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Despite improvements in contemporary medical and surgical therapies, cardiovascular disease (CVD) remains a

significant cause of worldwide morbidity and mortality; more specifically, ischemic heart disease (IHD) may affect

individuals as young as 20 years old. Typically managed with guideline-directed medical therapy, interventional or surgical

methods, the incurred cardiomyocyte loss is not always completely reversible; however, recent research into various stem

cell (SC) populations has highlighted their potential for the treatment and perhaps regeneration of injured cardiac tissue,

either directly through cellular replacement or indirectly through local paracrine effects. Different stem cell (SC) types have

been employed in studies of infarcted myocardium, both in animal models of myocardial infarction (MI) as well as in

clinical studies of MI patients, including embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), Muse

cells, multipotent stem cells such as bone marrow-derived cells, mesenchymal stem cells (MSCs) and cardiac stem and

progenitor cells (CSC/CPCs). These have been delivered as is, in the form of cell therapies, or have been used to

generate tissue-engineered (TE) constructs with variable results. 
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1. Cell Therapies

Among the possible strategies employed to aid in cardiomyocyte regeneration after myocardial infarction (MI), local

transplantation of stem or progenitor cell populations is one possible option. Different cell types may be utilized, while their

effects and safety have been tested either with preclinical studies, clinical trials, or both.

Although several studies have been conducted thus far, detailed analysis and comparison of these is beyond the scope of

this text; instead, some indicative studies shall be presented for each cell type, including studies where the therapy in

question was administered in a manner that might favor its administration during an invasive or interventional cardiac

procedure. This is to shed light on possible mechanisms of action and the general effects of such therapeutic interventions

on ischemic and infarcted myocardial tissue post-MI.

1.1. Pluripotent Stem Cells in Animal Studies and Clinical Trials

Pluripotent stem cells (PSC), i.e., cells capable of generating tissue from all three germ layers that compose an adult

organism , including induced PSCs (iPSCs) and embryonic stem cells (ESC), may be transplanted either directly or

used for cardiomyocyte generation and subsequent administration. Several preclinical studies have tested the effect of

PSC transplantation within infarcted myocardial tissue (Figure 1). In particular, murine ESCs (mESCs) derived from

mouse blastocysts have been transplanted into murine models of MI through local intramyocardial injection. These

transplanted mESCs prevented cardiomyocyte hypertrophy and mitigated the local post-MI collagen deposition .

Another study by Min et al., testing the effect of directly transplanted ESCs, reported positive results with improved

ventricular function due to paracrine and angiogenic effects, as well as the generation of differentiated cardiomyocyte

progeny within the site of injury .
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Figure 1. Stem and progenitor cell therapies for ischemic heart disease—pluripotent stem cell therapies (created with

BioRender.com, accessed on 24 February 2024) . CM, Cardiomyocyte; TIMP-1, tissue inhibitor of metalloproteinase

1; LV, left ventricle; BF, blood flow; VTach, ventricular tachycardia; VWall, ventricular wall; LVEF, left ventricular ejection

fraction; iPSC, induced pluripotent stem cells; hPSC, human pluripotent stem cells; MSC, mesenchymal stem cells; ESCs,

embryonic stem cells; CHF, congestive heart failure; CABG, coronary artery bypass graft; MACE, major adverse

cardiovascular events; PCI, percutaneous coronary intervention.

PSCs may also be used indirectly for the derivation of cardiomyocyte (CM) populations, or PSC-CMs, which can then be

transplanted onto the target area . Hatani and Yoshida have described protocols for the derivation and subsequent

administration of hiPSC-derived cardiomyocytes in immunodeficient mice . Animal studies using direct myocardial

administration of stem cell populations from a starting PSC population, i.e., PSC-derived mesenchymal stem cells (MSC),

have shown promising results with better efficacy compared to MSCs acquired from other locations . Selecting PSC-

derived cells with intact DNA structure has also facilitated the integration rate of transplanted cardiomyocytes onto target

tissue . Similar experiments have been carried out in non-human primates as well, with Kobayashi et al. describing

protocols for the administration of PSC-derived cardiomyocytes in the Cynomolgus monkey after establishing a model of

myocardial infarction . Similarly executed experiments in the Macaca nemestrina species yielded promising results,

including reduced infarct size and the generation of myocardial tissue in the injured area, although instances of ventricular

arrhythmias were observed .

