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Preface

The fields of stem cells and regenerative medicine are in the process of rapid transfor-
mation thus bringing much more hope than hype for the patients. Although it would 
be a daunting task to cover all aspects of the fields, in this edition the editors have 
sought to get experts from around the world to cover a number of topics encompass-
ing from the use of stem cells as in vitro platform to conduct early potential therapy 
testing to their various applications in regenerative medicine. 

The book is a compilation of topics of interest for the audience who aspire to dis-
cover more about the multifaceted applications of this promising approach to treat/ 
cure diseases. Chapter-1 describes the advent of induced pluripotent stem cells (iPSCs) 
derived cardiomyocyte platforms to perform early phase diagnostic and therapy 
assessment in patient specific manner. While chapter compares different platforms 
and charters pathway for improving iPSC derived cardiomyocyte engineered hearty 
tissues for patient specific theranostics, chapter-2 provides an overview of large 
experimental animal models for translational assessment of cell-based therapies with 
a focus on the hurdles that need to be overcome for their clinical use. Chapter-3 pro-
vides an in-depth overview of the newly emerging concept of cell-free therapy based 
on the paracrine activity of stem cells. The authors have also provided mechanistic 
insight into how the cytokine and growth factor rich conditioned medium from stem 
cells can be beneficially support the intrinsic repair process. Chapter-4 describes 
the multifarious applications of skeletal muscle stem cells. Headed by a leading 
expert in myoblast therapy, the group of authors describes the clinical significance 
of myoblast implantation with focus on muscle regeneration in muscular dystrophy 
patients, ischemic cardiomyopathy and for the treatment of diabetes and cancer. 
Chapters-5 and -6 describe the novel emerging use of stem cells in ophthalmology, an 
area wherein safety and feasibility of stem cells has already assessed in the clinical 
settings. Chapter-7 addresses the conventional therapies used to treat prevalent liver 
diseases along with their limitations and further discusses the potential of various 
cell types such as hepatocytes, hepatic progenitor cells, mesenchymal stem cells, and 
embryonic stem cells for liver regeneration. It also reviews the studies related to liver 
bioengineering and scaffolds assisted liver regeneration. Chapter-8 highlights the 
importance of patient specific iPSC-derived cardiomyocytes as in vitro platforms to 
study channelopathies and cardiac arrhythmias and their potential application in the 
clinical perspective. The book is concluded with an interesting hypothesis regarding 
the role of stem cells in evolutionary process. 

https://doi.org/10.1515/9783110587043-203
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UCB-MSCs Umbilical cord blood-MSCs 
USP= United States Pharmacopeia
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Valeria A. Tsvelaya, Anna Gam, Jenna Aziz and Igor R. Efimov
1  Induced pluripotent stem-cell-derived  

cardiomyocytes (iPSC-CMs): novel  
diagnostic platform

Abstract: There is growing concern regarding the clinical relevance of therapy testing 
in immortalized cell lines and animal models. The advent of induced pluripotent stem 
cells allows conduction of early diagnostics and potential therapy testing in cell derived 
from a specific patient retaining his/her genetic background. This is especially impor-
tant in studies of various heritable cardiomyopathies, which are difficult to recapitulate 
in animal models. A number of methods have been developed building upon the pio-
neering work of Yamanaka laboratory, aiming at reprogramming various somatic cells 
to cardiomyocytes and creating two- and three-dimensional models for investigation 
of cardiac physiology in a particular genetic background. Conventional models, such 
as short-lived primary cell preparations, monolayer cell cultures, coronary-perfused  
hearts and preparations, and, more recently, heart slices have unique advantages 
and limitations, especially in studies of long-term chronic conditions. The emerging 
induced pluripotent stem-cell-derived cardiomyocyte (iPSC-CM) platform holds signifi-
cant potential to overcome these limitations while allowing patient-specific diagnostics 
and therapy development. This chapter compares conventional models with iPSC-CM, 
reviews cardiogenesis as the basis for reprogramming protocol development, focuses 
on the iPSC-CM disease modeling platforms for drug testing and patient specific thera-
nostics, and concludes with clinical studies on transplantation of in vitro derived CMs.

Key Words: Cardiomyocytes, Cardiogenesis, Differentiation, Drug discovery, Engineered, 
Heart, iPSCs, Model.

1.1 Rationale for the emerging need for iPSC-CMs

Cardiomyocytes (CMs) are the major cell type that determines cardiac function. CMs 
have low proliferation and turnover rates, which make them hard to generate, grow 
to maturity, and study in vitro. In addition to those constraints, there is limited avail-
ability of both healthy and diseased human CMs, which makes it hard to construct in 
vitro models of the diseases, for drug testing, and design methods for in vivo appli-
cations [1, 2]. Other models that can be derived from human donor hearts, such as 
wedge preparations and cardiac slices, have limited availability and low through-
put and often lack the desired genetic background. Animal models have significant 
 species-dependent differences; for example, mouse heart rate is 10 times faster, which 
results in 5–10 times shorter QT-interval compared with human hearts. Murine CMs 

https://doi.org/10.1515/9783110587043-001
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express  species-specific ion channels and structural proteins. Additionally, increased 
heart rate in mice correlates with decreased contraction force, which is opposite to 
humans [1, 3]. Similar variability across various species renders animal models not 
entirely suitable for drug testing since the results do not always correlate with the 
drug response in humans. Additionally, animal cells and tissues cannot be safely 
used for implantation into humans due to immunogenic response. These constraints 
stimulated the research in human stem cells, which in turn led to the development 
of induced pluripotent stem cells (iPSCs). Pluripotent stem cells (PSCs) can be either 
embryonic stem cells (ESCs) or iPSCs. The first human iPSC-CMs (hiPSC-CMs) were 
reported in 2009 by Zhang et al. [4, 5]. Here, mainly iPSCs are discussed since the goal 
of this chapter is to describe the-state-of-art research with a focus on personalized 
medicine. Table 1.1.1 summarizes the current models used to study cardiac functions 
and highlights the advantages and limitations of each model. 

1.2 Cardiogenesis and iPSC differentiation

In order to differentiate stem cells into CMs, it is necessary to know how this process 
naturally occurs in vivo. To this day, the biggest challenge of the field is the inability 
to obtain mature CMs of a single phenotype. Therefore, here, the different stages of 
cardiogenesis are reviewed in parallel with what has been recapitulated in vitro to 
highlight the missing steps that could improve current reprogramming practices and 
address the aforementioned challenges.

The heart consists of several cell types, including CMs, fibroblasts, neurons, and 
vascular cells. CMs separate further into four lineages: atrial, ventricular, Purkinje, and 
nodal cells, each having unique electrophysiology, mechanics, and structure. Since 
during iPSC differentiation, it is unclear which CMs lineage is obtained, it is neces-
sary to tune the differentiation protocol for a specific CMs lineage that recapitulates its 
embryonic developmental process. 

