Spoel, T. I. G. et al. Transendocardial cell injection is not superior to intracoronary infusion in a porcine 

model of ischaemic cardiomyopathy: a study on delivery efficiency. J. Cell. Mol. Med. 16, 2768–2776 (2012).
24. Timmers, L. et al. Exenatide reduces infarct size and improves cardiac function in a porcine model of is-

chemia and reperfusion injury. J. Am. Coll. Cardiol. 53, 501–510 (2009).
25. Pijnappels, D. A. et al. Forced alignment of mesenchymal stem cells undergoing cardiomyogenic differentia-

tion affects functional integration with cardiomyocyte cultures. Circ. Res. 103, 167–176 (2008).
26. Vrijsen, K. R. et al. Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endothelial cells. 

J. Cell. Mol. Med. 14, 1064–1070 (2010).
27. Slot, J. W. & Geuze, H. J. Cryosectioning and immunolabeling. Nat Protoc 2, 2480–2491 (2007).

2013140 proefschrift Krijn Vrijsen.indd   126 21-03-13   13:20



Extracellular vesicles after cardiac injury

7

ch
ap

te
r

127

28. van der Vlist, E. J., Nolte-’t Hoen, E. N. M., Stoorvogel, W., Arkesteijn, G. J. A. & Wauben, M. H. M. Fluorescent 
labeling of nano-sized vesicles released by cells and subsequent quantitative and qualitative analysis by 
high-resolution flow cytometry. Nat Protoc 7, 1311–1326 (2012).

29. Nolte-’t Hoen, E. N. M. et al. Quantitative and qualitative flow cytometric analysis of nanosized cell-derived 
membrane vesicles. Nanomedicine 8, 712–720 (2012).

30. Fang, D. Y., King, H. W., Li, J. Y. & Gleadle, J. M. Exosomes and the Kidney: Blaming the Messenger. Nephrology 
(Carlton) – (2012).

31. Bala, S. S. et al. Circulating microRNAs in exosomes indicate hepatocyte injury and inflammation in alcoholic, 
drug-induced, and inflammatory liver diseases. Hepatology 56, 1946–1957 (2012).

32. Müller, G. G. Microvesicles/exosomes as potential novel biomarkers of metabolic diseases. Diabetes Metab 
Syndr Obes 5, 247–282 (2011).

33. Rajendran, L. L. et al. Alzheimer’s disease beta-amyloid peptides are released in association with exosomes. 
Proc. Natl. Acad. Sci. U.S.A. 103, 11172–11177 (2006).

34. Spehner, D. & Drillien, R. Extracellular vesicles containing virus-encoded membrane proteins are a byprod-
uct of infection with modified vaccinia virus Ankara. Virus Res. 137, 129–136 (2008).

35. Nieuwland, R. & Sturk, A. Why do cells release vesicles? Thromb Res Suppl 125 Suppl 1, S49–51 (2010).
36. King, H. W., Michael, M. Z. & Gleadle, J. M. Hypoxic enhancement of exosome release by breast cancer cells. 

BMC Cancer 12, 421 (2012).
37. Zhang, H.-G. & Grizzle, W. E. Exosomes and cancer: a newly described pathway of immune suppression. Clin. 

Cancer Res. 17, 959–964 (2011).
38. Peinado, H. et al. Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phe-

notype through MET. Nat. Med. 18, 883–891 (2012).
39. Putz, U. U. et al. The tumor suppressor PTEN is exported in exosomes and has phosphatase activity in recipi-

ent cells. Sci Signal 5, ra70–ra70 (2012).
40. Kharaziha, P. P., Ceder, S. S., Li, Q. Q. & Panaretakis, T. T. Tumor cell-derived exosomes: A message in a bottle. 

ACTA-BIOENERG 1826, 103–111 (2012).
41. Chen, C.-L. et al. Comparative and Targeted Proteomic Analyses of Urinary Microparticles from Bladder Can-

cer and Hernia Patients. J Proteome Res – (2012).
42. Logozzi, M. et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. 

PLoS ONE 4, e5219 (2009).
43. Silva, J. J. et al. Analysis of exosome release and its prognostic value in human colorectal cancer. Genes Chro-

mosomes Cancer 51, 409–418 (2012).
44. Ostrowski, M. et al. Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell 

Biol. 12, 19–30– sup pp 1–13 (2010).
45. Hedlund, M., Nagaeva, O., Kargl, D., Baranov, V. & Mincheva-Nilsson, L. Thermal- and oxidative stress causes 

enhanced release of NKG2D ligand-bearing immunosuppressive exosomes in leukemia/lymphoma T and B 
cells. PLoS ONE 6, e16899 (2011).

46. Pant, S. S., Hilton, H. H. & Burczynski, M. E. M. The multifaceted exosome: biogenesis, role in normal and 
aberrant cellular function, and frontiers for pharmacological and biomarker opportunities. Biochem Phar-
macol 83, 1484–1494 (2012).

47. de Jong, O. G. et al. Cellular stress conditions are reflected in the protein and RNA content of endothelial cell-
derived exosomes. Journal of Extracellular Vesicles; Vol 1 (2012) incl Supplements (2012).

48. Eldh, M. et al. Exosomes communicate protective messages during oxidative stress; possible role of exoso-
mal shuttle RNA. PLoS ONE 5, e15353–e15353 (2009).

49. Mittelbrunn, M. et al. Unidirectional transfer of microRNA-loaded exosomes from T cells to antigen-present-
ing cells. Nat Commun 2, 282 (2011).

50. Hu, G., Drescher, K. M. & Chen, X.-M. Exosomal miRNAs: Biological Properties and Therapeutic Potential. 
Front Genet 3, 56 (2012).

51. Oerlemans, M. I. F. J. M. et al. Early assessment of acute coronary syndromes in the emergency department: 
the potential diagnostic value of circulating microRNAs. EMBO Mol Med 4, 1176–1185 (2012).

52. Fichtlscherer, S., Zeiher, A. M. & Dimmeler, S. Circulating microRNAs: biomarkers or mediators of cardiovas-
cular diseases? Arterioscler Thromb Vasc Biol 31, 2383–2390 (2011).

53. Adachi, T. et al. Plasma microRNA 499 as a biomarker of acute myocardial infarction. Clin. Chem. 56, 1183–
1185 (2010).

54. Ji, X. et al. Plasma miR-208 as a biomarker of myocardial injury. Clin. Chem. 55, 1944–1949 (2009).

2013140 proefschrift Krijn Vrijsen.indd   127 21-03-13   13:20



Part three  ExosomEs in cardiac injury  |  chaptEr 7

7

ch
ap

te
r

128

55. Yu, X. et al. Mechanism of TNF-α autocrine effects in hypoxic cardiomyocytes: Initiated by hypoxia inducible 
factor 1α, presented by exosomes. J. Mol. Cell. Cardiol. 53, 848–857 (2012).

56. Zhang, X. X. et al. Hsp20 functions as a novel cardiokine in promoting angiogenesis via activation of VEGFR2. 
PLoS ONE 7, e32765–e32765 (2011).

57. Tauro, B. J. et al. Two distinct populations of exosomes are released from LIM1863 colon carcinoma cell-
derived organoids. Mol. Cell Proteomics (2012).

2013140 proefschrift Krijn Vrijsen.indd   128 21-03-13   13:20



Extracellular vesicles after cardiac injury

7

ch
ap

te
r

129

SuPPlEmENTAl fIGuRES

Figure S1:

0

100000

200000

300000

400000

500000

600000

nu
m

be
r

of
 e

ve
nt

s

0

50000

100000

150000

200000

250000

300000

1.06 1.08 1.10 1.12 1.14 1.16 1.18 1.2 1.22 1.23

nu
m

be
ro

f e
ve

nt
s

fractions, sucrose density (g/ml)

A

B

1.08 1.10 1.12 1.14 1.16 1.18 1.21 1.23 1.24

fractions, sucrose density (g/ml) healthy control
I/R injury

Figure S1 Quantification of isolated extracellular microvesicles with different densities from mouse plasma af-
ter I/R injury by high-resolution flow cytometry. A and B) Time-based quantification of extracellular 
microvesicles, two different experiments in which the majority of vesicles have a higher (A) or lower (B) 
density.
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CHAPTER 8

