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Chapter 9

This thesis was designed to investigate the potential arrhythmogenic conse-
quences of cardiac regenerative stem cell therapy. It was aimed to understand 
how interactions between stem cells and cardiomyocytes form a pro-arrhyth-
mic substrate. Research has focused extensively on optimizing the efficacy of 
cell therapy but little attention has been dedicated to elucidate potential pro- 
arrhythmic consequences. The possible electrophysiological consequences are 
however not less relevant than the efficacy of therapy itself, because lethal (ven-
tricular) arrhythmias negate the therapy to succeed. The applied cells can alter 
the architecture of the myocardium, thereby acting as both a modulating factor 
or substrate according to Philippe Coumel’s components of arrhythmogenesis1. 
A better understanding of how stem cell and cardiomyocyte interactions create 
and modulate pro-arrhythmic substrates will ultimately result in the develop-
ment of safer and more effective cell therapy for restoring cardiac function. 

Investigators have been striving to utilize stem cells for cardiac regeneration 
for several decades. Although multiple developments and innovations have been 
made, it has complicated the pursuit for the optimal cell-based therapy at the 
same time. First, there is a myriad of stem cell types that are investigated2-5. 
Secondly, diverse experimental models6-9 are used to represent the injured and/
or remodelled myocardium, patient populations differ between clinical trials3,4,10. 
Thirdly, the cell dose and application route vary per study11-13. Finally, additional 
factors such as biomaterials have emerged to enhance survival and engraftment 
of cells into the host myocardium, but various forms of biomaterial are being 
used14-16. 

These different factors can further modulate the interactions between stem 
cells and cardiomyocytes. In order to investigate the potential arrhythmogenic 
consequences of cardiac regenerative stem cell therapy, we investigated 
different stem cell types. Secondly, we used different quantities and patterns 
to represent different application routes. Thirdly, we investigated the additional 
effect of biomaterials on stem cells and cardiomyocyte interaction(s). Finally, 
we performed these experiments in in vitro and in vivo settings. Because the 
cardiac regeneration field is broad and multifaceted we began this thesis with 
a review that summarized findings from experimental and clinical studies that 
have addressed the electrophysiological risks of stem cells (Chapter 2).



516424-L-bw-Smit516424-L-bw-Smit516424-L-bw-Smit516424-L-bw-Smit
Processed on: 19-1-2018Processed on: 19-1-2018Processed on: 19-1-2018Processed on: 19-1-2018 PDF page: 197PDF page: 197PDF page: 197PDF page: 197

| 197

9

In Chapter 3, we investigated the electrophysiological effects of human
fetal cardiomyocyte progenitor cells (hCMPCs) on an established in vitro cardiac 
monolayer (neonatal rat ventricular myocytes; NRVMs). The hCMPCs were 
applied in a circular pattern to depict cluster forming due to intramyocardial 
injections12. We demonstrated that these undifferentiated hCMPCs coupled 
electrotonically with the cardiomyocytes and formed a pro-arrhythmic substrate. 
The arrhythmogenic substrate was caused by two different mechanisms. 
Microelectrode measurements demonstrated that hCMPCs created a depolarized 
region, characterized by action potentials with a depolarized resting membrane 
potential, reduced upstroke velocities and prolonged action potential duration. 
This depolarized region provoked conduction slowing, which can increase the
susceptibility to re-entrant arrhythmias17. Secondly, the depolarized region led
to a diastolic flow of an “injury”-like current towards the non-depolarized region. 
This was evident from the ST-segment changes recorded in the depolarized area. 
This same flow of “injury”-like current provided an additional depolarizing current
to the non-depolarized tissue that led to an acceleration of the spontaneous 
rhythms. This latter underlying mechanism was supported by i) the spontaneous 
activity in the co-cultures originating from the non-depolarized region and ii)
the reducing in cycle length of the rhythm that was shorter compared to that in
control monolayers. Furthermore, the detection of Cx43 between hCMPCs and 
NRVMs further strengthened the idea that electrotonic coupling is the central
underlying interaction. Finally, conditioned medium obtained from the hCMPCs 
did not reproduce any of the findings. We suggests that conditioned medium 
could thus potentially be used for the soluble factors it contains without having 
the adverse electrophysiological effects caused by the cell-cell coupling between
the cells types.