Developmentally, cells destined for cardiogenesis arrive from a mesodermal germ 
layer, which are modified by transcriptional signaling molecules such as wingless/
integrated (Wnt), fibroblast growth factor (FGF), transforming growth factor beta 
(TGFβ), bone morphogenic protein 4 (BMP4), activin, and nodal [6]. The gradients of 
these molecules either promote or inhibit different pathways based on spatiotemporal 
and functional cues. Wnt/β-catenin signaling contributes to the formation of cardiac 
progenitor cells, and its inhibition by adjacent cells through frizzled-related protein 
2 (FRZP2) and Dickkopf 1 (DKK1) allows for further differentiation and specification 
into progenitor cells [6–9]. The heart is formed by contribution from two types of pro-
genitor cells: first heart field (FHF) and second heart field (SHF). The cardiac field is 
specified by downstream transcription events that lead to the expression of cardiac-
specific transcription factors [6, 9]. The FHF forms the primitive heart tube, which 
later transforms to the left ventricle (LV) and parts of both atria. The SHF forms the 
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right ventricle (RV) and outflow tract and contributes to both atria as well [6, 10]. FGF, 
BMP, Hedgehog, noncanonical Wnt, and Notch are also involved in various stages of 
FHF and SHF differentiation [6, 11]. For example, the main signaling that has a prolif-
erative effect is produced by FGF, BMP, and Notch from endocardium [12–14]. Retinoic 
acid also has an effect on atrial differentiation vs. ventricular differentiation or the 
conduction system via Notch activation [6, 15, 16]. Insulin growth factor (IGF) and 
canonical Wnt play a role in terminal differentiation of the CMs [6, 17]. Both pathways 
stabilize β-catenin via glycogen synthase kinase 3 beta (GSK3β) [18–20]. The key tran-
scription factors that play a role in cardiac development are GATA4, NKX2.5, TBX1, 
TBX5, TBX20, Mef2c, Bry, Mesp1 and 2 [6, 21, 22], and Baf60c [6, 21, 23]. Baf60c triggers 
Nkx2.5, which in turn acts with Gata4 to initiate cardiac reprogramming while Tbx5 
continues further differentiation [6]. CMs reach terminal differentiation after birth 
and become acytokinetic, which results in polyploidy and multinucleation [6, 24–28].

To recapitulate cardiogenesis in vitro, biphasic canonical Wnt signaling is required 
to achieve a high yield of CMs: it is first activated, to recapitulate gastrulation, and 
then inhibited [6, 29]. It has been shown that addition of FGF2, vascular endothe-
lial growth factor-A (VEGFA), and DKK1 with inhibition of Nodal or TGFβ receptor 2 
signaling enhanced CMs differentiation by 50% [6, 30–34]. Sequential and dose-con-
trolled addition of growth factor BMP and activin A has also been shown to result in a 
30% increase in differentiation efficiency yield [6, 32]. TGFβ improves the efficiency of 
differentiation in the multifunctional growth factor involved in cardiogenesis. It was 
shown that newly derived CMs had an excitation-contraction coupling that involved 
L-type calcium channel activity and also responded to β-adrenergic stimulation [35]. 
Additionally, FGF2, which plays a role in driving mesodermal cells to the cardiogenic 
lineage during embryogenesis, might be in full control of the differentiation from iPSC 
cells to CMs [36]. The sequential treatment of iPSCs with GSK3 inhibitors, followed by 
inducible expression of β-catenin shRNA or chemical inhibitors of Wnt signaling, also 
showed a high differentiation yield [37].

Besides reprogramming from iPSC, there has been an upcoming trend to directly 
convert lineage from one somatic cell type to another bypassing the PSC state. CMs can be 
transdifferentiated from fibroblasts by overexpressing core cardiac transcription factors 
such as Gata4, Mef2c, Tbx5, and Hand2 [38, 39]. Figure 1.2.1 shows a summary of the 
cardiac development and schematic of signaling pathways contributing toward the devel-
opment of each cell lineage and compares them to current reprogramming protocols.

1.3 Reprogramming limitations and improvements

It should be kept in mind that in addition to the differentiation protocol, other factors, 
such as organ of cells’ origin, passage number, and sensitivity to growth factors, 
can affect reprogramming efficacy; therefore, the reprogramming results in terms of 
yield and efficiency should be viewed with caution [6, 40]. Besides the promises of 
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6   1  Induced pluripotent stem cell derived cardiomyocytes (iPSC-CMs)

 reprogramming technique, the two main downsides of reprogramming are that imma-
ture CMs and yield of single phenotype have not been achieved. This raises the ques-
tion about their functionality and physiological responses compared to adult CMs. 
Mixed atrioventricular and nodal CMs are an issue for cell-lineage-specific models as 
well as for transplantation, since such CMs increase the risk of arrhythmias [6, 44]. 
At the same time, it has been reported that immature CMs have a higher engraftment 
potential after implantation compared to integration of more mature CMs [6, 45]. Phe-
notype studies have demonstrated that current differentiation protocols yield CMs at 
the first trimester (up to week 12) or midgestation of human fetal heart development 
(20 weeks) [1, 2]. iPSC-CMs have a high expression level of If peacemaking ion channel 
and low expression rate of IK1 that is responsible for resting potential maintenance. 
iPSC-CMs rely mainly on the human ether-a-go-go-related gene (hERG)/IKr channel for 
repolarization.

Variables that play a role in maturation include genetic, chemical, physical, and 
environmental factors. One way to improve and induce maturation is to overexpress the 
components of the CMs machinery, such as miR-1 and Kir2.1 [1, 2]. The same approach is 
used to directly reprogram fibroblasts to CMs by inducing/overexpressing CMs- specific 
key transcription factors. Maturation can be improved with medium additives. For 
example, triiodothyronine (T3) helps cardiac development during the perinatal period 
(20th–28th week) and regulates the switching of several myocardial proteins, including 
myosin heavy chain (MHC) and titin, which enhance twitch force and upstroke [1, 46]. 

The heart is an electrically active organ; therefore, electrophysiology needs to be 
guided to recapitulate more closely its normal physiology. Electrical stimulation has 
been shown to induce the elongation of the cells as well as to increase sarcomere 
length and mitochondrial volume, to enhance the development of intercalated disks 
and gap junctions, and to improve contractility [1, 47]. Additionally, electrical stim-
ulation induces IKr and IK1 as well as enhances the expression of α-actinin, actin, 
T-tubules, and expression of cardiac-specific genes: HCN1, MLC2V, SCN5A, SERCA, 
Kv4.3, and GATA4.1 [48, 49]. For this quantification, several platforms have been 
developed, which include multielectrode arrays with external electrical stimulation 
and, the more recent, Pulse, an all-in-one platform that has video microscopy, image-
analysis algorithms, automatic capturing up to 50 frames per second, and stimulation 
of hiPSC-CM tissue patterns [50]. Another platform that can be used for stimulation 
and measurement simultaneously is three-dimensional (3D) multifunctional integu-
mentary membrane (MIM), which represents a 3D elastic membrane with ultrathin 
electronic/optoelectronic and sensor systems [51].