Direct transplantation of pluripotent cells onto damaged myocardial tissue has not been described in human subjects ,

perhaps due to concerns regarding oncogenicity owing to the vast differentiation potential of PSCs . Numerous factors,

such as the generation of heterogeneous cell populations that may include immature cells, concerns about

arrhythmogenicity, and immunogenicity due to the expression of different human leukocyte antigen (HLA) markers, seem

to be at the root of the difficulties in translating PSC-derived cell studies into the clinic. However, autologous patient-

derived iPSCs or HLA-matching of iPSC populations (stem cell banks) may offer a solution, at least in terms of the

immunogenicity of administered cell populations. Nonetheless, clinical trials have been or are currently being conducted to

study the effects of PSC-derived cells in IHD patients. Two studies have been set up to test direct transplantation of PSC-

derived cardiomyocytes ; HEAL-CHF has been evaluating the effect of epicardially injected PSC-generated

cardiomyocytes on heart failure patients with indications for coronary artery bypass graft (CABG) , while LAPiS, a phase

I/II clinical trial with an estimated completion date in 2024, will similarly be assessing the effect of iPSC-derived

cardiomyocyte spheroids on heart failure patients, more than one month after an episode of MI with a low ventricular

ejection fracture (LVEF), through injection .

More recently, Muse cells, i.e., cells expressing pluripotency markers, have been isolated and tested; they seem to carry a

lower tumorigenic potential themselves since they express low quantities of tumorigenic transcription factors, attributed to
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increased let-7 (lethal-7) expression, which suppresses Lin28, a transcription factor contributing to the pluripotent

phenotype and, as a result, tumorigenicity. Muse cells also exhibit reduced telomerase activity as well as increased

capability for DNA repair . Muse cells have been isolated from various locations, including the bone marrow (BM),

connective tissues in various organs, as well as the amniotic membrane; these cells, like PSCs, are capable of

differentiation into tissues from all three germ layers . Use of Muse cells in animal models, including intravenous

administration in a rabbit model of MI, revealed improvements in ejection fraction (EF), infarct scar size reduction and

differentiation into relevant cell types . The mechanism for this effect is thought to be sphingosine monophosphate

(S1P)-sphingosine 1 monophosphate receptor 2 (S1PR2) signaling , an interaction already observed to facilitate the

homing of certain immune and progenitor cells . Similarly promising results were observed in larger animal models

when Muse cells were administered in swine models of acute MI; infarct size seemed to be reduced, with associated

improvements in ejection fraction and ventricular dimensions and no evidence of arrhythmias .

Muse cells have also been utilized in human MI patients in a clinical study commenced in 2018; results showed improved

ventricular function and reduced scar size, most likely due to direct cardiomyocyte differentiation as well as local paracrine

effects. Nevertheless, only three patients were enrolled in this clinical study and were only followed for 12 weeks; thus,

any possible tumorigenicity was not properly assessed , even though in general, Muse cells have been described as

non-tumorigenic compared to other PSC types .

In essence, the effects of pluripotent stem cell transplantation may be summarized as effects due to differentiation into

local cell populations, observable through the identification of engrafted cells expressing cardiac markers (alpha Myosin

heavy chain-aMHC, troponin I-TnI) . Pluripotent cells may also be selected beforehand for their cardiomyogenic

potential to better control their differentiation into cardiac cell lineages upon transplantation . Another possible

mechanism of action for pluripotent stem cell therapies might include the cardioprotective effects of extracellular vesicles

(EV) secreted by PSC-derived cell populations; it seems that PSC-EV administration might not be associated with

teratoma formation, as opposed to PSCs themselves, based on results from associated studies . Some authors posit a

possible paracrine effect of transplanted pluripotent populations, possibly through the secretion of factors such as cystatin

C, osteopontin, clusterin or tissue inhibitor of metalloproteinase-1 (TIMP-1), capable of preventing local cardiomyocyte

apoptosis and excess fibrosis. This improves local myocardial tissue viability, in turn enhancing cardiac function .