Because ethical issues are involved in obtaining fetal cells18 we additionally 
investigated the electrophysiological effects of adult stem cells. However, 
autologous adult stem cells, may be affected by age and disease19,20. Secondly,
obtaining and expanding (autologous) stem cells is time consuming and therefore
not ideal for an “off-the-shelf” product. A possible alternative is to use cells 
from other patients (allogenic) or other species (xenogeneic). In Chapter 4, we 
explored the interaction(s) between cardiomyocytes and allogenic or xenogeneic
adult adipose stem cells (ASCs). ASCs were chosen because they are a source
of multipotent cells that can differentiate along multiple lineages. Furthermore,
they are easy to obtain, have little immunological effects21 and secrete factors 
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known to stimulate angiogenesis and neovascularization22,23. This time we co-
cultured ASCs and NRVMs in a homogenous fashion. Similar to fetal hCMPCs, 
the interaction(s) between cardiomyocytes and ASCs from three species (human, 
rat, pig) formed a pro-arrhythmic substrate. All co-cultures were depolarized 
and demonstrated heterogeneous conduction slowing. To distinguish between 
electrotonic interaction and/or paracrine mechanisms we tested conditioned 
medium obtained from the various co-cultures. Only conditioned medium from 
co-cultures of NRVMs and porcine ASCs (pASCs) reproduced homogeneous 
conduction slowing. Using transwell experiments and medium conditioned solely 
by pASCs we deduced that the depolarization was instigated predominantly 
through secreted paracrine factors. Furthermore it revealed that human and rat 
ASCs interacted with the cardiomyocytes predominantly through electrotonic 
interactions. 

This study thus showed that application of ASCs caused conduction 
slowing in cardiomyocyte monolayers, irrespective of the specific origin of the 
cells, but that the conduction slowing is conferred through coupling between 
ASCs and cardiomyocytes or through soluble factors in a species dependent 
manner. The exact nature of the soluble factor(s) responsible for the changes 
in electrophysiological properties was outside the scope of this chapter and 
are difficult to determine as cells have an huge secretome of factors that can 
influence behavior, including the secretome of other cells24. 

Another issue that limits the efficacy of stem cell therapy is cell retention 
and engraftment. Several in vivo studies demonstrated that only a minority of 
the applied cells survive and integrate in the host myocardium25-27. Biomaterials 
are proposed to enhance cell survival and engraftment and thereby improve 
the efficacy of stem cell therapy14,15. Alternatively, the introduction of (a) 
biomaterial(s) into the myocardium can increase the risks for the formation 
of a pro-arrhythmic substrate. We investigated the electrophysiological 
consequences of biomaterials and stem cells in vitro and in a large animal model 
of right ventricular dysfunction. 

In Chapter 6, we continued using the ASCs investigated in Chapter 4, but 
added an extra component, i.e. human recombinant collagen microspheres as 
biomaterial. ASC loaded microspheres have been shown to improve ASCs survival 
when applied in vivo28. However, in this study, we studied the electrophysiological 
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effects of adding this extra component to our in vitro cardiac tissue model. We
showed that application of recombinant human collagen-based microspheres 
loaded with pASCs normalized the electrophysiological properties of a monolayer 
of NRVMs compared to monolayers of NRVMs co-cultured with unaccompanied
pASCs, through adsorption of an unidentified, secondary, autocrine, myocardial
factor. The mitigating effect of these recombinant human collagen-based 
microspheres was absent in co-cultures with rat and human ASCs, which
displayed predominant direct coupling effects. The extent of conduction slowing
was similar to the co-cultures without microspheres. This finding strengthened 
the suggestion that the microspheres themselves are not arrhythmogenic, and
that they can mitigate arrhythmogenicity of xenogenic (porcine) ASC.

In Chapter 7, we continued our investigation into biomaterials. Polymerized-
collagen-hydrogel patches, seeded with human embryonic stem cell derived
progenitor cells, were applied to a porcine model of right ventricular dysfunction. 
One month after application electrical mapping techniques were used to 
obtain epicardial and transmural electrograms. The recorded extracellular 
unipolar electrograms were analyzed for QRS-amplitude, changes in activation-
recovery intervals and activation-restitution parameters. Our data suggested 
that the application of polymerized-collagen-hydrogel patches, seeded with 
human cardiac progenitor cells, lowers excitability and causes action potential 
shortening specifically at the epicardium. Although no arrhythmias were induced
in any of the measured animals, these changes contribute to the formation of a
potential pro-arrhythmic substrate. The data further suggested that some of the 
applied stem cells survived but remained at the epicardium. If, over time, the
applied cells migrate further into the myocardium it is well plausible that the 
arrhythmogenic risks increases.