Cardiac regeneration therapy is inspired by endogenous progenitor cell activation to form new 
vasculature and cardiomyocytes1. The finding that the myocardium is not a post-mitotic organ 
and that more progenitors are present within the myocardium after cardiac injury nurtured 
intense hope to treat (ischemic) cardiomyopathies2-6. This led to an explosive interest in stem 
cell research. Stem cells could be a novel strategy to treat myocardial infarction and to prevent 
heart failure7-9. In recent years many questions came to mind. For instance; what is the ideal 
cell type, route of delivery and most important of all what is their mode of action (reviewed in 
chapter 1)10,11.
Differentiation to new and contractile cardiomyocytes was considered a requirement for the 
ideal cell type12-17. Pluripotent stem cells18-20, bone marrow derived stem cells21-23 and cardiac 
derived progenitor cells17,24,25 have all been considered as an ideal cell type for cardiac 
regeneration. In vivo in small and large animals experiments26 and even in clinical trials, 
transplantation9,27,28 of stem- and progenitor cells after myocardial infarction are able to benefit 
cardiac function. Currently two percutaneous methods to deliver (stem) cells have been used, 
namely, intracoronary infusion (IC) and transendocardial injection (TE). A direct comparison 
between these transplantation techniques was not performed before. Therefore we initiated 
a study to compare IC and TE to surgical injections as a reference with indium-111 oxine (111In) 
labeled mesenchymal stem cells (MSC) (chapter 2)29. Whole body γ-scan demonstrated no 
significant difference between cell retention four hours after cell transplantation between these 
three delivery techniques. From all 111In labeled MSCs, approximately 11 - 16% were detected 
in the myocardium, whereas approximately 45% accumulated in other non-targeted organs. 
Most radioactive cells were detected in the lungs. Interestingly the distribution of IC and TE 
transplanted cells differed. After IC delivery a uniform distribution of the cells could be 
observed, while the TE approach led to a site specific retention. The ideal route of delivery is 
thereby based on medical indication, non-targeted side effects or cost reasons. In this study 
we did not compare the different transplantation techniques of MSCs on cardiac function. It is 
possible that either one of the techniques lead to superior cardiac function, however meta-
analysis of cell transplantation studies of bone marrow derived stem cells in large animal 
models by van der Spoel et al. did not demonstrate that the route of delivery influenced cardiac 
function26. 
Many cells are washed out, so only a few of the transplanted cells seem to reside in the 
myocardium. Long-term, even less transplanted cells are detected because transplanted cells 
die in the hostile environment after cardiac injury or migrate to other sites. To improve cell 
retention, and engraftment the SMARTCARE consortium within BioMedical Materials is focused 
on the development of smart and injectable micro tissues. In tissue engineering cells are 
combined with (extra cellular) matrix. This will enhance cell retention; additionally it offers 
mechanical support to the diseased myocardium. Creating the proper environment for 
transplanted cells by tissue engineering can stimulate proliferation, differentiation and enhance 
survival30,31. While optimizing tissue engineering strategies, growth factors, cytokines, 
compounds and possibly exosomes can also be incorporated in matrices for local delivery and 
slow release.
Although cell retention is low after injection and coronary infusion, beneficial effects can be 
observed10,11,16,24. Left ventricular function is improved and infarct size is reduced. Moreover, 
more endogenous progenitors, capillaries and myocytes are found after cell transplantation32,33. 
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Again this inspired researchers in regenerative medicine, thereby focusing on paracrine 
signaling. The secretome of progenitor cells was widely studied to identify possible therapeutic 
proteins for the treatment of myocardial infarction. Protein based therapies were initiated, 
with promising results in small animals but with limited success in pre-clinical and clinical 
trials34-37. For example, intracoronary infusion of fibroblast growth factor-2 (FGF-2; FIRST trial) 
or intramyocardial administration of vascular endothelial growth factor (VEGF; NORTHERN 
trial) did not improve myocardial perfusion nor was exercise-tolerance enhanced compared 
to placebo treated patients35,36. Engineering of stem cells to improve survival, local angiogenesis 
by over expressing protein kinase B (PKB/Akt), VEGF, insulin-like growth factor (IGF), and/or 
hepatocyte growth factor  (HGF) led to improved cardiac function compared to non engineered 
cells38-41. However, paracrine signaling was thought to be a major contributor. IGF-I and VEGF 
overexpressing MSCs produced more IGF-1 and VEGF respectively. Additionally more pAkt39 
and stromal derived factor-1α (SDF-1α)39,40 were expressed within the myocardium. As a result 
more endogenous progenitors migrated into the infarcted myocardium via the CXCR4/SDF-1 
pathway. Blocking SDF-1 diminished the positive effects of VEGF expressing MSCs40. The 
conditioned medium of Akt-overexpressing MSCs inhibited hypoxia induced apoptosis. 
Furthermore, several genes, like VEGF, FGF and IGF-I were upregulated in Akt-MSC. In vivo 
application of Akt-MSCs resulted in more than 50% reduction in infarct size (mean infarct size; 
34% for PBS vs. 13% for Akt-MSCs)38. Moving forward, the secretome was also studied as a 
whole to improve myocardial function after cardiac injury42-45. Timmers et al.45 demonstrated 
that MSC derived conditioned medium resulted in approximately 60% reduced infarct size and 
cardiac function was improved. Nguyen et al.46 also found improved cardiac function after 
treatment of MSC derived conditioned medium upon myocardial infarction. The conditioned 
medium from these progenitor cells resulted in less apoptosis in vivo45,46 reduced oxidative 
stress45. Combined these examples demonstrated the importance and possibilities of paracrine 
signaling in cardiac repair.

Exosomes and other microvesicles
Analyzing the secretome of progenitor cells revealed the presence of microvesicles and 
exosomes besides soluble factors. Moreover Lai et al. described a cytoprotective role for 
embryonic stem cells derived MSC (ES-MSC) conditioned medium upon cardiac injury47. Within 
the conditioned medium they identified exosomes to be the active component of conditioned 
medium. 
Exosomes were already widely studied in other fields48-50 of research being initially described 
in 198751 and rediscovered by Raposso et al.  in 199652,53. The main focus was not in regenerative 
medicine, but in immunology and cancer biology instead. The paracrine hypothesis of stem 
cells in cardiac repair and the cytoprotective role of ES-MSC derived exosomes after cardiac 
injury created a niche for regeneration therapy in microvesicles and exosome research. In this 
thesis I have described the role of exosomes in cardiac injury (chapter 7) and repair (chapter 
3-6). Here I will summarize and discuss these results and focus on future perspectives. 

Exosomes isolated from cardiomyocytes progenitor cells (CMPC) and mesenchymal stem cells 
(MSC) are defined by the expression of exosomal markers, size and density54 (chapter 3 & 4). 
Exosome markers are proteins enriched but not uniquely present on exosomes, like tetraspanins, 
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CD9, CD81 and CD63 and flotillin-1 are expressed within the lipid raft of exosomes55-57. For 
CMPC and MSC derived exosomes flotillin-1 and CD9 were expressed on isolated exosomes, 
more specifically, these proteins were expressed in vesicles isolated via ultra centrifugation 
followed by sucrose gradient fractionation with a density of approximately 1.10 - 1.12 g/ml58. 
Its size was approximately 100 nm58. Analysis of the conditioned medium by nanoparticle 
tracking analysis revealed also vesicles that were smaller and bigger in size. The finding that 
cells can produce different types of extracellular microvesicles was already described59. Large 
microparticles and ectosomes are the result of membrane shedding in response different 
stimuli. As exosomes are thought to be constitutively produced, although the production (the 
release) of exosomes can be stimulated, microparticles and ectosomes are not continuously 
produced59,60. 
The composition of exosomes and other extracellular microvesicles is thought to be cell type 
and cell state specific. Several mechanisms seem to be involved in the loading of plasma 
membrane proteins and cytosolic proteins into intraluminal vesicles (ILV). The endosomal 
sorting complex required for transport (ESCRT) machinery is involved in the sorting of 
ubiquitinated proteins61,62 and non-ubiquitinated proteins63,64. Alternative pathways for plasma 
membrane protein sorting to exosomes and other extracellular microvesicles are based on raft 
based microdomains and via lipid affinity and oligomerization65,66. Tetraspanins form oligomers 
with different proteins, including other tetraspanins67,68 and they have a high affinity for 
cholesterol and sphingolipids such as ceramides68. Tetraspanins form complexes with ceramide, 
interacting with the formed microdomains thereby ending up in extracellular microvesicles69. 
Finally cytosolic proteins, which are in the proximity of multivesicular bodies (MVB) end up 
in ILVs via engulfment during the inward budding of the limiting membrane of the MVB. It is 
thought that mRNAs and miRNAs also end up in exosomes via engulfment of the cytoplasm65. 
However, more specific mechanisms seem to be involved because 270 out of the ~1300 RNA 
transcripts present in exosomes were not present in their donor cell70. Gibbings et al. suggested 
that endosomes and MVBs are sites of miRNA-loaded RNA-induced silencing complex (RISC) 
accumulation, possibly via the ESCRT-machinery71. Despite these described mechanisms of 
protein and miRNA sorting to extracellular microvesicles, the complete mechanism is still not 
completely understood but it is considered a regulated process60. Whereas the specific sorting 
of proteins and RNAs that end up in the lumen of membrane shedding vesicles is poorly 
understood and suggested to contain mainly exocytosed cytoplasm, the cytoplasmatic 
composition of exosomes seems a regulated process. We chose to study exosomes rather than 
all extracellular vesicles, because of the active sorting of luminal and plasma membrane 
proteins, although the therapeutic potential of vesicles or a role as biomarker is not limited to 
isolated exosomes72-74.