The application of mechanical stress that CMs normally experience, such as 
mechanical load, cyclic stress, and substrate stiffness, can play a big role in a matu-
ration process. This was first shown during coculture of human ESC (hESC) with a 
visceral-endoderm-like cell line called END-2 [52]. Based on that, various platforms 
have been developed to provide mechanical cues that help to maintain the cocktail 
of signaling factors that also have tunable stiffness and flexibility. Patterning of the 
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substrate can improve maturation even further; for example, polyethylene glycol 
(PEG)-patterned substrates, along with signaling molecules, produced beating car-
diospheres by geometrically confining iPSCs [53]. Fibronectin-coated microgrooved 
polydimethylsiloxane (PDMS) scaffolds improve cellular alignment, sarcomere organi-
zation, and Ca2+ handling [1, 54]. Several substrates such as gelatin, collagen, fibrin, 
polyacrylamide, Matrigel™, and laminin scaffolds, with altered mechanical properties, 
have shown improvement in cell elongation, ion-channel expression, and gap-junction 
formation [1, 55]. Substrates, besides providing support and mechanical stiffness, also 
influence cells with extracellular matrix signaling cues (biochemical and biophysical 
cues); it was found empirically that 4% PEG:96% carboxylated polycaprolactone (PCL) 
improves contractility and mitochondrial function [1, 56].

The key to full maturation is the combination of medium supplements with electrical 
pacing and mechanical cues. Additionally, long-term culturing of iPSC-CMs has shown an 
improvement in structural and functional maturation [6, 57]. Table 1.3.1 summarizes the 
structural, metabolic, and functional differences of adult-CMs from iPSC-CMs. 

1.4 Disease modeling platform

Finding the right protocol that recapitulates cardiogenesis and successfully yields in 
mature single lineage CMs, in the future, will help to modulate various diseases by 
altering signaling factors and mechanical environments (e.g., substrate stiffness that 
mimics myocardial infarction (MI)). For example, some researchers were able to induce 
arrhythmogenic phenotypes by altering the substrate stiffness [1, 58, 59]. Models help to 
understand disease mechanisms and the efficacy of novel therapeutics. At the same time, 
reprogramming and disease modeling have to be done with care; otherwise, the results 
are not meaningful and do not recapitulate the real response in vivo [1, 60]. In vitro drug 
testing with patients’ own cells is currently being experimentally used to improve drug 
administration, thus developing a new field of personalized medicine [1, 61]. Patient-
specific iPSCs were used to study phenotypes and drug effects on various diseases, such 
as long-QT syndrome (LQTS), LQTS3/Brugada overlap, catecholaminergic polymorphic 
ventricular tachycardia (CPVT), Duchenne muscular dystrophy (DMD), dilated cardio-
myopathy, hypertrophic cardiomyopathy (HCM), Leopard syndrome, Barth syndrome, 
and arrhythmogenic right ventricular cardiomyopathy (ARVC) [1].

Electrophysiological changes, such as prolonged action potential duration (APD) 
due to inherited cardiomyopathy or shortened APD due to β-adrenergic stimulation, 
have been observed using single cells. In 2012, the first iPSC-CM monolayer was 
developed by sequential application of cytokines and matrigel. Cardiac sheets gen-
erated functional syncytia, electrically paced after 2 days of seeding; gap junctions 
were formed (Cx43-ventricular); and rotors could be induced, which confirms it as 
a relevant model to study arrhythmias [4, 32, 62, 63]. Two-dimensional muscular 
thin film (MTF) has been validated as a potential platform to model and study the 
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1.5 Drug testing platform   9

diseases: cells from a patient with Barth syndrome (mutation in X-linked gene) were 
transdifferentiated into iPSC-CMs and compared with healthy human PSC (hiPSC)-
CMs. Cells with mutations showed poorer sarcomere alignment and lower twitch 
force, which are both markers of Barth syndrome [1, 64]. Further improvement with 
field stimulation and drug loading channels can make this model very promising 
for disease study and drug testing [1, 65]. Maturation over time (1 month) improved 
conduction velocity (gap junctions), which was measured by an increase in calcium 
wave velocity. Besides those promising outcomes, the model lacks 3D; thus, cellu-
lar attachments to the substrate and two-dimensional (2D) force load are not exactly 
physiologically correct [1, 66]. Mechanotransduction in 2D models is different since 
sarcomeres in adult CMs align perpendicularly to the cell axis, which enables higher 
probability of actin-myosin cross-bridge formation compared to the MTF iPSC-CMs 
that do not have structured sarcomere alignment; thus, their contractile force, as well 
as other parameters, is lower [1].

Additionally, due to poor cell-cell interactions, structural heart diseases such as 
ARVC and HCM cannot be studied using this model. Due to the shortcomings of MTF, 3D 
structures have been developed, such as cardiac microtissue (CMT), “micro-heart muscle” 
(μHM), cardiac biowires, and one of the most established models – engineered heart tissue 
(EHT) [1, 47, 67–69]. Both EHT and CMT are made by casting hydrogel with cells into 
molds that have elastic anchors. These help to organize and align the cells by contract-
ing cells against them, which resembles physiologically relevant auxotonic tension. In 
EHT, CMs are embedded in fibrin gel and placed between silicon posts. In CMT, CMs are 
seeded into fibrin/collagen and linked to PDMS cantilevers. Contraction is analyzed by 
cantilever/postdeflection [48]. μHM merges both EHT and self-organizing cardiospheres 
by miniaturizing the platform and seeding cells into PDMS stencils [53, 69]. In biowires, 
cells are seeded onto collagen-covered surgical sutures into a PDMS mold. A summary of 
the advantages and disadvantages is described in Tab. 1.4.1 3D platforms lack the forma-
tion of T-tubules and expression of sarcomere proteins such as α-sarcomere protein and 
myosin-binding protein C and demonstrate low contraction forces [1, 70]. 

1.5 Drug testing platform

One of the main side effects of drugs is cardiotoxicity, since they affect cardiac structure 
integrity and CMs viability [1, 76–78]. Cardiac toxicity is caused by the interaction of the 
drugs with one or more ion channels that regulate contractility, excitability, and cardiac 
performance in general [4, 79, 80]. Platforms that could accurately predict these inter-
actions are in high demand. This also inspired the development of a comprehensive 
in vitro proarrhythmia assay (CIPA) to be started [1, 81]. Direct comparison of animal 
cells to human cells (e.g., dog and rabbit hearts to hPSC-CMs) has shown that cells of 
human origin predict cardiotoxicity more accurately (e.g., IKr blocker moxifloxacin 
that has proarrhythmic effects) [1, 82]. While testing for doxorubicin toxicity, hPSC 
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1.6 Transplantation of in vitro derived CMs into injured areas   11