Furthermore, while most studies have shown positive effects after transplantation, some studies do not seem to report

long-term engraftment of selected cells; it is thus thought that paracrine effects are most likely the reason for cardiac

improvement in the long term .

Some drawbacks specifically encountered with pluripotent stem cell populations are immunogenicity and tumorigenicity;

although the former may be amended through autologous derivation of iPSC populations, this might extend the

therapeutic timeline significantly, mainly due to the time required for iPSC line derivation . Tumorigenicity is another

disadvantage frequently encountered with PSCs but not Muse cells; this may be attributed to a variety of factors, including

residual, undifferentiated PSCs still capable of growth, genomic instability after multiple cell passages, or even persistent

epigenetic modifications long after differentiation into target lineages. To this end, multiple methodologies for evaluating

this tumorigenic potential have been created, and although a case-by-case testing basis is feasible, validation studies

involving multiple sites have been organized as well .

1.2. Multipotent Stem Cells in Animal Studies and Clinical Trials

The use of multipotent stem cells, i.e., cells capable of generating cells relevant to the tissue they are usually found in

animal studies and in human patients, has been well described . Examples of multipotent stem cell types used for this

purpose include bone-marrow (BM)-derived cells (BMC), mesenchymal stem cells (MSCs) and cardiac stem/progenitor

cells (CPC/CSC) (Figure 2). BMCs are perhaps among the earliest used multipotent stem cells for cardiac applications

. In fact, the first study reporting their use was published in 2001, where BMC transplantation seemed to cause new

cardiac tissue formation 9 days post-implantation . BMCs in general represent a mixed cell population; more

specifically, in both small and large animal models, BM-derived mononuclear cells (BM-MNCs) have been used either

through intramyocardial injection or intracoronary injection, with promising results and subsequent improvement in

ventricular function as well as new local vessel formation, especially in the studies by Kamihata et al. . Other

studies, however, did not show significant improvement in function or any differentiation of transplanted cells into

appropriate local phenotypes .
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Figure 2. Stem and progenitor cell therapies for ischemic heart disease—multipotent stem cell therapies (created with

BioRender.com, accessed on 24 February 2024) . LV, left ventricle; LVESV, left ventricular end

systolic volume; LVEF, left ventricular ejection fraction; MSC, mesenchymal stem cells; CABG, coronary artery bypass

graft; STEMI, ST-elevation myocardial infarction; BM, bone marrow; BMC, bone marrow cells; BMSCs, bone marrow stem

cells; BM-MNC, bone marrow mononuclear cells; MNC, mononuclear cells; c-KIT, tyrosine protein kinase kit; C-CURE,

cardiopoietic stem cell therapy in heart failure; TIME, timing in myocardial infarction evaluation; PCI, percutaneous

coronary intervention; PPCI, primary percutaneous coronary intervention; Akt, protein kinase B; Igf-1; Insulin-like growth
factor 1; VEGF, vascular endothelial growth factor; SDF-1, stromal cell-derived factor 1; TGF-β, transforming growth factor

beta; ADRC, adipose-derived regenerative cells; UC-MSC, umbilical cord mesenchymal stem cells; CSC, cardiac stem

cell; CPC, cardiac progenitor cell; SCIPIO, stem cell infusion in patients with ischemic cardiomyopathy; CADUCEUS,

cardiosphere-derived autologous stem cells to reverse ventricular dysfunction; SC, stem cell.

Clinical trials utilizing BMCs to try and tackle the cardiomyocyte loss associated with MI have been carried out as well.

Some of these studies employed additional measures to select specifically for mesenchymal stem cells (MSC) within the

bone marrow sample , while others used BMCs or BM-MNCs, either through intracoronary administration  or

through intramyocardial injection along with coronary artery bypass graft (CABG) surgery, respectively . While Bartunek

et al. and Zhao et al. reported improvements in geometric and functional parameters after therapy , others reported no

significant improvement after the employed cell therapy . A published meta-analysis has shown that BMC

administration may lead to improvement in ventricular function, infarct size, as well as the resulting cardiac remodeling ,

while another one, which evaluated the administration of BMCs specifically at the time of CABG, further exhibited the

capacity for BMCs to improve left ventricle (LV) functional parameters when administered intraoperatively .