CMPC and MSC derived exosomes are pro-angiogenic
The pro-angiogenic stimulating capacity of CMPC and MSC derived exosomes demonstrated 
in this thesis, suggests a role for exosomes in cardiac regenerative therapy (Chapter 3 & 4). 
The formation of new vasculature is necessary to perfuse the infarcted myocardium and to 
allow cardiomyocyte regeneration. The in vitro and in vivo experiments to illustrate the 
angiogenic stimulating capacity are simplified models of angiogenesis. In vitro the pre-requisites 
of angiogenesis were stimulated in the presence of CMPC and MSC derived exosomes, and in 
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vivo more angiogenic cells could be observed in the matrigel plug. The in vivo experiments 
were performed in immune competent C57/bl6 mice. Unfortunately we can not exclude an 
inflammatory response by the mouse immune system upon injection of human cell derived 
exosomes, however the immune modulating capacity of CMPC and MSC exosomes suggest that 
CMPC and MSC derived exosomes will not induce an inflammatory response. Thus cells, which 
infiltrated the matrigel plug, are likely to be the result of an angiogenic response. Additionally, 
red blood cells could be detected within the matrigel plugs containing CMPC and MSC derived 
exosomes. The presence of capillaries, luminal structures of CD31+ (endothelial cell marker) 
and smooth muscle actin positive (SMA+) cells, was limited. In future studies the angiogenic 
effect of CMPC and MSC derived exosomes should be confirmed in different animal experiments, 
in which angiogenesis is necessary for recovery. Hind limb ischemia models in small animals 
or preferentially cardiac ischemia models should be used. The angiogenic stimulating capacity 
of exosomes relies on the transfer of exosomal contents to the cell or juxtacrine signaling. We 
have observed that endothelial cells can take up exosomes in vitro.  Furthermore we have 
established that extracellular matrix metalloproteinase inducer (EMMPRIN) can block in vitro 
exosomal signalling58, but not in vivo (Chapter 3 & 4). Although we could confirm the presence 
of the neutralizing antibody on CMPC and MSC exosomes, the question remains if blocking 
exosomal EMMPRIN with a blocking antibody in in vivo experiments is possible, with regard 
to the stability of the antibody and the duration of the experiment. EMMPRIN is involved in 
proliferation and angiogenesis75 and is associated with extracellular microvesicles. Moreover 
it is also present on extracellular microvesicles from the plasma of gastric cancer patients76, 
where it is thought that these EMMPRIN bearing vesicles are released by tumor cells and might 
contribute to the pathophysiology of cancer, hence angiogenesis. We observed additional pro-
angiogenic proteins in exosomes, which could be transferred to the targeted cell. In matrigel 
plug data, we observed that VEGF and MMP-9 were also highly expressed in the infiltrated cells. 
These two proteins were also enriched in CMPC and MSC derived exosomes. Similar to 
EMMPRIN, MMPs and VEGF have been associated with exosomes and other extracellular 
microvesicles in cancer progression77. Additionally MSC derived exosomes enhanced the 
expression of VEGF in tumor cells by the activation of ERK1/2 pathway78. Our data suggest that 
there might be a delivery of VEGF by CMPC and MSC exosomes, since VEGF is already present 
within these exosomes. 
Besides the transfer of proteins, genetic material like mRNA and miRNA is also present within 
exosomes and can be efficiently shuttled to target cells70. MicroRNA profiling of CMPC and MSC 
derived exosomes and generating computing associated networks with all observed microRNAs 
from both types of exosomes revealed several angiogenic genes and miRNAs involved in the 
stimulation of angiogenesis. This suggests that also exosomal miRNA in CMPC and MSC 
exosomes could be involved in the angiogenic stimulating effect of CMPC and MSC derived 
exosomes.

The immune modulatory capacity of CMPC and MSC derived exosomes
Paracrine effects of stem cells after myocardial infarction rely on a cytoprotective role, thereby 
enhancing survival45. Furthermore, paracrine effects have been shown to be involved in different 
processes like proliferation, cardiac differentiation79 and as mentioned above angiogenesis. 
Another process that is activated upon I/R injury is inflammation80,81. Among others, auto-
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reactive T-lymphocytes have been reported in the long-term recovery upon myocardial 
infarction. Auto-reactive T-lymphocytes negatively influence cardiac remodeling and cardiac 
function long after the initial infarction82-85. MSCs are well known for their role in immune 
suppression and can produce anti-inflammatory cytokines and reduce the release of pro-
inflammatory cytokines by the immune cells86-88. In Chapter 5 we have studied the immune 
modulating capacity of CMPCs and MSCs and their exosomes. We have observed that both 
CMPCs and MSCs effectively suppressed activated peripheral blood mononuclear cells (PBMC) 
and T-lymphocytes. Similar to endothelial cells, T-lymphocytes can take up both types of 
exosomes and we observed that CMPC and MSC derived exosomes can down-regulate the 
proliferative response of PBMC and T-lymphocytes after interleukin-2 (IL-2) and phorbol 
12-myristate 13-acetate (PMA) stimulation. Extrapolation to the adverse effects of 
T-lymphocytes in the development of heart failure, the immune response by auto-reactive 
T-lymphocytes might be down regulated by CMPC and MSC derived exosomes. The effect on 
other immune cells, like monocytes/macrophages, and the effect exosomes can have on the 
immune response that is initiated shortly after myocardial infarction and reperfusion injury 
should be investigated. The contribution of T-lymphocytes in this process is very limited, but 
if the excessive immune response after cardiac injury89,90 can be down regulated it might reduce 
infarct size and benefit cardiac function.
Analysis of the miRNAs, present in CMPC and MSC derived exosomes, and their associations 
suggested that several miRNAs are directly or indirectly involved in the activation and the 
suppression of the immune response and thereby it might explain the beneficial effects of CMPC 
and MSC derived exosomes on the suppression of activated T-lymphocytes and PBMCs.

Will CMPC and MSC derived exosomes improve cardiac function?
Ultimately we need to test the effect that CMPC and MSC derived exosomes might have in a 
setting of cardiac injury. Similar to many studies demonstrating the effects of stem cell therapy, 
exosomes can be administered intramyocardially shortly after the creation of a myocardial 
infarction. In this model, we can evaluate the effects of CMPC and MSC derived exosomes on 
survival and acute inflammation. We hypothesized that exosomes, similar to embryonic stem 
cell derived MSC exosomes, mediated survival and thereby preserve cardiac function. 
Furthermore, we hypothesized that CMPC and MSC exosomes down regulate the acute 
extravagated immune response upon I/R injury, contributing to reduced infarct size. In future 
studies, the role of CMPC and MSC exosomes in true regeneration should also be studied in a 
chronic established infarction model instead of injecting it shortly after infarction. Currently 
it is not feasibly to inject exosomes in a mouse heart week(s) after infarction, however echo-
guided injection would facilitate the injection of exosomes at a later time-point. We already 
know that CMPC and MSC derived exosomes enhance angiogenesis, but their role in fibrosis 
and cardiomyocyte regeneration should be investigated, as well as the activation of endogenous 
stem cells. Other types of exosomes have been described to preserve cardiac function, like the 
above mentioned embryonic stem cell derived MSC exosomes47 and CD34+ cell derived 
exosomes91. Similar to the search of the ideal cell type10,16 we have to consider the ideal source 
of exosomes for these types of therapies. We hypothesize that CMPC exosomes are superior to 
other non-cardiac sources because similar to CMPCs, they might have a predisposed cardiac 
affinity10. However MSCs have been described to enhance cardiac progenitor proliferation and 
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differentiation after transplantation upon cardiac injury79. 
Ultimately exosomes from stem- or progenitor cells might serve as a cell-free and of-the-shelf 
therapy, in which exosomes with low immunogenicity could be injected shortly after myocardial 
infarction to salvage ischemia (reperfusion) injury or enhance regeneration. However exosomes 
will not replace the need for cell-based therapies, which are required to replace the scarred 
tissue after myocardial infarction by contractile cardiomyocytes. Exosomes can shuttle their 
contents to targeted cells. The exosomal content is thought to be protected from degradation 
in vivo92. This means that exosomes are a potent delivery tool for therapeutics. Manipulating 
the content of exosomes, providing “custom-made” exosomes might be a suitable strategy to 
deliver specific proteins, compounds and nucleic acids.