helped to guide the decision of administering the drug via Her2- targeted liposomal 
pathway, which led to phase I testing [1, 83]. Currently, to test for cardiotoxicity, only 
one ion channel, IKr (hERG gene, Kv11.1 protein), is considered. This model is applied 
by genetically modifying to overexpress the hERG channel in Chinese hamster ovary 
cells. hERG current is recorded through a high-throughput patch clamp system. The 
channel is responsible for repolarization, and the model is based on the assumption 
that IKr inhibition causes prolonged APD and longer QT, which can result in polymor-
phic ventricular tachyarrhythmia or torsades de pointes (TdP). This method raises 
many questions in terms of its relevance since cells lack all of the cardiac structure 
(sarcomeres, T-tubules, other ion channels, and a large amount of mitochondria) that 
also can have an effect on the outcome. Since there are no APD measurements, the 
model is based on a causation link between the drug effect on the channel and its rela-
tionship to APD. There is evidence that inhibition of hERG channel does not always 
correlate to APD prolongation and TdP. For example, antidepressant Prozac (fluox-
etine) is a potent hERG blocker but does not affect APD duration; thus, if it were tested 
on this platform, it would be classified incorrectly and not reach the market [4, 84, 85]. 
Ideally, isolated human CMs would be the most accurate platform since they have 
relevant phenotype, electrophysiology, and calcium handling. The downside of such 
a model is low viability and survival (challenging to keep cells alive in a culture) and 
limited supply and throughput, which are very unattractive in the early stages of drug 
development and screening. Therefore, human induced pluripotent stem cells (hiPSC) 
are considered a better alternative since they are easier to obtain and maintain. Addi-
tionally, they offer the benefit of being patient specific, giving an attractive benefit 
of precision medicine. This approach was validated by showing that iPSC-CM con-
duction decreased when stimulation decreased and when sodium channel blockers 
such as lidocaine and tetrodoxin were applied; rapid pacing induced arrhythmia and 
was terminated by applying antiarrhythmic drugs. On a downside, conduction veloc-
ity propagation was 10 times slower than in a whole heart, which can be attributed to 
an immature phenotype of PSC [4, 63]. Additionally, iPSC-CMs rely almost exclusively 
on hERG/IKr for repolarization, which might not offer more advantages compared to 
established assay with overexpressed hERG in Chinese hamster ovary cells.

1.6 Transplantation of in vitro derived CMs into injured areas

Multiple animal studies have shown that cell therapies improve myocardial wall stress, 
contractility, and metabolism (Tab. 1.6.1) [1]. Interestingly, as a result of the transplan-
tation, macaques were more prone to arrhythmia development compared to pigs [1]. 
The first clinical trial implanting hESCs into a human patient has been performed. 
In this clinical trial, non-patient-specific hESCs were transdifferentiated using BMP-2 
and FGF inhibitor, then purified and embedded into fibrin scaffold. After 3 months, 
there were some recovery in contractility, no signs of arrhythmias, and no other  
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1.7 Conclusion and future directions   13

complications [1, 86]. The challenges of such procedures in the clinic are large-scale 
production of cardiac progenitors, immunosuppression, surgical procedure, and 
patient selection for such therapy. An additional concern is low cell survival: 20–35% 
in EHT. If 109 cells are lost during infarction, 5 × 109 cells are needed [1, 6, 32]. There 
are still debates whether cells should be fully differentiated prior to transplantation. 
Another future direction is a coculture with fibroblasts and endothelial cells that could 
potentially lead to better revascularization and integration with the host tissue [6, 87]. 

1.7 Conclusion and future directions

hiPSCs are a very promising tool in the future of biology and medicine. Various 
animal models have shown that the intramyocardial delivery of the cells improves 
cardiac function and regeneration, However, cell retention, maturation, and delivery 
require further improvement. The main challenge in the iPSC field is the maturation 
of the cells. Full differentiation of iPSC-CMs can potentially be achieved by combining 
not only chemical components (plasmids, small molecules) but also electrical (field 
stimulation) and mechanical (stretching of the tissue) components. This can be done 
by combining the expertise of different research groups to develop a more accurate 
and enhanced differentiation protocol that better recapitulates the processes in vivo. 
For example, extension of the time span of the differentiation might help to achieve a 
high yield of specific phenotype since it has been shown that cells keep on maturing 
after several months. Additionally, coculture of multiple cell types might create a more 
enhanced and physiologically relevant tissue construct for implantation. Perhaps, 
computer modeling that can take into consideration all the data on different plat-
forms and the specificity factors of each experiment could be the future of  diagnostic 
platforms. However, only several models are biophysical and take into account the 
signaling pathways or anatomical features of the structure of cardiac tissue [93–95]. 

hiPSCs are already being used in clinics for personalized drug screening, and the 
first human clinical trials of cell graft implantation have shown to be successful. This 
leads to a promise that one day, patients might be able to not only use their own cells 
to receive medication that is specific to them but also get tissue implants that cause 
no immune response and regenerate their body naturally.
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2  Preclinical large-animal models of cardiovascular 
regeneration

Abstract: The Centers for Disease Control estimates that about 5.7 million adults 
in the United States have heart failure (HF) and more than 550,000 new cases are 
diagnosed every year. The definitive treatment of end-stage HF remains orthotopic 
heart transplantation (OHT). The mortality rate while waiting for OHT is high (35% 
in 4 months) due to shortage of donor hearts. Prolonged wait periods also impose 
significant constraints on the health care system and patient quality of life. Despite 
recent advances in medical and device therapies, there are no effective long-term 
treatment strategies for heart attacks. To develop novel therapeutic approaches to 
improve blood flow to the heart, the scientific community has increasingly relied on 
preclinical large-animal models to test the feasibility of innovative treatments for 
cardiovascular regeneration. In this chapter, we provide an overview of the large-
animal models available and the therapies being investigated and review the results 
obtained that pave the way for breakthrough treatment strategies, with a discussion 
on the hurdles that must be overcome for implementation in clinical trials.

Key Words: Experimental, Heart, Infarction, Models, Regeneration, Stem cells. 

2.1 Introduction

Heart failure (HF) is the final common pathway for all pathological processes affect-
ing the myocardium, ultimately leading to the replacement of cardiomyocytes (CMs) 
with scar tissue and often followed by compensatory changes in surrounding tissues, 
also known as adverse cardiac remodeling. Clinical stages can progress from minimal 
symptoms of limitation in exercise ability to eventually complete dysfunctional state, 
leading to cardiogenic shock and death. Although population statistics vary depending 
on the definitions applied for diagnosis, the European Society of Cardiology estimates 
an HF prevalence of 26 million (1–2%) in developed countries, with a significant (10%) 
rise in population aged above 70 years [1]. In addition to the considerably high mortal-
ity rate (up to 40% in the first year after diagnosis), this disease also strains health care 
systems across the globe [2]. Despite significant advances being made in the manage-
ment of advanced HF, such as development of left ventricular assist devices, (LVAD) 
the underlying pathophysiology remains elusive and continues to be an area of active 
cardiovascular research. Conceptually, if we could replace a significant number of 
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damaged/lost cells with cellular therapeutic interventions and were able to electrome-
chanically couple them to the existing myocardium, HF could be potentially cured. 