MSCs have also been used for the alleviation of post-MI myocardial tissue injury, MSCs possess abilities for the

generation of differentiated connective tissue cell progeny, mitigation, and modulation of the inflammatory response .

Various animal studies have been conducted to test the effect of MSC on alleviating MI sequelae. Among them was a

study of intramyocardial MSC injection in a rat model, which exhibited a reduction in local, post-infarct fibrosis,

improvements in left ventricular wall compliance, and, as a result, better contractility, and function . The improvement in

the tested parameters, including infarct size and rate of cardiomyocyte apoptosis, is thought to occur not only through

MSC differentiation towards cardiac cell lineages, which some studies did not report at all , but mostly through local

paracrine effects that may induce angiogenesis or aid in cardiomyocyte protection during hypoxic conditions. In fact,

MSCs overexpressing Akt were shown to act in a mostly paracrine manner by aiding local cardiomyocyte survival ,

while MSCs overexpressing Igf-1 aided in the local recruitment of stem and progenitor cells as well. In the latter, the main

mechanism for MSC-associated cardiac tissue repair was observed to be activation of the stromal-derived factor-1 (SDF-

1)/CXCR4 signaling pathway .

The effect of MSCs on post-MI cardiac tissue structure and function has also been examined in clinical studies. MSCs

have been isolated from the BM, adipose tissue (AT) (AT-derived multipotent stem cells), and the umbilical cord (UC), with

no difference in isolation rate, multipotency characteristics or immune characteristics between the different MSC types 
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. The APOLLO trial, which involved administration of MSC-like cells derived from adipose tissue, denoted as adipose

tissue-derived regenerative cells (ADRC), through intracoronary injection 24 h after primary PCI revascularization. The

study reported promising results, with regard to scar size reduction and overall cardiac function . However, similar trials

utilizing adipose-derived MSCs did not report any significant improvements in cardiac function . Another trial utilized

umbilical cord-derived MSCs (UC-MSC) administered through intracoronary infusion in patients with STEMI, five to seven

days after revascularization; the results in these studies were promising here as well, with improvements in LV function

and myocardial perfusion .

CSC/CPCs include many different cell types, with many also possessing the capacity for generating differentiated

cardiomyocytes, as detailed previously. Procurement may be autologous ; however, this may prove cumbersome

due to the limited number of such cells within cardiac tissue . CSC/CPCs thus far have been used in various animal

studies, including c-KIT+ cells introduced through intracoronary infusion in a swine model of MI. In this study, implanted

cells exhibited differentiation into both cardiac and vascular phenotypes and led to improved left ventricular function .

In general, implanted c-KIT+ cells show better capacity for scar reduction compared to MSCs . Other studies have

also utilized cardiosphere-derived progenitors through intracoronary injection, with similarly promising results .

CSCs/CPCs have also been used in clinical trials. Two relevant clinical trials have utilized autologous c-KIT+ and

cardiosphere-derived cells, namely the SCIPIO and CADUCEUS trials, respectively . In the SCIPIO trial autologous c-

KIT+ cardiac progenitors were administered through intracoronary injection; the study was later retracted in 2019 

. Another similar trial, the CADUCEUS trial, examined the effect of cardiosphere-derived cells, administered through

intracoronary injection, on infarcted hearts; results included an observed reduction in scar size, although this trial reported

no effect on left ventricular ejection fraction .

The action of multipotent stem cell populations mostly lies in their ability to produce appropriate local factors that might aid

in local cardiomyocyte survival and apoptosis, angiogenesis, or influence inflammatory pathways; however, they may also

exhibit some capability for differentiation into cardiomyocyte-like cells, although the functionality of this progeny may not

always be as clear-cut, as is the case with adipose-derived stem cells, for example . As for secretory activity, this may

include factors such as vascular endothelial growth factor (VEGF), insulin-like growth factor 1 (IGF-1) or transforming

growth factor β (TGF-β) . A multitude of different multipotent stem cell populations have been utilized in a multitude of

different animal studies and clinical trials, including BM-derived populations, MSCs derived from various locations, as well

as CSC/CPC. Results have been variable, although in cases of successful studies, the main effects have been