Improving exosome function
Although several proteins and mechanism are suggested to be involved in the sorting of 
(membrane) proteins and nucleic acids56,66,93-95, it is not exactly understood how the exosomal 
content is sorted into exosomes. Since exosomes reflect the cell type and maybe more 
importantly cell state, the cargo and composition of exosomes determine their function. 
Identifying the contents and composition of CMPC and MSC derived exosomes could help 
regenerative medicine as we can determine their mode of action.  Furthermore, strategic 
manipulation of exosomal contents can enforce a therapeutic goal of exosomes96-98. 
Overexpression of miRNA-1 (miR-1) in CMPCs enhanced the angiogenic capacity of CMPCs and 
their exosomes (Chapter 6).  MicroRNA-1 is hardly present in CMPCs and their exosomes, but 
upon transfection of miR-1 of CMPCs this miR-1 also ends up in CMPC derived exosomes. Others 
already demonstrated that exosomal miRNA can be shuttled to cells70,99, and now we showed 
that exosomal miR-1, was transferred to endothelial cells. Moreover, exosomes have been 
described as a delivery tool for siRNA, in which the siRNA is introduced directly to exosomes 
via electroporation and efficiently delivered to cells97. Additionally, molecular techniques 
enabled the production of exosomes for targeted delivery by fusing an exosomal protein to a 
peptide ligand97. Alvarez-erviti et al. demonstrated that by fusing a neuron specific RVG peptide 
to Lamp-2b in dendritic cells, exosomes were produced, which were taken up by microglia, 
neurons and oligodendrocytes in vivo. 
For a therapeutic approach of exosomes only, engineering of exosomes by manipulating their 
contents or binding specificity is very interesting and holds true potential for targeted in vivo 
delivery. Compounds, proteins, miRs and siRNAs can be delivered to specific cell types in vivo 
enhancing the applicability and specificity of drug delivery100. 
In addition to the current effort to use exosomes for clinical application in regenerative 
medicine101,102, vaccine development103, or anti-tumor therapeutics98,104-106, efforts are made to 
make (semi-) synthetic exosomes or liposome based exosome-mimetics107-109 for the delivery 
of proteins, compounds and siRNA. 

Exosomes in cardiac injury
In addition to the therapeutic approach of exosomes, exosomes and other extracellular 
microvesicles are widely investigated for their potential as biomarkers110-115. Especially in 
cancer, detection of tumor derived vesicles is often reported76,116-118 which might serve as a 
diagnostic tool in the detection and possibly the prediction of the development of tumors. 
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Extracellular microvesicles from tumors are involved in tumor progression119-121. They promote 
angiogenesis facilitating tumor growth and metastasis or they suppress tumor directed immune 
responses. Exosomes and other extracellular membrane vesicles are found in the circulatory 
system. We have described that more exosomes are present in plasma after myocardial 
infarction, of which part is derived from cardiomyocytes (chapter 7). Extracellular microvesicles 
that express cardiac actinin, are not present in the plasma from control mice. Other studies 
demonstrated more platelet derived and endothelial cell derived extracellular microvesicles 
in the plasma of patient suffering cardiac injury. These vesicles do not originate from 
cardiomyocytes122, therefore they do not provide a specific biomarker for cardiac injury, as 
other stresses can also produce these vesicles. To identify specific vesicles released upon cardiac 
injury different techniques can be used. Instead of the differential centrifugation protocol we 
have adapted from Thery et al.54, immune isolation54 based on (cardiac-) specific markers is a 
preferred method. However selection for specific markers can also cloud some results as 
recently it has been described that multiple types of exosomes are produced by one cell type123. 
We hypothesized that extracellular microvesicles including exosomes/exosome-like vesicles 
after cardiac ischemia can instruct their surrounding, similar to exosomes from tumor cells 
which can instruct bone marrow cells to become more tumorigenic as demonstrated by Peinado 
et al.121.  As extracellular microvesicles from tumors are released to promote and facilitate their 
own growth, we hypothesized that these vesicles after cardiac injury released by cardiomyocytes 
can instruct their surroundings to enhance repair. We have demonstrated that exosomes/
exosome-like vesicles isolated after cardiac ischemia, enhanced endothelial cell activation, a 
pre-requisite of angiogenesis involved in cardiac repair, compared to exosomes that were 
isolated without inflicting an ischemic event. However hypoxic cardiomyocytes produce TNF-α 
associated with exosomes. TNF-α is involved in necrosis and inflammation124. The pro-
angiogenic capacity and the pro-inflammatory extra cellular microvesicles derived from hypoxic 
cardiac cells suggest a dual role for vesicles released upon ischemia or the release of different 
types of vesicles123. To study the physiological role of exosomes derived from the myocardium 
after an ischemic event, we should investigate the contents of these vesicles, identifying possible 
targets to stimulate endogenous repair. 

Taken together this work illustrates the importance of exosomes in cardiac injury and repair. 
Exosomes from cardiac injury have the potential to serve as biomarkers. Studying the contents 
of these exosomes and their physiological role in cardiac injury might reveal possible target 
and strategies to reduce cardiac injury. Exosomes from CMPCs and MSCs can stimulate 
angiogenesis and immune modulation. Exploiting these characteristics of exosomes from 
progenitors and enhancing their effect by cellular manipulation will have great potential in 
regenerative medicine as a therapeutic approach in itself or as a method to boost stem cell 
therapy.  
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ExOSOmEN NA HARTSCHAdE EN AlS THERAPEuTISCHE STRATEGIE:

EEN NAAld IN dE HOOIBERG EN HET PuNTjE VAN dE IjSBERG

Hartfalen als gevolg van de schade gecreëerd door een hartinfarct is wereldwijd een zeer groot 
probleem. Ongeveer 20 – 30% van de Nederlandse bevolking krijgt te maken met hartfalen. 
Als gevolg van een hartinfarct gaan er veel hartspiercellen (cardiomyocyten) dood. Deze 
cardiomyocyten worden vervangen door littekenweefsel dat niet kan samentrekken. Het deel 
van het hart dat nog wel kan samentrekken moet beter zijn best doen om een gezonde 
knijpkracht te behouden. Hierdoor raakt het hart als het ware uitgeput of kan er een ruptuur 
plaats vinden. Door middel van stamceltherapie probeert men de vorming van littekenweefsel 
te voorkomen of te vervangen door de vorming van nieuwe bloedvaatjes en functionele 
cardiomyocyten. Tot op heden is er slechts kleine winst te behalen voor de hartfunctie na 
toediening van stamcellen, maar er lijkt nog veel ruimte voor verbetering en optimalisatie. 
Meerdere vragen dienen nog beantwoord te worden, zoals; 1) Wat is het ideale celtype om te 
gebruiken als stamcel? 2) Hoe krijgen we de cellen op de plek waar ze nodig zijn? en 3) Wat is 
het werkingsmechanisme van stamceltherapie? Het antwoord op al deze vragen is niet zwart 
of wit, maar in dit proefschrift probeer ik een antwoord te geven op deze vragen. In het eerste 
hoofdstuk van dit proefschrift worden verschillende stam-, en progenitorcellen onder de loep 
genomen, zowel stamcellen uit het beenmerg als uit het hart lijken beide effect te hebben. 
Progenitorcellen uit hart kunnen zowel in vitro (op het laboratorium in kweekflessen) als in 
vivo (in een lichaam, door middel van dierproeven) differentiëren tot hartspiercel. Deze cel 
lijkt hierdoor de ideale kandidaat. Toch wordt er ook veel onderzoek gedaan naar andere type 
stamcellen, met name stamcellen uit het beenmerg zoals mesenchymale stamcellen (MSC). 
Mogelijk is niet één specifiek celtype de ideale kandidaat voor stamceltherapie, maar is een 
combinatie van verschillende cellen met ieder zijn verschillende eigenschappen een betere 
strategie. Voor de toekomst is het dan ook van belang om combinaties van verschillende 
celtypes te bestuderen. In ons laboratorium werken wij met zowel cardiomyocyte progenitor 
cellen (CMPC) uit het hart en met MSCs afkomstig uit het beenmerg. 
Na stamceltherapie blijft er slechts een klein deel van de getransplanteerde cellen achter in 
het hart (retentie). Men streeft ernaar om dit aantal te verbeteren. Hiervoor zijn in hoofdstuk 
2 twee verschillende percutane technieken, intracoronaire infusie en transendocardiale 
injecties, vergeleken met chirurgische open thorax injecties. Met behulp van een van deze 
technieken werden MSCs met een radioactieve merkstof toegediend. Doordat de cellen 
radioactief waren gemaakt, kon precies worden gezien waar de cellen zich bevonden. Na vier 
uur werd steeds 11 - 16% van alle cellen terug gevonden in het hart en ongeveer 45% in andere 
organen, met name de longen, ongeacht de toedieningstechniek. Toch lijken er verschillen te 
zijn tussen intracoronaire infusie en transendocardiale injectie, omdat na intracoronaire infusie, 
de cellen meer gelijkmatig zijn verdeeld in het hart, terwijl na transendocardiale injectie de 
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cellen vooral rondom de toedieningsplek terug gevonden worden. Of dit verschil in distributie 
van de cellen ook leidt tot een betere regeneratie en hartfunctie zal nog verder moeten worden 
onderzocht. Van de 11 - 16% van de cellen die vier uur na de toediening nog in het hart 
aanwezig zijn, blijft slechts een klein deel langdurig aanwezig, doordat cellen dood kunnen 
gaan of migreren naar andere locaties. Om de retentie en overleving van de getransplanteerde 
cellen te verbeteren werken mijn collegae, andere onderzoekers en ik aan nieuwe strategieën 
waarbij stamcellen en (extracellulaire) matrix worden gecombineerd. Hierdoor worden er als 
het ware kleine, injecteerbare stukjes weefsel gevormd via zogenaamde cel- en 
weefseltechnologie. In aanvulling op een verbetering van de retentie kan deze technologie ook 
een bijdrage leveren aan de stabilisatie van het hart en kan de omgeving van de stamcellen 
worden gemanipuleerd om proliferatie en/of differentiatie tot hartspiercel of bloedvat te 
stimuleren. Door cel-, en weefseltechnologie is er nog veel winst te behalen voor de 
regeneratieve geneeskunde met behulp van stamcellen. 
Zoals gezegd blijft maar een heel klein deel van de geïnjecteerde stamcellen op zijn plek. 
Opvallend genoeg zien we dat ondanks deze lage retentie de hartfunctie toch verbetert na 
stamceltherapie. Er blijken bijvoorbeeld veel nieuwe bloedvaatjes (capillairen) gevormd te 
worden na CMPC injecties in een muis model van een myocard infarct. Veel van deze capillairen 
waren echter niet afkomstig van de geïnjecteerde CMPCs maar van de muis zelf. De 
lichaamseigen (endogene) cellen werden geactiveerd door de injectie van CMPCs. Deze activatie 
kan worden bewerkstelligd door cel-cel contact of door paracrine factoren die de stam- en 
progenitor cellen produceren. Timmers et al. heeft laten zien dat het geconditioneerde medium 
(alles wat de cel produceert en wordt opgevangen in het kweekmedium) van MSCs de schade 
als gevolg van een hartinfarct kan verminderen. De actieve component in het geconditioneerde 
medium bleken kleine blaasjes, genaamd exosomen. Exosomen zijn kleine blaasjes van 30 tot 
100 nm met een bi-lipide membraan die zijn geproduceerd door de endosomale route. In deze 
exosomen zitten allerlei eiwitten, hormonen, groeifactoren en nucleïne zuren, zoals messenger 
RNA en microRNA. De samenstelling van het membraan en de inhoud van de exosomen kunnen 
andere cellen activeren door receptor-ligand interactie en door de overdracht van de inhoud 
van de exosomen naar de cellen. In de regeneratieve geneeskunde zijn exosomen nauwelijks 
beschreven, maar in andere onderzoeksgebieden, zoals immunologie en kanker, worden deze 
en andere type blaasjes al in meer detail bestudeerd. In hoofdstuk 3 en 4 worden de exosomen 
van CMPCs en MSCs gekarakteriseerd. In het geconditioneerde medium van CMPCs en MSCs 
zijn blaasjes van verschillende grootte aanwezig, maar de meeste blaasjes hebben een grootte 
van ongeveer 85 nm. Het exosoom pellet, geïsoleerd door differentiële centrifugatie, is 
geanalyseerd door elektronen microscopie. De grootte van deze blaasjes was ongeveer 100 
nm. Behalve grootte, zijn er meer eigenschappen waar een exosoom aan moet voldoen, zoals 
de expressie van specifieke exosome eiwitten CD9, CD63 en flotillin-1, en een specifieke 
dichtheid tussen de 1,10 en 1,20 g/ml. De geïsoleerde blaasjes van CMPCs en MSCs drijven in 
sucrose gradiënt tot een dichtheid van 1,10 tot 1,12 g/ml en zijn positief voor flotillin-1 en 
CD9. 
Het effect van de exosomen van CMPCs en MSCs op de vorming van bloedvaatjes is tevens 
beschreven in hoofdstuk 3 en 4. De vorming van bloedvaatjes is belangrijk voor de perfusie 
van het hart en de regeneratie van hartspiercellen. Beide type exosomen stimuleren de migratie 
en andere vereisten van angiogenese in endotheel cellen. In een muis model stimuleren zowel 
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CMPC als MSC exosomen de vorming van nieuwe bloedvaatjes in matrigel die onderhuids was 
geïnjecteerd in de buik. De meerderheid van de geïnfiltreerde cellen zijn positief voor CD31 
(een endotheel marker) en een marker voor een gladde spiercellen (SMA), suggestief voor de 
vorming van bloedvaatjes. Verschillende pro-angiogene eiwitten zoals EMMPRIN, VEGF en 
MMP-9 zijn aanwezig in/op CMPC en MSC exosomen, en zo ook op de cellen in de matrigel 
plug. Het is mogelijk dat deze eiwitten een belangrijke rol spelen in activatie van de cellen die 
in contact zijn gekomen met CMPC en/of MSC exosomen. EMMPRIN is een transmembraan 
eiwit en kan aan de buitenkant van de exosoom worden herkend. In vitro blijkt EMMPRIN 
inderdaad betrokken bij de exosome gemedieerde activatie van endotheel cellen omdat migratie 
en netwerk organisatie worden onderdrukt indien EMMPRIN wordt geblokkeerd. In vivo 
hebben we dit niet waargenomen. We verwachten dat het verschil in tijdsduur en stabiliteit 
van het EMMPRIN antilichaam (gebruik om EMMPRIN te blokkeren) in vivo niet kan worden 
gegarandeerd, voor een optimale opzet van dit experiment.
Er is een mogelijkheid dat de influx van cellen in de matrigel werd gestimuleerd door een 
ontstekingsreactie als gevolg van de geïnjecteerde exosomen. Echter, de immuun modulerende 
capaciteit van beide type exosomen wordt gedemonstreerd in hoofdstuk 5 suggererend dat 
een ontstekingsreactie niet waarschijnlijk is. Het effect van CMPCs, MSCs en hun cel producten 
(geconditioneerd medium en exosomen) is getest op geactiveerde T-cellen. Zowel de cellen, 
het geconditioneerde medium en de exosomen zijn in staat om IL-2/PMA geactiveerde T-cellen 
te onderdrukken. Dit is een gunstige eigenschap omdat na een hartinfarct een overdreven 
ontstekingsreactie wordt geactiveerd. Als deze kan worden onderdrukt zou dit de infarctgrootte 
kunnen beperken. Echter moet wel worden gerealiseerd dat T-cellen in de acute fase na een 
hart infarct nauwelijks een rol spelen. Het is daarom van belang dat het effect van CMPCs, MSCs 
en exosomen op andere cellen die wel betrokken zijn bij een acute immuun respons wordt 
geëvalueerd. In de ontwikkeling van hartfalen kunnen T-cellen, in de vorm van auto-reactieve 
T-cellen, wel een rol spelen. Auto-reactieve T-cellen hebben een ongunstig effect op hartfunctie 
en remodelering (aanpassingsvermogen van het hart). CMPCs, MSCs en beide type exosomen 
kunnen wellicht deze auto-reactieve T-cellen onderdrukken ten gunste van hartfunctie en 
remodelering. 
Naast immuun modulatie en angiogenese zijn cardiomyocyte differentiatie en de onderdrukking 
van fibrose ook van groot belang in hart regeneratie en de verbetering van hartfunctie. De grote 
vraag of CMPC en/of MSC exosomen daadwerkelijk regeneratie van het hart en hartfunctie 
kunnen verbeteren blijft. Zo ja, dan is het interessant om te bepalen of exosomen daadkrachtiger 
zijn dan cellen of dat men ook hier aan een combinatie van de twee moet denken. Het doel is 
dat CMPC of MSC exosomen uiteindelijk een op zich zelf staande therapie kunnen vormen. 
Idealiter is een kant-en-klare therapie gewenst, waarbij het niet noodzakelijk is om 
lichaamseigen exosomen te gebruiken. Door de lage immunogeniciteit van deze exosomen is 
dat niet onrealistisch. 
CMPC en MSC exosomen bevatten honderden microRNAs, zo ook pro-angiogene en immuun 
modulerende microRNAs (niet beschreven in dit proefschrift). Wellicht worden deze microRNAs 
overgedragen naar cellen om deze te manipuleren en te sturen in een bepaalde richting. In dit 
geval dus in een pro-angiogene of immuun modulerende staat. MicroRNAs zijn kleine stukjes 
niet coderende RNA die van invloed zijn op de expressie van genen door de translatie naar een 
eiwit te remmen. 
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In hoofdstuk 6 wordt de stimulerende rol van microRNA-1 in de angiogene differentiatie van 
CMPCs beschreven. MicroRNA-1 remt de expressie van Spred1. Spred1 heeft een negatieve 
invloed op de expressie van pro-angiogene eiwitten. Door Spred1 te remmen met behulp van 
microRNA-1 gaat de expressie van pro-angiogene eiwitten omhoog, waardoor de angiogene 
differentiatie wordt gestimuleerd. Tevens wordt de rol van microRNA-1 in CMPC exosomen 
beschreven. Door overexpressie van microRNA-1 in CMPCs, wordt microRNA-1 ook tot 
overexpressie gebracht in CMPC exosomen. Stimulatie van endotheel cellen met exosomen van 
microRNA-1 getransfecteerde CMPCs zorgt ervoor dat de aanwezigheid van microRNA-1 in de 
endotheel cellen wordt verhoogd. Tevens zijn deze exosomen effectiever in de angiogene 
stimulatie (migratie) van endotheel cellen vergeleken met exosomen van niet-getransfecteerde 
CMPCs. De manipulatie van CMPCs en andere cellen leidt tot een veranderde en wellicht betere 
exosoom-populatie. 
Momenteel wordt er ook veel aandacht aan besteed om exosomen direct te manipuleren of 
synthetische exosomen te creëren om uiteindelijk exosomen in te zetten als middel om (gericht) 
medicijnen, groeifactoren en nucleïne zuren over te brengen naar andere cellen. Uit aanvullend 
onderzoek zal moeten blijken wat de ware potentie van (gemanipuleerde) CMPC en MSC 
exosomen is, want de resultaten beschreven in dit proefschrift zijn slechts het puntje van de 
ijsberg.