2.2 Regenerative strategies for HF

Due to the improvements in percutaneous revascularization technology in the last 
decade, the mortality rate after myocardial infarction (MI) has improved considerably, 
with a paradoxical increase in the number of patients with postinfarction HF [3, 4]. 
Prior to the beginning of the last decade, the heart was considered as an organ with 
limited regenerative potential. However, recent studies using genomic 14C (radiocar-
bon birth dating) have provided indisputable evidence for the first time that there is a 
continuous, but rather slow-paced, replacement of CMs in the human heart in normal 
physiology [5–7]. The TACTICS (Transnational Alliance for Regenerative Therapies in 
Cardiovascular Syndromes) Alliance, the first international alliance on cardiac regen-
erative medicine, consequently defined the heart as a self-renewing organ [8]. Nev-
ertheless, the adult human heart does not have the capability of replacing lost cells 
after a severe acute insult, such as MI or other processes that accelerate cell death 
and induce adverse remodeling. For this reason, the scientific community is currently 
focused on therapeutic strategies that might accelerate the self-renewal process of 
native CMs and/or replace CMs with cells that are capable of replicating and support-
ing the heart so the natural replacement process can eventually resume. 

The TACTICS Alliance consensus statement divides the available therapeutic inter-
ventions into two complementary groups: interventions based on exogenous regen-
erative responses and those based on endogenous regenerative responses. Methods 
described under the exogenous response include implantation of differentiated CMs, 
endothelial progenitor cells (EPCs), and engineered tissues or patches. On the other 
hand, therapeutic strategies that target stimulation of endogenous responses may 
involve the following:
i. Implantation of embryonic-stem-cell-derived CMs (ESC-CMs), cardiosphere-

derived cells (CDCs), bone-marrow-derived (BM) mononuclear cells (MNCs), BM 
mesenchymal stem cells (MSCs), and induced pluripotent stem-cell-derived CMs 
(iPSC-CMs).

ii. Injections of biological and synthetic factors (microvesicles, exosomes, etc.).
iii. Genetic and epigenetic modification of genes and/or mRNA involved in the regu-

lation of endogenous regenerative processes.
iv. Tissue engineered grafts.

Additionally, stem cell therapies for treating cardiac dysfunction could be classi-
fied broadly into therapies using first-generation cell types and second- (or next-) 
generation cell types. First-generation cells include skeletal myoblasts (SMs), EPCs, 
BMMNCs, hematopoietic stem cells, and MSCs. These cells impart their regenerative 
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effects by stimulation of endogenous repair mechanisms in heart. Although preclini-
cal studies showed promise, particularly with BMMNCs, clinical trials focused on 
treating acute MI failed to demonstrate a significant clinical benefit [9, 10].

Second-generation cell therapies focus on exogenous methods by using pluripo-
tent stem cells (PSCs) and cardiopoetic MSCs for cardiac tissue differentiation. Cardiac 
stem/progenitor cells (including CDCs), which are derived from cardiac biopsies, are 
also included under second-generation cell types. In contrast to other cell therapies, 
these cells modulate endogenous stimulation or other paracrine mechanisms for 
regeneration. The first phase 1 clinical trial with 17 patients CArdiosphere-Derived 
aUtologous stem CElls to reverse ventricUlar dySfunction (CADUCEUS) using CDCs has 
resulted in structural but not functional improvement, which was also observed in prior 
studies with MSCs [11]. Other promising cell therapies are iPSC-CMs and iPSC-derived 
cardiac tissue grafts containing CMs, endothelial cells (ECs), and mesenchymal cells. 

2.3 Cardiac regeneration using PSCs

Bergmann et al. identified by postmortem analysis of 29 hearts using stereology that 
close to 3 billion CMs are present in a healthy heart throughout adult life [7]. In addi-
tion, multiple studies have corroborated that an increase in the size of the human 
heart after the perinatal period is a result of hypertrophy of individual CMs and a 
stark increase in the number of endothelial and mesenchymal cells by sixfold and 
eightfold, respectively. While the number of CMs remains stable in otherwise healthy 
hearts, there is a declining trend in the number of ECs and mesenchymal cells in 
adults after their 30s [7]. The constant turnover of CMs at the rate of 1% per year in 
young adults, which declines to 0.5% per year in elderly individuals, is normally ade-
quate to maintain homeostasis. However, an MI that damages up to 25% of LV mass, 
which may result in a loss of close to a billion cells, can easily tip this balance, leading 
to severe symptoms of HF [12]. Replacement of the lost cell mass is the underlying 
principle of interventions focused on exogenous cardiac regeneration. The discovery 
that adult cells could be reprogrammed to pluripotent state was a major breakthrough 
in regenerative medicine [13]. This was soon followed by the generation of functional 
iPSC-CMs [14].

Kehat et al. first reported the generation of CMs from embryoid bodies, albeit with 
low efficiency, in 2001 [15]. However, the process of generation of these cells has sig-
nificantly improved over the years by the development of protocols using iPSCs that 
produce CMs with higher efficiency and purity (up to 95%) in serum-free media with 
chemically defined factors [16, 17]. 

The development of these reproducible, cost–effective, and scalable protocols 
set a new milestone toward meeting the objectives of cardiac regeneration, allowing 
the replacement of close to a billion ventricular-type CMs in heart tissue. The earliest 
reported regeneration experiments using PSC-derived CMs (ESC-CMs and iPSC-CMs) 
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were performed on noninjured rodent hearts and primarily focused on cell engraft-
ment [18]. A series of experiments followed these studies by inducing MI in rodents 
[19, 20]. Almost all these studies were conducted in the acute and subacute post-MI 
period, with analysis within 4 weeks of cell injections and eventually translated to 
large-animal models. However, preclinical studies in both small and large animals, 
including nonhuman primates, were inconclusive, with varying results for functional 
recovery [21–24]. In fact, although most studies showed graft survival and some struc-
tural improvement, it remained unclear whether the cells electrically and mechani-
cally coupled with the host myocardium. 

The first evidence of electrical/mechanical coupling of injected CMs resulted 
from experiments conducted by Shiba et al. [25]. Using human-embryonic stem cells 
(h-ESCs) with a genetically encoded fluorescent calcium sensor (GcAMP3), they dem-
onstrated that there was a modest degree of coupling of injected CMs in the subacute 
phase of myocardial damage in guinea pigs. Chong et al. from the same group later 
replicated this study using pigtail macaques (Macaca nemestrina) – M. nemestrina, 
with evidence of more consistent engraftment, electrical integration, and a modest 
improvement in functional performance [23]. In additional experiments, Dr. Shiba 
et al. additionally confirmed a moderate to significant improvement in cardiac func-
tion and electrical integration of allogenic transplanted iPSC-CMs in cynomolgus 
monkeys using further enhanced methods [24]. However, while electromechanical 
synchrony was observed during spontaneous beating in these experiments, there 
was evidence of dyssynchrony and delayed propagation in grafts with higher pacing 
rates. In fact, one of the main concerns from this type of cell therapy is the increased 
arrhythmogenicity, which is commonly observed and most likely arises from dyssyn-
chrony of the engrafted cells. Additionally, there is conflicting evidence for increased 
arrhythmogenicity after cell injections, with more prevalence noted with delayed 
injections (28 days vs. 7–14 days). This observation is, perhaps, also related to the 
animal model used and the number of cells injected with each experiment since inci-
dence was observed to be higher in models using rhesus monkeys with a large number 
of injected cells (109). Moreover, existing studies were limited by a lack of protocols 
for the generation of ventricular specific CMs, so injected cells were a mix of nodal, 
atrial, and ventricular CMs in these experiments. Ongoing development in this field 
continues to show promise and is aimed at the development of protocols for generat-
ing the specific subtypes of CMs, such as sinoatrial-node-like pacemaker cells [26].