improvements in local perfusion and capillary density, myocardial tissue viability and cardiac function, as well as infarct

size . This secretory function may be augmented through forced overexpression of certain genes, including Igf-1, Akt
and stromal derived growth factor-1 (Sdf-1); when overexpressed, these may further facilitate the local function of these

stem cell therapies or aid in recruitment of local stem and progenitor cells, further aiding in cardiomyocyte survival,

angiogenesis, and overall improvement in cardiac function. Paracrine secretion also seems to be the mechanism of action

for CPC/CSC populations as well, as further proven by studies that do not seem to assign any role for differentiated

cardiomyocyte generation by c-KIT+ and SCA-1+ cells . Additional mechanisms in these cases seem to be activation of

the SDF-1/CXCR4 pathway, at least in cases of IGF-1 overexpression . In general, however, studies employing

multipotent stem cell populations seem to exhibit variable results, mostly due to variation in the stem cell type

administered, the dose, the method of administration, or any additional biological alterations that may improve their

efficacy; this might also serve as an explanation for the lack of a unified mechanism of action across different studies

since different therapeutic approaches employ different mechanisms .

Although not tumorigenic or immunogenic when derived from autologous sources or when immunomodulatory MSCs are

specifically utilized, as evident from relevant studies where xenogeneic MSCs do not seem to trigger a significant immune

reaction , administration of multipotent stem cells, as with pluripotent stem cells, may also result in arrhythmias

(arrhythmogenicity). Various mechanisms may contribute to this observed arrhythmogenicity; one such mechanism is

pacemaker-like activity, or depolarizations from implanted cells , as well as negative effects on cellular excitation of

implanted cells due to secretion of local factors, frequently observed after MSC transplantation . Another mechanism

may be tissue heterogeneity due to the innate variability of cellular excitation in the cellular sample introduced, oftentimes

owing to differences in their electrophysiological profile; this may include variations in ion currents or even differential

expression of ion channel or gap junction proteins. Finally, increased cellular automaticity, exacerbated by the high

proportion of fibroblasts within the infarct scar, might also play a role .
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2. Tissue-Engineered Therapies

Stem cells may be delivered to the target area of post-MI ischemia, fibrosis, or necrosis in the form of a tissue-engineered

(TE) construct. This may be in the form of a scaffold-derived product, generated from compatible biomaterials and infused

with the appropriate cell types. These so-called myocardial patches may then be applied directly to the cardiac surface,

either as monotherapy or combined with surgical revascularization. TE therapies for the treatment of post-MI cardiac

tissue injury may also be delivered in the form of a cell sheet construct. In any case, delivery of appropriate cell types in a

more rigid medium, compared to direct cell infusion, might address issues with cell engraftment and retention in the area,

a problem frequently encountered with cell therapies .

2.1. Pluripotent Stem Cell Constructs

Human-derived iPSCs (hiPSCs) have been used to generate cell sheet in both small and large animal models of MI

(Figure 3). iPSCs in these cases were used to derive tissue-specific cells and progenitors, although in some instances a

mix of iPSCs and embryonic stem cells (ESC), collectively referred to as PSCs, have been utilized, as in the study by Lou

et al. . Amount of cell retention, new vessel formation, and alterations or improvements in myocardial function were

some of the common parameters tested in most of these studies. Results in general seem to be positive , though

cell engraftment observed in some swine models seems to be diminished . iPSCs have the developmental potential

for the generation of many different cell lineages; during iPSC reprogramming, however, some epigenetic modifications

might persist in the starter cell populations. It has thus been proposed that it might be more favorable to use cardiac

lineages for iPSC derivation instead .

Figure 3. Tissue engineering (TE) therapies for ischemic heart disease—Pluripotent TE constructs (created with

BioRender.com, accessed on 24 February 2024). TE, tissue engineering; ESC, embryonic stem cells; iPSC, induced

pluripotent stem cells; PSC, pluripotent stem cells; CTS, cardiac tissue sheet; L-CTS, large cardiac tissue sheet; CM,

cardiomyocyte; LAD, left anterior descending coronary artery; hCMP, human cardiac muscle patch; hPSC, human

pluripotent stem cell; hESC, human embryonic stem cell; SMC, smooth muscle cells; AEC, arterial endothelial cells; CF,

cardiac fibroblast.

