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General Outline and Scope of the Thesis

1
Every year, more than 700 million people worldwide suffer from a myocardial 

infarction (MI)1. Due to better recognition of symptoms, improvements in
interventions, and the timing of interventions the survival rate after a first 
event has increased significantly2. The endogenous regenerative capacity of the 
myocardium unlike other tissues (e.g. liver3 and skeletal muscle4) is limited, and 
the heart is unable to replace lost cardiac tissue5,6. Instead, lost cardiomyocytes
are replaced by fibroblasts that form a collagenous scar tissue7. The integrity
of the myocardial wall is initially preserved by this scar tissue that provides a
temporary mechanical solution8. From an electrophysiological perspective, this
scar tissue creates an arrhythmogenic substrate increasing the risks for ventricular 
arrhythmias and sudden cardiac death in post-MI patients9. Although the scar 
tissue provides some mechanical support the function of the heart progressively 
deteriorates and ultimately heart failure (HF) ensues10. About a third of post-
MI patients develop HF11, for which there is no adequate treatment. Current 
therapies are aimed at relieving symptoms but effects are temporary and end-
stage HF patients are dependent on extreme measures such as mechanical assist 
devices or heart transplantation. 

A therapeutic option that averts the development of (end-stage) HF after MI 
by replacing the lost tissue with cardiac cells is lacking, but greatly needed. Stem 
cells have the potential to divide unlimitedly and to differentiate into specialized
cells12. Their discovery has excited research with cardiac regeneration and repair 
as the supreme goal. Extensive research on how to utilize stem cells is ongoing 
in both pre-clinical13 and clinical settings14,15. For favorable cardiac regeneration, 
stem cells need not only survive but also to attenuate remodeling of the native
myocardium, whilst improving cardiac function for a prolonged period without
having adverse effects. 

Although the application of stem cells into the myocardium has been
achieved, cell-therapy lacks efficacy and improvements in hemodynamic
function are small and transient16,17, if seen at all18-20. The limited number of cells 
that survive and engraft21-23 after application is suggested to partially explain the
low efficacy. Secondly, it is not completely understood how stem cells contribute
to cardiac regeneration. Furthermore, consequences of stem cell therapy on
cardiac (cellular) electrophysiology have received little attention and findings are 
not consistent in literature24-26. The possible electrophysiological consequences



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: 12PDF page: 12PDF page: 12PDF page: 12

12 |

Chapter 1

are however not less relevant than the efficacy of therapy itself, because lethal 
complications like ventricular arrhythmias may negate the therapy to succeed. 

Based on Philippe Coumel’s research, three components need to be present 
to develop arrhythmias27; an arrhythmogenic condition or substrate and a 
trigger or initiating factor. Both the substrate and trigger and can be modified by 
modulating factors (i.e. autonomic nervous system27). In the setting of cell-based 
therapy for cardiac regeneration the applied cells can change the architecture 
of the (injured and remodeled) myocardium acting as a modulating factor but 
also as substrate. This thesis focuses on elucidating the potential arrhythmogenic 
consequences of cardiac regenerative stem cell therapy. It aims to understand 
how interactions between stem cells and cardiomyocytes can form a pro-
arrhythmic substrate. 

This thesis starts with a review of the experimental and clinical studies that 
have addressed the electrophysiological risks of stem cells (Chapter 2). After 
obtaining insights into the current field this thesis focuses on the interaction(s) 
between stem cells and cardiomyocytes. In the following chapters, the possible 
arrhythmogenic consequences of these interactions will be experimentally 
investigated in both in vitro and in vivo settings. 

In Chapter 3, we assess the electrophysiological influences of human fetal 
cardiomyocyte progenitor cells (hCMPCs) by co-culturing these cells with 
neonatal rat ventricular myocyte cultures. Using electrical mapping techniques 
and microelectrode recordings we can study the effects on different conduction 
parameters. (Human) CMPCs are a potential source for cardiac regeneration 
as they originate from the myocardium. Understanding the interactions with 
cardiomyocytes is therefore of importance as they are the logical choice of cell 
source to use for cardiac regenerative cell therapy28-31.

However, up to date, there is no stem cell type that is preferred for cell 
based therapy. Fetal cells might behave differently than adult (mature) cells32,33, 
influencing the regenerative potential of the therapy. Secondly, obtaining fetal 
cells involves ethical issues complicating their use as a suitable candidate34. 
Therefore, in Chapter 4, we continue the exploration of undifferentiated adult 
stem cells. Cells obtained from the stromal fraction of adipose tissue, appear to 
be potent in contributing to beneficial changes seen on hemodynamic level35-37. 
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However, autologous cells from elderly patients can be less effective than 
cells from younger individuals38. To find a suitable candidate that can be used 
in the clinic or as an “of-the-shelf”-product, we study the electrophysiological 
interactions between cardiomyocytes and ASCs obtained from different species. 

In Chapter 5, we will contemplate the role of stem cells having the ability 
to form gap junctional interactions with cardiomyocytes, and its contribution in
forming a pro-arrhythmic substrate. This chapter will further explain additional 
mechanisms through which stem cell and cardiomyocyte interactions can form a
pro-arrhythmic substrate based on experimental studies done.

There is an ongoing debate, as to the arrhythmogenic consequences of 
stem cells. Arrhythmogenic consequences in vivo and in clinical studies have 
demonstrated inconsistent results24-26, 39-42. A possible explanation could be 
the low engraftment success of stem cells in vivo21-23, which additionally can 
explain the variability in functional improvements seen in clinical studies16,19,20,40.
Biomaterials are designed to improve the retention and survival rate of stem cells.
The addition of biomaterials includes an additional interaction modality that can
modulate the formation of a pro-arrhythmic substrate43. Similar to the limited
knowledge of stem cell and cardiomyocyte interactions on electrophysiology, 
the involvement of biomaterial loaded with stem cells has not been investigated 
adequately43-45.

In Chapter 6, we therefore return to our model used in Chapter 4. We 
investigate the consequences on conduction parameters of cardiomyocyte
and stem cells-loaded microsphere interactions. In vitro experiments are
important for studying specific interactions under controlled conditions. Under 
these controlled circumstances, tentative conclusions can be drawn and used
for translation towards more complex models. In Chapter 7, we make a step 
forward and use a large animal model of right ventricular dysfunction. In this 
model, collagen patches seeded with human cardiac progenitor stem cells are
applied to the myocardium and the potential arrhythmogenic risks are studied 
using electrical mapping techniques.

Throughout the years the hypothesis of the mechanisms behind the 
regenerative capacity of stem cells has changed. Fewer believe that stem cells
transdifferentiate into cardiomyocytes and replace the fibrotic scar tissue46,47.
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The realization that stem cells secrete a wide range of factors has led to the 
paracrine hypothesis48. Several in vivo  studies have demonstrated that paracrine 
factors can contribute to the observed hemodynamic improvements49-52. 
Paracrine factors are briefly touched upon in Chapter 4 and 6 but in Chapter 8, 
we focus on paracrine factors of cardiac progenitor cells derived from human 
induced pluripotent stem cells (iPSCs) and the electrophysiological effects on 
conduction parameters in remodeled in vitro and in vivo model. 

Finally, the last chapter of this thesis provides a comprehensive discussion 
dealing with the subjects mentioned above and future perspectives will be 
presented (Chapter 9). 
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