As research in this field and protocols for specific cell subtypes continue to be 
developed, an additional hurdle to keep in mind in cell therapy experiments is the 
level of maturation of PSC-derived CMs that can be achieved in tissue culture, which 
have shown more fetal-like than adult-like phenotypes [27–29]. In fact, low engraft-
ment, lack of functional and structural improvement, as well as increased arrhyth-
micity may be attributable, at least in part, to the immaturity of PSC-CMs prior to 
implantation. As differentiation protocols have continued to be developed and while 
a small degree of maturation can be observed postimplantation, efforts are being 
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made to promote the maturation of PSC-CMs both in vitro and in vivo. Some of the 
suggested strategies have included coculture with other cell types (i.e., fibroblasts, 
ECs) [30–32], activation of cardiac maturation pathways with hormones [33, 34], elec-
trical/mechanical stimulation [35, 36], and culture/codifferentiation in a microtissue 
 environment constructed with different cardiac cell types [37, 38]. 

An additional barrier to implementation has been the lack of information on 
methods for optimal cell delivery, cell retention, and survival. Currently, direct injec-
tion into the myocardium is the most commonly used mechanism for implanting cells 
to the host tissue. Physical stimulation, such as heat-shock treatment and hypoxic 
preconditioning, has also been used to improve cell survival once injected. Using 
these methods, most studies estimate an average long-term survival and engraft-
ment of approximately 5–10% of injected cells [39]. Laflamme et al. have developed 
a “pro survival cocktail” that has been subsequently shown by multiple groups to 
be effective in increasing the survival of implanted grafts [19, 23, 25]. One of the key 
components in this cocktail is Matrigel, a gelatin protein mix that can prevent cell 
death due to anoikis, a programmed cell death of attachment-dependent cells that is 
induced by detachment and that occurs if these cells are removed from their normal 
extracellular matrix (ECM) environment. However, Matrigel is generally derived from 
mouse sarcoma cell cultures and thus is an unlikely candidate for clinical applica-
tion in human cell therapies. Other matrix alternatives such as hyaluronan hydro-
gels (such as Hystem-C) are promising replacements for Matrigel, and a variety of 
such hydrogels are currently in various stages of approval by regulatory agencies in 
the United States and European Union (https://www.accessdata.fda.gov/cdrh_docs/
pdf13/K134037.pdf). Other types of three-dimensional (3D) scaffolds that mimic ECM 
are also being evaluated, with promising results as far as retention of injected cells is 
concerned. Some of these strategies have included the use of decellularized scaffolds 
(bovine hearts) [40, 41], natural biomaterials such as collagen [42], or synthetic mate-
rials such as polyethylene glycol [43]. 

In healthy cardiac tissues, the ECM serves as an anisotropic structural scaffold 
that guides cellular alignment and organization to facilitate force transduction, intra-
cellular communication, electrical conduction, recruitment of progenitor cells, and 
metabolic exchange. However, the ECM also contributes to adverse cardiac remode-
ling associated with HF [44]. Most recently, Chiou et al. suggested that the mechanical 
properties imparted by the ECM are critical in coordinating the heartbeat in embry-
onic hearts, rather than spreading of electrical activity through gap junctions, as 
currently believed [45]. This group further proposed that a minimum level of ECM 
 stiffness by maturation is necessary for these cells to drive cardiac tissue regenera-
tion. To address this, commercially available products such as the CorMatrix ECM 
delivery system could potentially be modified for coinjection of CMs with tissue scaf-
fold materials [46]. There exist a variety of natural and synthetic materials that could 
be used as cellular scaffolds, but as they are made up of complex materials, it is pos-
sible that they would induce foreign body reactions and stimulation of fibroblasts in 
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human systems [47]. Additionally, most synthetic materials such as poly-l-lactic acid 
or polylactic glycolic acid do not possess the tensile strength of native cardiac ECM 
[48]. As such, these materials can be successfully and reproducibly made to deliver 
cells to the affected tissue but may not provide long-term support. For these reasons, 
Ng et al. reported the importance of native cardiac ECM in directing differentiation of 
PSCs as follows: decellularized hearts retain not only the composition but also their 
mechanical properties, which can enhance cell differentiation [49]. 

As an added hurdle to implementation, immunogenicity from injected IPS cells 
is expected but unavoidable in allogeneic cell transplantation experiments. Current 
immunosuppressive regimens, although effective in preventing rejection of these cells, 
come with the price of an increased risk for infections. Consequently, scaffold-free 
approaches with microtissues and cell sheets are also being investigated in parallel. 

Further efforts are being made at 3D bioprinting of patches that may not only 
support cellular differentiation and vascularization of the patches but also better 
mimic the mechanical properties and architecture of the damaged organ, allowing 
for enhanced grafting [50]. In fact, Zhang et al. are exploring multiple 3D bioprint-
ing technologies such as stereolithography, bioplotting, electrospinning, and inkjet 
bioprinting that may offer better control over the graft composition, mechanical prop-
erties, biocompatibility, and biodegradation of these structures over time that may 
enhance cell differentiation and improve damaged tissue regeneration [51–53]. At the 
moment, delivery of cells as microtissues appears to have an advantage in terms of 
handling and delivery at the target area using minimally invasive techniques [54], but 
further studies are needed to confirm.

As a final consideration, while teratoma formation from injected cells has always 
been a concern for the scientific community as its potential increases with enhanced 
cell retention and engraftment, to date, none of the research groups have identified 
cardiac or extracardiac abnormal tumors due iPSC-CMs, even after long-term follow-
up in animal models [39]. Teratoma formation is expected when non-CM-type cells 
are present in the injected cell solution. Therefore, achieving very-high-purity cell 
therapy injections will be a critical prerequisite for human experiments.