In hoofdstuk 7 ligt de aandacht niet op exosomen afkomstig van CMPCs en MSCs maar 
afkomstig uit het hart na hartschade. Het zou namelijk mogelijk kunnen zijn om exosomen of 
andere blaasjes in het bloed te gebruiken om hartschade te detecteren (marker). Daarnaast 
kan het een inzicht geven in een mogelijk werkingsmechanisme om endogene cellen na 
hartschade te activeren. Het is belangrijk om te realiseren dat met behulp van de huidige 
isolatietechnieken het niet mogelijk is om onderscheid te maken tussen exosomen en andere 
extracellulaire blaasjes met exosoom achtige eigenschappen. Daarom worden deze samen 
gedefinieerd als exosomen en/of exosome-achtige microblaasjes (EEV). Alle blaasjes 
uitgescheiden door een cel, inclusief EEV worden gedefinieerd als extracellulaire membraan 
microblaasjes (EMV). 
Na een hartinfarct gevolgd door reperfusie in een muizenmodel, is het aantal EMVs in het 
plasma verhoogd ten opzichte van het aantal EMVs in plasma van een gezonde muis. Dit is 
bepaald met een hoge resolutie flowcytometer, waarbij ieder blaasjes kan worden gedetecteerd 
en gekwantificeerd. Deze EMVs kunnen worden geproduceerd door het hart of door andere 
organen en cellen. Wij hebben laten zien dat tenminste een deel van de EMVs afkomstig is uit 
het hart, omdat ze hart specifieke eiwitten tot expressie brengen. In een ander experiment, 
waarbij een muizen hart buiten het lichaam wordt opgehangen in een zogenaamde Langendorff 
opstelling, hebben wij laten zien dat het hart inderdaad EEVs kan produceren. Na kwantificatie 
is er echter geen significant verschil tussen exosomen afkomstig uit een Langendorff hart met 
een normale (normoxia) of een verminderde (hypoxia) zuurstofspanning, maar functioneel is 
er wel een verschil. Hypoxische EEVs zorgen namelijk voor een betere migratie van endotheel 
cellen. In een varkensmodel van ischemie reperfusie schade is er wel een toename in 
circulerende EEV eiwit per ml plasma, indien de schade groot genoeg is. Ook hier is de migratie 
van endotheel cellen verhoogd indien de endotheel cellen zijn behandeld met EEVs afkomstig 
uit het plasma na hartschade ten op zichte van EEVs afkomstig uit gezond plasma. EMVs of 
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EEVs kunnen als biomarker worden gebruikt ter detectie van hartschade. Er is echter meer 
onderzoek nodig om de aanvullende waarde ten opzichte van de huidige marker troponine te 
bepalen. In de toekomst zal de inhoud van deze EMVs of EEVs kunnen worden bepaald. Dit kan 
namelijk ook als biomarker dienen, maar biedt voornamelijk handvatten of nieuwe 
aanknopingspunten om de gevolgen van hartschade te verminderen en het endogene 
regeneratieproces te begrijpen en te verbeteren. Omdat de EMVs en EEVs een afspiegeling zijn 
van de cellen en de condities waarin deze zich bevinden of omdat deze microblaasjes worden 
geproduceerd om specifieke processen te stimuleren. 
 
Samengevat heeft dit onderzoek nieuwe inzichten geleverd voor de rol van exosomen na 
hartschade en als therapeutische strategie. Exosomen geïsoleerd uit het plasma na hartschade 
kunnen eventueel dienen als biomarker ter detectie van hartschade. Daarnaast spelen deze 
exosomen wellicht een rol in de activatie van lichaamseigen regeneratie van het hart. Meer 
onderzoek is nodig om mogelijke aangrijpingspunten te identificeren om hartschade te 
beperken en (endogene) regeneratie te stimuleren. 
Exosomen van CMPCs en MSCs stimuleren de vorming van bloedvaatjes en zijn in staat een 
immuunrespons te onderdrukken. Deze eigenschappen en de mogelijkheid om de functionaliteit 
van deze exosomen te verbeteren bieden veel kansen om uiteindelijk CMPC en MSC exosomen 
te gebruiken als therapeutische strategie om hartfalen te voorkomen door de regeneratie van 
het hart te stimuleren.
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dANKWOORd 

Lieve allemaal, in de afgelopen jaren heb ik enorm genoten van mijn werk. Cellen kweken tot 
je er bij neer valt is echter niet altijd even leuk, maar met jullie hulp was ook dat geen probleem. 
Omdat er een kans bestaat dat ik per ongeluk iemand ga vergeten, wil ik beginnen om IEDEREEN 
te bedanken. De afgelopen jaren waren echt super en zonder jullie hulp was mij dit niet gelukt!

Professor Doevendans, beste Pieter, hartelijk dank dat u mijn promotor was in de afgelopen 
vier-en-een-half jaar en dank voor de kans en het vertrouwen dat ik hier in dit laboratorium 
heb gekregen om mijzelf te ontwikkelen. Ondanks dat ik iedere bespreking beloofde om vaker 
te komen, kwam het er vaak toch niet van, waarom kan ik eigenlijk nog steeds niet benoemen. 
Toch heb ik er veel van op gestoken. Ook bedankt voor al je gastvrijheid, ik heb echt genoten 
van alle borrels en feestjes.

Mijn co-promotoren, Dr. Sluijter en Dr. Chamuleau. Beste Joost en Steven, jullie ben ik  heel erg 
dankbaar voor de kans die jullie me hebben gegeven.  Steven, ons avontuur begon eigenlijk al 
een jaar eerder.  De vele skype-gesprekken hebben mij altijd kunnen motiveren, ook als ik het 
soms niet zag zitten. Samen met je betrokkenheid (zo sta je op eens in Louisville voor mijn 
neus) en met de tweede kans die je mij hier in Utrecht hebt gegeven heb je mij gemotiveerd en 
geïnspireerd om mezelf te ontwikkelen tot onderzoeker. Joost, ook jij bent een motivator, maar 
inmiddels heb ik geleerd dat jou dit misschien iets te makkelijk afgaat. Ik noem een oude man 
met een baard, een Ipad, en Makers’ Mark. Jouw kennis, je kritische blik op mijn resultaten en 
de uitgebreide werkbesprekingen hebben ervoor gezorgd dat ik het exosoom-project tot een 
succes heb kunnen brengen. Ik ben ook blij dat nieuwe projecten ontstaan, zodat men ontdekt 
wat er onder het puntje van de ijsberg zit. Als laatst wil ik jullie beiden bedanken voor je niet-
werk gerelateerde advies en begrip.  