PSC-derived cells may also be delivered to target tissues within fibrin scaffolds; the addition of fibroblasts along with other

commonly delivered, differentiated cell types may further enhance local tissue recovery. The addition of cardiac

fibroblasts, for example, along with other cardiac-tissue-specific cell types, seems to enhance the maturation of

cardiomyocytes within the patch, which is thought to occur through the enhanced intracellular cAMP signaling pathway, as

well as further aid in local tissue recovery due to improvements in the rate of cardiomyocyte engraftment . The

observed positive effects may also be due to altered mechanical properties imparted by cardiac fibroblasts, or more
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specifically, due to their secretion of extracellular matrix (ECM) . Myocardial patches of larger size have also been

created and applied to larger animal models. In these cases, the results have been promising and may perhaps facilitate

the translation of similar studies into a clinical setting .

2.2. Multipotent Stem Cell Constructs

Myocardial patches utilizing multipotent cells derived from the bone marrow (BM) or adipose tissue (AT) have also been

generated (Figure 4); these have been applied in both small and larger animal models, suspended in various types of

polymeric materials, including type I collagen , PLCL (poly(lactide-co-ε-caprolactone) , and poly(lactic-co-glycolic

acid) , or generated as scaffold-free cell sheets , or alternatively, cell sheet fragments . Cells may also be

encapsulated in materials aiding in their survival when transplanted onto the target tissues; Tang et al., for example, have

utilized a thermosensitive nanogel composed of P(NIPAM-AA) (poly(N-isopropylacrylamine-co-acrylic acid)), which has

been shown to facilitate the favorable actions of multipotent stem cells when applied in both small and larger animal

models .

Figure 4. Tissue engineering (TE) therapies for ischemic heart disease—Multipotent TE constructs (created with

BioRender.com, accessed on 24 February 2024). TE, tissue engineering; CM, cardiomyocyte; LAD, left anterior

descending coronary artery; MSC, mesenchymal stem cells; hCSC, human cardiac stem cells; hMSC, human

mesenchymal stem cells; AD-MSC, adipose-derived mesenchymal stem cells; GAG, glycosaminoglycans; PLCL,

poly(lactide-co-ε-caprolactone); P(NIPAM-AA), poly(N-isopropylacrylamine-co-acrylic acid); VEGF, vascular endothelial

growth factor; IGF-1, insulin-like growth factor 1; SDF-1, stromal cell-derived factor-1.

Most of these constructs have generally led to improvements in cardiac function in relevant experiments, as well as local

angiogenesis. In other studies, however, positive results were thought to be due to increased local generation of

myofibroblasts . Delivery of stem cells in a biomaterial matrix seems to aid in local cell survival since infarcted

myocardial tissue is thought to be a poor environment for proper cellular growth and differentiation . In addition, MSC

administration seems to be favorable for inducing local biological processes aiding in tissue repair, including angiogenesis

. Some studies, however, reported arrhythmias after graft implantation . It is also interesting to note that while

pluripotent cells have been used indirectly in most studies, in order to derive relevant cell progeny suitable for cardiac

implantation, multipotent cell constructs such as MSCs have also been administered as is, perhaps due to both their

differentiation potential and their favorable paracrine effects . Additional multipotent cell types used in similar studies

include CPC/CSCs; these cells, although theoretically more inclined towards a cardiac differentiation lineage, have also

been shown to mainly act through local effects, including secretion of proteins such as VEGF, IGF-1 and SDF-1,

facilitating local angiogenesis, recruitment of endogenous stem cell lineages, and preventing marked cardiomyocyte

apoptosis, thus enhancing overall local cellular survival .

Translation of preclinical studies involving TE constructs along with stem cells, or stem cell derivatives to a more clinical

application seems to be difficult. There seem to be various issues arising due to inappropriate adhesion to underlying

tissues (either not enough or inappropriately increased adhesion) and immunogenicity, not only of cellular products but of
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scaffold material as well. Arrhythmogenicity also seems to be a problem in some studies, which might require further

research before a clinical application .
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