Finally in Chapter 8, we turned our attention specifically towards the 
paracrine secretome of stem cells and the possible effects on electrophysiology. 
Extracellular vesicles (EVs) are a specific subset of vesicle bounded packages
rich in mRNA, miRNA, and lipids29. EVs were obtained from human cardiac
progenitor cells derived from human induced pluripotent stem cells and applied
to an “functionally depressed” in vitro model and to a mouse model of heart
failure. After application of EVs to our “functionally depressed” in vitro model we
observed an increase in conduction velocity, while in our diseased and remodeled
in vivo model we observed conduction slowing. In the discussion of Chapter 8 we
formulate a hypothesis to explain these opposed findings. 
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Future perspectives
The discovery that the adult myocardium is not post mitotic and undergoes con-
tinuous turnover has led to the identification of an endogenous heterogeneous 
stem cell population residing within the myocardium30. The turnover rate of 

damage created by e.g. an infarction. If however, these CSCs can be stimulated 
to increase their turnover rate it can imply that endogenous mechanisms can 
repair cardiac injury, thereby eliminating obstacles currently involved in cell-
based therapies.

Both homing and proliferation rate of endogenous CSCs increase after 
application of external stem cells. Low survival rates of applied stem cells 
insinuate that there are other mechanisms that can explain these observed 
changes, e.g. paracrine factors released by stem cells or through cross talk. 
Multiple studies are performed ranging from the use of conditioned medium31, 
exosomes32 and modified overexpressing stem cells33 to in depth proteomic 
analysis of these soluble mediators34. While in vitro studies35,36, including ours, 
indicate that paracrine factors can potentially be pro-arrhythmic this does not 
hold true for in vivo data31,37-39. In some in vivo studies, paracrine factors produce 
beneficial hemodynamic effects and lower the arrhythmogenic risks associated 
with stem cells themselves, as these are eliminated from the process31,34,38,39. 

Important questions that arises are is it possible to boost endogenous cardiac 
repair through the use of paracrine factors. If so can we find and identify these 
factor(s)?. Although considerable steps have been made in identifying soluble 
factors and their downstream signaling pathways, a vast amount remains 
unknown and yet to be explored. Identifying candidate factors will stimulate 
the development of an “off-the-shelf” product without ethical or immunological 
issues. Secondly, it allows multiple dosages or applications if required. 
Furthermore, applying biomaterials and stem cells into the myocardium would 
no longer be necessary and would lower the associated pro-arrhythmic risks. 

It is clear that stem cell therapy has only modest and transient benefits and 
it is evident that interactions between cardiomyocytes and stem cells can form a 
pro-arrhythmic substrate. The risk for the pro-arrhythmic interactions are likely 
to increase higher retention and engraftment rates are achieved. Besides, studies 
demonstrate that the modest and transient benefits are largely explained by 
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soluble mediators. It might therefore be time to invest energy and resources into 
elucidating the stem cell secretome. This would mean that we abandon the idea 
that (exogenous) stem cells can repopulate the myocardium, thus accordingly 
avoiding the pro-arrhythmic risks involved with stem cell-cardiomyocyte 
interactions. Cardiac repair would be mediated through the stimulation of 
endogenous cardiac repair mechanisms by employing key factors of the stem cell 
secretome. Further research to identify factors capable of enhancing endogenous 
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Figure 1. An summarizing illustration of 
the interactions between stem cells and 
cardiomyocytes. The injured heart is surrounded 
by the different application routes that were used

or simulated in this thesis. The findings described
in this thesis are illustrated within the heart.
Finally,  a future perspective is also illustrated.
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cardiac repair is needed, so that a superior cardiac therapy in the form of an 
“off-the-shelf” product is generated. Finally, any arrhythmogenic effect must 
continuously be taken into account as this will strongly influence the success of 
therapy. 

Figure 1 presents a summarizing illustration of the interactions between 
stem cells and cardiomyocytes that are based on the studies presented in this 
thesis. The figure shows an injured heart (due to a myocardial infarction) and 
the different application routes that were used or simulated in this thesis. Within 
the heart, we schematically illustrate which interactions between stem cells and 
cardiomyocytes take place on the basis of our findings. Finally, the figure also 
shows a future perspective, namely the stimulation of the endogenous cardiac 
repair mechanism by employing key factors of the stem cell secretome.
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