Professor Pasterkamp, beste Gerard, dank u voor uw opbouwende kritiek en opmerkingen 
tijdens de clustermeetings.  
Professor de Kleijn, beste Dominique, allereerst bedankt dat u wilde plaatsnemen in de 
leescommissie van mijn proefschrift. Uw kritische blik op mijn werk samen met uw kennis in 
het veld waardeer ik enorm en hebben indirect ook bijgedragen aan de inhoud van dit boekje.
Dr. Hoefer, beste Imo, ook jou wil ik graag bedanken voor je input tijdens clustermeetings en 
ook voor je komische opmerkingen. 

Onze partners in crime uit Leiden. Professor Goumans, beste Marie-José,  Ik kan nog steeds 
niet benoemen hoe gaaf ik het vond om mijn naam in uw oratie te horen. Bedankt voor het 
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beoordelen van mijn proefschrift en ook heel erg bedankt voor alle hulp, ik denk dat deze 
samenwerking tussen Utrecht en Leiden zeer waardevol is. Ook José en Kirsten, hartelijk dank 
voor jullie hulp. Ik hoop wel dat jullie al het kweken nog niet zat zijn, want ik denk dat Paradox 
verwacht dat het “missende hoofdstuk” uit dit proefschrift toch snel wordt afgerond. 

Professor Wauben, Dr. Nolte-’t Hoen en bijna Dr. van der Vlist van de afdeling Biochemie en 
celbiologie aan de Universiteit Utrecht. Beste Marca, dank u dat ook u in mijn leescommissie 
wilde plaats nemen. Ergens was ik het meest “bang” voor uw beoordeling. Maar ik schrijf dit 
dankwoord in de wetenschap dat mijn proefschrift in ieder geval is goed gekeurd. Hoe u er nu 
precies over denkt hoop ik 24 april te horen. Beste Esther en Els, jullie bijdrage aan dit 
proefschrift reikt veel verder dan Hoofdstuk 7. Ik ben jullie zeer dankbaar voor al jullie hulp 
en geduld om mij uitleg te geven.

Professor Coffer, beste Paul, hartelijk dank voor het beoordelen van mijn proefschrift. Ik hoop 
dat u het met veel plezier heeft gelezen. 

Dames van het secretariaat, zowel van de Experimentele Cardiologie als Cardiologie. Ineke, 
hartelijk dank voor al je hulp en  antwoorden op alle dingen die ik niet wist als het gaat om 
papierwerk, aanmelden nieuwe studenten etc. En natuurlijk ook voor je vertoonde kunsten 
tijdens de pitch en put op een van onze geweldige labstapdagen. Die beelden staan voor eeuwig 
in mijn geheugen gegrift. Marjolijn, ook jij heel erg bedankt voor alle hulp en gezelligheid. 
Tamara, dank je voor je hulp, vooral deze laatste maanden, met alle kleine vragen waar ik je 
mee lastig viel. Ik vind het altijd heel leuk om even binnen te vallen, vanwege de hartelijke 
ontvangst en uiteindelijk krijg ik ook nog eens antwoord op al die kleine vragen, is het niet van 
jou, dan wel van Jantine en Sylvia. Ook jullie heel erg bedankt voor jullie hulp.

Mijn collega’s van de stamcelgroep, wil ik heel graag bedanken voor alle hulp, ideeën,  
gezelligheid en alles wat ik vergeet. Alain, door jouw droge humor was het geweldig om een 
de kamer met je te delen. Daarnaast heb je me vaak kunnen helpen met jouw enorme kennis 
of het nu voor het werk was of om een houtwormkever te determineren. Ons uitstapje naar 
the Everglades en Key West, zal ik niet snel vergeten. Evenals de enorme regenbui waar Tycho 
ons voor bleef waarschuwen. Tycho, ik heb me kapot gelachen met jou en ook om jou. In  het 
begin moest ik echt aan je wennen, maar in de afgelopen vier jaar heb ik je beter leren kennen 
en zoals ze zeggen “alles went.....” ;). Heel erg bedankt voor je steun en vriendschap. Marish, 
ook jij heel erg bedankt voor de goede tijd op het lab. Erg tekenend vond ik het echter wel dat 
we beide niet door hadden dat de tour de France langs zou komen terwijl het echt heel druk 
was in Nice en het bolletjestruien regende. Gelukkig hebben we later geleerd om sneller 
verbanden te ontdekken. 
Corina en Esther, ik ben altijd erg blij geweest met jullie hulp op het lab, vooral het laatste jaar. 
Maar ook als vraagbaak, aanspreekpunt en natuurlijk voor jullie gezelligheid. Esther, die fles 
conditioned medium op de vloer in de kweek ben ik nog niet vergeten, maar het is je zeker wel 
vergeven. Roberto, I have really enjoyed your friendship, your dinner parties and your accent. 
What I still don’t understand is how it is possible that an Italian guy does not like garlic. I’ll try 
to remember the next time when I invite you for dinner. I wish you all the best of luck in San 
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Diego. I hope we can meet up in the future, here, in San Diego or in Lecce. Dries, heel erg bedankt 
voor je hulp bij de muizen studies en natuurlijk voor de vrolijkheid die jij naar onze groep 
brengt. Zhiyong, all though I suspect you’ll be able to understand all this when it would have 
been written in Dutch, I’ll write it in English. You’re a genius and “your everything is possible 
mentality” is truly inspiring. Frederieke, heel erg bedankt voor de goede gesprekken, je hulp, 
de roddels, een slaapplaats en je “irritante” aanwezigheid op het lab. Ik zal het allemaal missen. 
Wel hoop ik nog lang een slaapplekje in Utrecht te hebben. Hamid, bedankt voor je kritische 
blik en je enthousiasme. 
De nieuwe exosome experts, Vera en Janine: heel erg bedankt voor jullie hulp in de laatste 
maanden. Janine, jij wist eigenlijk al waar je aan ging beginnen met de exosomen doordat je 
eerder bij “mij” stage had gelopen. Ik vind het een eer, dat je besloten hebt daar toch verder in 
te willen gaan. En bovenal vind ik het erg dapper, jij weet immers hoeveel werk exosomen 
kunnen zijn. Heel veel succes! Vera, de nieuwe plannen die jij hebt zijn inspirerend en ik weet 
zeker dat je er een succes van gaat maken. 
Stefan, geweldig om een arts steeds meer als “bioloog” te zien denken. Frebus, ik heb veel 
bewondering voor het feit dat je altijd alles opnieuw moet uitleggen. Ik zou knettergek worden. 
Ook hoop ik dat konijn nog van je te goed te houden. Ook mijn collega’s uit de villa, Ing Han, 
René en Sanne wil ik graag bedanken. Van bezemkast naar villa, ik hoop dat jullie carrière ook 
in zulke grote sprongen vooruit gaat. 
Oud-collega’s Jia, Willy, Sridevi. Jia, I have had so much fun with you in the lab. I enjoyed our 
conversations and I was glad to know that there are people who have an even worse sense of 
direction than I have. I hope all is well, and I wish you and your family the best of luck. Willy, 
ook jij bedankt voor je hulp om experimenten mee uit te denken, en natuurlijk voor de 
gezelligheid. 
Buitenlandse collega’s: Jan Willem, bedankt voor je scherpzinnigheid. Sailay, ik vond het jammer 
dat je naar San Diego ging, want daarna rook ik alleen nog maar mijn eigen parfum heersend 
over het lab. De koffie (of thee in mijn geval) die we ’s ochtends zouden drinken houd ik nog 
van je te goed.

Mijn kamergenootjes, bedankt voor de fijne werksfeer. Alain, jou heb ik al gehad, maar wederom 
bedankt. Hendrik, ondanks dat ik nooit precies weet waar je mee bezig bent, weet ik wel dat 
je een briljante onderzoeker bent, een antwoord hebt op alles, en hele lekkere cocktails kan 
maken. Thanks! Bas, jouw eerlijkheid en directheid waardeer ik enorm. Bedankt voor je hulp, 
suggesties en ideeën. Krista, jij ook heel erg bedankt voor al je hulp bij mijn experimenten. Het 
was een enorme uitdaging om de Langendorff en echo onder de knie te krijgen, maar het is 
ons wel gelukt en daar ben ik trots op. Kim, ook jij heel erg bedankt voor de gezelligheid op 
onze kamer.