2.4 Translational models of HF

Advanced HF is a condition with very high mortality involving multiple organ systems 
that has limited nonsurgical treatment options [55]. Clinical research in HF patients 
is challenging due to the severity of their illness and acuteness of their initial pres-
entation. The introduction of any new therapeutic interventions should be evaluated 
with the utmost scrutiny as even minor adverse events can significantly increase 
 mortality and morbidity outcomes in this patient population. Often, the slow progres-
sion of the disease prevents patients from seeking medical care in the early stages, 
where it could potentially be reversed with optimal medical treatment. HF in humans 
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is the result of a myriad of complex pathologies and clinical conditions, with the 
most common etiologies being ischemic heart disease and primary hypertension. 
In most cases, there are multiple risk factors involved, which in turn alter disease 
progression and outcomes. For these reasons, development of any novel HF therapy 
has involved extensive translational studies with animal models as a substitute for 
testing in human systems. While it is easy to replicate an acute coronary event to 
induce HF in an otherwise healthy animal, this consists only of a single time point 
in the myriad of events that contribute to the progression of coronary artery disease 
that develops over a human lifetime. Genetic, physiologic, and structural dissimilari-
ties may also impede the development of successful animal models for HF. Despite 
these limitations, an adequately designed animal model can not only help identify 
novel pathways of disease progression but also aid in developing targeted therapeutic 
interventions. Ideally, such an animal model would replicate changes in autonomous 
system responses (increased sympathetic tone), volume and pressure changes inside 
the heart, as well as changes at the cellular level (cytokines, differential gene expres-
sion, etc.).

2.5 Large animal models

Although mouse models provide significant insights into cardiovascular biology, 
there exist significant differences in heart rate, oxygen utilization, adrenergic recep-
tor ratios, and functional/regulatory proteins between mouse and larger primates 
[56–58]. Murine models are relatively inexpensive, and their genetic manipulation 
can be easily achieved, but it can be difficult to use them to draw parallels to human 
studies. However, murine studies should still be preferred as preliminary experiments 
before more complex and expensive larger animal models can be implemented.

2.5.1 Dilated cardiomyopathy models

Dilated cardiomyopathy (DCM) is the most common terminal phenotype of human 
HF. A plethora of clinical conditions, the most common being coronary disease, MI, 
and primary cardiomyopathies from genetic mutations in CMs, lead to DCM, which is 
a pathological condition characterized by a reduction in systolic function, ventricular 
dilatation, higher filling pressure in ventricles, and often reduced ventricular wall 
thickness. With increased disease severity, there might also be an associated dilata-
tion of mitral and tricuspid valve annuli, leading to mitral and tricuspid regurgitation. 
The adverse remodeling and elevated filling pressures observed in DCM are driven by 
an activation of neurohormonal systems, which helps maintain cardiac output at the 
cost of structural damage that often continues even after resolution of the initial insult 
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sometimes involving even remote myocardium [59, 60]. The most notable  phenotypic 
feature of a failing LV is the change in shape from the usual prolate ellipse to a spheri-
cal geometry.

An ideal DCM animal model should replicate the structural and molecular 
changes involved in the human pathology of the condition. Key features of the model 
should include ventricular wall dilatation, relative wall thinning with eccentric 
hypertrophy, diminished contractility and lusitropy, and reduced contractile and 
lusitropic reserve under stress [61]. LV remodeling in animals often happens without 
antecedent clinical features from elevated filling pressures with compromised blood 
flow. Experimental DCM phenotypes also respond differently to interventions. For 
example, tachycardia-induced cardiomyopathy is reversed, at least partially, when 
controlling the original arrhythmia or cessation of pacing as soon as the condition is 
identified [62]. However, myocyte hypertrophy and fibrosis are not typically seen in 
pacing-induced DCM despite phenotypic and hemodynamic changes similar to DCM 
induced by other type of injuries [63]. 

Regional injury by epicardial coronary ligation is routinely used in large-animal 
models to study post-MI remodeling and progression of DCM. Porcine and ovine 
models are generally used because they have a predictable area of distribution of cor-
onaries compared to the canine myocardium, which has extensive collaterals making 
the defined area of injury practically difficult to obtain [64].

Alternatively, microembolization induced by polystyrene beads has also been 
used successfully in sheep and dogs to induce DCM. In contrast to epicardial ligation, 
microembolization causes a severe perfusion contraction mismatch and profound 
inflammatory reactions in the involved coronary distribution [65]. The changes from 
a single embolization injury are mostly reversible, and repeated microembolization 
is often necessary over a prolonged period (10 weeks) to induce a DCM model that 
closely resembles ischemic cardiomyopathy in humans.

Chronic tachycardia-induced cardiomyopathy is a well-documented clinical 
occurrence in humans [66]. Rapid pacing in atria or ventricle for 3–4 weeks has been 
used successfully in large animals to induce biventricular dysfunction. By adjust-
ing the pacing rate or duration, the degree of mechanical dysfunction can be con-
trolled in a highly predictive manner. Pacing-induced cardiomyopathy causes severe 
mechanical dysfunction involving both chambers with spherical dilatation. The 
structural, hemodynamic, and mechanical changes in this model closely resemble 
human chronic HF. Unfortunately, most of the changes induced by this model are 
reversible on cessation of pacing and there is a significant recovery of ejection frac-
tion with 24–48 hours and it nearly normalizes within 2 weeks, precluding the use of 
this model in the evaluation of regenerative therapies [62].

Lastly, administration of doxorubicin by either the intracoronary or the intra-
venous route has been used to induce toxic-DCM models in sheep and cows [67]. 
However,  this model is limited by its variable reproducibility and severe  systemic 
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side  effects, leading to increased animal death, which are major hurdles to 
 implementation.

2.5.2 Surgical induction of myocardial ischemia or infarction

Coronary artery ligation has been used habitually for inducing ischemia and infarc-
tion in various large-animal models. Although technically easy, acute coronary liga-
tion is often associated with fatal ventricular arrhythmias and significant mortality 
intraoperatively in large animals. There are substantial intraspecies variations in the 
incidence of fatal arrhythmia in acute coronary ligation, with up to 50% incidence in 
dogs and sheep [68, 69] but only in 20% of pigs. In pig models, the use of prophylactic 
beta-blocker therapy has been shown to reduce the incidence and duration of these 
arrhythmias substantially [70]. On reviewing a variety of animal models, it can be 
observed that the prevalence of fatal arrhythmias is inversely correlated to the resting 
heart rate of a given species. Rapid resting heart rate maintains ventricular capture 
from native conduction pathways over the reentrant circuits or increased automaticity 
induced by acute infarction. Prophylactic use of a lidocaine bolus (1 mg/kg), followed 
by its maintenance administration, has also been routinely used in the prevention of 
arrhythmias in rhesus MI models [23, 24]. Permanent coronary ligation of either the left 
anterior descending artery or its branches can induce a predictable area of infarction 
involving a defined LV mass, but in addition to the high perioperative mortality from 
arrhythmia and surgical complications, permanent coronary occlusion also leaves a 
poorly perfused scar tissue possibly impeding further regenerative experiments.