Collega’s van de Experimentele Cardiologie; het zijn er te veel om op te noemen, maar ik ga 
een poging wagen. René en Loes, dat ik met jullie op een terras zit en niets door had blijft apart. 
Bedankt voor jullie hulp en advies op het werk en daarbuiten. Veel geluk in jullie nieuwe huis 
en ik hoop dat een volgende afspraak minder lang op zich laat wachten. Sanne,  ik heb geleerd 
met jou niet meer in discussie te treden. Dat win ik namelijk toch niet, evenals de spelletjes en 
andere vormen van competitie. Veel succes dit laatste jaartje!! Datzelfde geldt voor Ellen. 
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Bedankt voor je gezelligheid, ik vind het altijd leuk om even bij te kletsen. Carnaval in Venlo 
haalt het niet met Carnaval in Tilburg, maar ik heb me héééél goed vermaakt. Volgend jaar in 
Rio? Ook Sander wil ik graag bedanken voor de gezelligheid op en ook buiten het lab. Ook 
bedankt voor je hulp in de Western Blot hoek en het geneuzel over “microblaasjes”. 
Pleunie, Daphne, Mihaela, Sandra, Claudia, Geert, Marten, Tanmoy, Fatih, Vince, Karlijn, Mirjam, 
Onno, Saskia, Jiong-Wei, Arjan, Noortje, Chaylendra, Marjolein, Elske, Ben, Eissa, Marcel, Maike, 
Sander, Rob, Vincent, Guus, Vincent, Amir, Joyce, Crystel, Bas, Judith, Evelyn, Joyce, Merel, 
Marlijn, Cees en Maringa allemaal hartelijk dank.

Tijdens mij  PhD heb ik verschillende studenten mogen begeleiden. Martin, Verena, en Murat, 
ik wil jullie allemaal bedanken voor jullie bijdrage aan dit proefschrift. Bij deze ook alle andere 
studenten die op het lab rond lopen of liepen, bedankt.

Collega’s van het vasculaire lab, allereest de vriendelijkste koffiedames, Arianne en Petra. Ik 
ben er te laat achter gekomen dat regelmatig thee drinken goed voor je is. Arianne, heel erg 
bedankt voor al je adviezen en tips rondom het regelen van deze promotie. Petra, houdoe!! 
Olivier veel plezier met de ultracentrifuge, ik zal je niet meer in de weg zitten. Ik heb genoten 
in Göteborg en ik was graag mee naar Boston gegaan. Veel plezier daar! Joost, Martin, Diana, 
Ralf, Olivia, Dimitri, Gisela, Nynke, Pradeep, Nel, Adele, Marloes, Chantal en Maarten allemaal 
hartelijk bedankt voor jullie bijdrage, interesse en gezelligheid.

Tijdens mijn PhD is er veel veranderd ook buiten mijn werk. We zijn verhuisd, het grote geheim 
dat we getrouwd zijn is uitgekomen en ik ben oom geworden. Ik wil iedereen bedanken die 
mij de afgelopen jaren gesteund heeft, heeft laten lachen en heeft laten ontspannen. 

Lieve vrienden. Renée en Martijn; Ik hoop dat er nu een tijd aan breekt dat we elkaar vaker 
kunnen zien (het helpt dan niet dat jullie in Wijk en Aalburg gaan wonen). Veel geluk samen 
in jullie nieuwe huis. Geerten, ik ben blij dat ik zo’n goede vriend heb, een vriend die altijd voor 
je klaar staat of je elkaar nu vaak of nauwelijks ziet. Ook wil ik de “nieuwe” vrienden in 
Amersfoort bedanken, ik voel me er al helemaal thuis! Chaim ook heel erg bedankt dat je de 
kaft van dit boekje hebt willen maken. Ik ben er erg blij mee!
Paul, ik waardeer je eerlijkheid en oprechtheid en heb erg genoten van de spelletjesavonden, 
biertjes en gesprekken die we hebben gehad. Zoals ik zei toen ik vroeg of je mijn paranimf zou 
willen zijn, ik ben erg blij met jouw vriendschap en ik weet zeker dat dat blijft.

Ik denk dat iedereen het wel weet, maar mijn familie is voor mij het aller belangrijkste. Ik ben 
blij dat we altijd lekker konden en kunnen ontspannen in Esbeek, en vervolgens overladen 
worden met chocolade en ander lekkers. Lieve Dick en Nicole, betere schoonouders kan ik me 
niet wensen. Ook Sander bedankt, je ambities om ImpressiveShit groot te maken zijn 
bewonderenswaardig. Jeroen en Anneke, bedankt voor de afleiding, de spelletjes en de hulp 
in ons huisje. Geweldig dat jullie gaan samenwonen en jullie dromen naleven. Geniet ervan en 
geniet van elkaar! 
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Als jongste broer had ik er soms wel genoeg van dat ons mam altijd zei vraag maar aan Bram. 
Hopelijk zijn er nu ook dingen die je aan mij komt vragen. Lieve Bram en Matijn, bedankt dat 
jullie ons rond chauffeuren, bedankt voor de vele grappige cadeautjes en bedankt voor jullie 
interesse en gezelligheid. Lieve Roel en Sandra, jullie begrijpen dat we eigenlijk alleen maar 
langskomen voor Jaap en Anna, maar als we dan weer een lekker biertje of wijntje ingeschonken 
krijgen heb ik ergens spijt dat we “zo ver weg” wonen.  Bedankt voor jullie lieve woorden, steun 
en vakanties. Lieve Janneke en Max, bij jullie is het altijd genieten van tapas en ander lekker 
eten. Ik ben blij dat we tot vervelens toe met elkaar kunnen kolonisten (al is dat weer lang 
geleden) en dat ik altijd bij jou, Janneke, terecht kan. Je ben de liefste zus die ik ken (zelfs als 
je me op zondag om half 8 wakker smst). Lieve Jaap, Juultje, Anna en Gijs, mijn allerliefste 
neefjes en nichtjes. Ik ben heel blij dat ik jullie oom ben!

Lieve Oma, hoe geweldig is het dat u de dag na mijn promotie 90 wordt. Ook dat gaat een mooi 
feestje worden.

Lieve Papa en Mama, ik kan niet beloven dat ik nooit meer lang weg ga, maar die kans is 
beduidend kleiner nu we een eigen huis hebben. Jullie hebben er voor gezorgd dat ons thuis 
zo is zoals het is en dat ik ben zoals ik ben. Jullie zijn mijn grote voorbeeld. 

Lieve Dominique, ik had nooit durven dromen dat ik zo’n lieve, knappe en geweldige vrouw 
zou hebben. Jouw lach is aanstekelijk, jouw aanwezigheid geeft mij energie en je lippenstift is 
rood. Ik ben blij dat je me steunt in alles wat ik doe en ik ben blij dat ik er voor jou kan en mag 
zijn. Samen kunnen wij de wereld aan, dat is al gebleken. Ik hou van je!
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Krijn Vrijsen was born on August 6th, 1983 in Tilburg, the Netherlands. After graduating from 
secondary school in 2000 at the Mill-Hill College in Goirle, he studied Applied Science at Fontys 
University of Applied Sciences in Eindhoven. During this Bachelor he performed two different 
internships. The first internship was conducted at Animal Sciences Group in Lelystad where 
he studied the immunopathogenesis of the (bovine) respiratory syncytial virus. After he wrote 
a thesis on gene therapy, he wished to do his second internship at the department of Molecular 
Cell Biology at the Leiden University Medical Center where he worked on the development of 
a lentiviral vector with a specific integration site for the adeno-associated virus. During these 
internships he finally understood what science meant, and he became fascinated by the 
possibilities of molecular cell biology and decided to obtain a Master degree. Krijn enrolled in 
the Master’s program Molecular Sciences at Wageningen UR. During his Master he conducted 
his first internship at the department of Virology at the ErasmusMC in Rotterdam. Here he 
studied the role of dendritic cells upon infection with (human) respiratory syncytial virus in 
disease development. His final internship was conducted at the department of Anatomy and 
Cell Biology at the University of Melbourne. Here he studied the effects on the cerebral 
microenvironment upon in utero hypoxia. In 2007 he obtained his Master’s degree in Molecular 
Sciences. 
Before Krijn started as a PhD-student at the department of Cardiology at the University Medical 
Center Utrecht he moved to Louisville, KY to work as a research fellow at the institute of 
Molecular Cardiology at the University of Louisville appointed by the department of Cardiology 
at the Amsterdam Medical Center and the Interuniversity Cardiology Institute of the 
Netherlands. Here he aimed to improve the homing, proliferation and survival of cardiac stem 
cells. In 2008 he started his PhD training in Utrecht under supervision of professor Doevendans, 
dr. Chamuleau and dr. Sluijter. Here he mainly focused on the potential of paracrine effects, 
exosomes in particular, of cardiac progenitor cells and mesenchymal stem cells. His research 
led to the publication of this thesis called; Exosomes in Cardiac Injury and Repair.
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