At this time, ischemia-reperfusion (I/R) models may be the most comparable to 
human MI as they show promise with rapid revascularization of culprit lesions in 
infarct-related coronaries, either percutaneously or by open heart surgery. Ischemic 
preconditioning was first identified by Murry et al. in experiments on canine myocar-
dium that resulted in reperfusion injury after revascularization [71–73]. The micro-
vascular injury following reperfusion is believed to increase the area of myocardial 
damage and infarct size. In animal models, this can be reproduced either with a 
catheter-based intervention or by open thoracotomy using controlled ligation of the 
selected coronary vessel/s [23, 24]. However, animal studies have failed to show con-
sistent and reproducible areas of damage affected by the I/R model [74]. Nevertheless, 
a close resemblance to post-revascularization myocardium in humans and the return 
of macroscopic circulation with the residual damage that leads to LV remodeling 
make I/R an attractive model of cell-based regenerative experiments.

HF models in large animals using volume overload to mimic volume overload 
hypertrophy leading to LV dysfunction observed in humans typically involves the cre-
ation of an arteriovenous fistula and disrupting mitral or aortic valves [75]. The utility 
of this model is, however, is limited to evaluation of specific type of HF associated 
with disruption of mitral valve apparatus in humans.
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2.6 Assessment of animal models

Phenotypic evaluation in animal models typically involves morphological assessment 
using echocardiography or magnetic resonance imaging at selected intervals after 
induction of myocardial damage. In vivo functional assessment using invasive hemo-
dynamic monitoring with dobutamine stress is necessary if the study seeks to evalu-
ate regenerative therapeutics that aims at improving cardiac reserve and function 
[61]. Isolated myocyte, muscle, or perfused heart preparations can also be employed 
to prove myocyte contraction status along with appropriate molecular, biochemical, 
and histopathologic studies to document any effects from therapeutic intervention. 
After an MI, the remaining CMs compensate for the reduced function provided that 
the loss of ventricular mass is less than 50% [76]. From clinical studies in humans, a 
loss of more than 40% of LV mass may precipitate cardiogenic shock from decompen-
sation. Since the ejection fraction is considered constant across mammalian species, 
this should be considered in study design [77]. Careful planning of experiments is 
needed to limit the area of myocardial damage to avoid precipitation of cardiogenic 
shock and arrhythmias. At the same time, the myocardial injury should be significant 
enough to cause a marked reduction in ejection fraction so that improvement can be 
demonstrated with the specific intervention or therapy.

2.7 Conclusions

As HF remains one of the leading causes of death in the United States and globally, 
with no effective long-term treatment strategies, parallel efforts are being made to 
develop novel therapeutic approaches to improve blood flow to the heart. The scien-
tific community has increasingly relied on preclinical large-animal models to test the 
feasibility of innovative treatments for cardiovascular regeneration and is continually 
developing new technologies to address the issue, making significant strides toward 
improved solutions. In this chapter, we have provided an overview of the large-animal 
models available and the therapies being investigated, as well as reviewed the results 
obtained that pave the way for breakthrough treatment strategies with a discussion 
on the hurdles that must be overcome for implementation in clinical trials.
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3  Cell-free therapy with stem cell secretions:  

protection, repair, and regeneration of  
the injured myocardium

Abstract: Experimental animal studies conducted during the last two decades have 
supported and reflected on the myocardial regenerative potential of bone-marrow-
derived stem/progenitor cells. Although the encouraging results emanating from clin-
ical trials on bone marrow cells, which are now in phase III, provide little evidence 
to support their cardiogenic differentiation post transplantation in the patient heart, 
the beneficial effects of stem-cell-based therapy are being predominantly attributed 
to the paracrine activity of the donor bone marrow cells. Bone marrow cells secrete 
a plethora of trophic factors, including chemokines, cytokine, growth factors, micro-
RNAs, microvesicles, etc., as part of their secretome, which is unique for each of its 
constituent cell lineages but variable in composition due to altered responsiveness of 
the secreting cells to their ever-changing microenvironment. Given the important role 
of paracrine secretions in various stem cell functions, there is a growing inclination 
to use stem cell conditioned medium either alone or in combination with cell-based 
therapy for myocardial regeneration. This chapter discusses in depth the usefulness 
of cell-free therapy for myocardial regeneration and elaborates on how various pro-
cesses ranging from host cardiomyocyte survival to mobilization and homing-in of the 
host progenitor cells to heart are stimulated by treatment with a cell-free conditioned 
medium to ensure preservation as well as recovery of the recipient heart function.

Key Words: Bioactive, Cytokines, Differentiation, GF, Heart, Infarction, Microenviron-
ment, Paracrine, Stem cells

3.1 Introduction

The existence of resident cardiac stem cells (CSCs) in the heart [1, 2] and the ability 
of cardiomyocytes to reenter into the cell cycle in response to myocardial injury have 
challenged the long-standing dogma that the heart is a postmitotic organ [3]. Nev-
ertheless, both of these activities, in tandem, can only inefficiently regenerate the 
injured heart and replenish the dead myocytes [4]. Among the emerging modern-
day therapeutic strategies, cell therapy has progressed to clinical applications as a 
therapeutic intervention to support the insufficient intrinsic repair mechanism in the 
injured heart [5–8]. Despite that cell therapy approach has shown promise, its ability 
to adopt cardiac phenotype and functionally integrate with the host myocytes remains 
contentious [9–12]. Moreover, there are also reports that the transplanted cells are lost 
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due to either apoptosis or leakage from the site of the cell graft in a few weeks’ time 
after transplantation [13]. On the same note, although increased angiogenic response 
is observed in the heart after native or genetically modified stem cell transplanta-
tion, most studies have failed to evidence their actual integration into the neovascu-
lar structures [14–16]. Despite these limitations, improved cardiac function after stem 
cell transplantation has been observed. Recent studies suggest that the transplanted 
stem cells interact with the host cardiac tissue via the release of bioactive molecules 
as part of their paracrine activity that modulate the microenvironment at the site of 
the cell graft and contribute toward protection, repair, and regeneration processes in 
the injured heart [17]. Similarly, in the event of myocardial injury, the cardiomyocytes 
themselves release trophic factors via a feedback loop between cardiomyocytes, resi-
dent CSCs, and bone marrow cells (BMCs) to ensure that the latter two cell types get 
activated, home in to the site of injury, and participate in the repair process [18, 19]. 

The paracrine activity of cells, besides endocrine and juxtacrine mechanisms, con-
stitutes an integral part of cell-to-cell communication and is being exploited in regen-
erative medicine as an alternative mechanism to explain the beneficial effects of stem 
cell therapy [20]. Moreover, cells also manage their microenvironment by the release 
of biologically active molecules and cross-talk with their counterparts in the nearby 
vicinity by sending chemical signals [21]. However, the effectiveness of the secreted bio-
active molecules is restricted to a very short distance. This cross-talk between cells via 
chemical signals tightly regulates most biological processes, including cell protection, 
survival, apoptosis, growth, proliferation, and differentiation by initiating signaling 
pathways that are specifically needed for each of these processes. For example, cocul-
ture between nonmyocytes and cardiomyocytes significantly reduces doxorubicin-
induced cardiomyocyte apoptosis [22]. While elucidating the underlying mechanism 
of the cytoprotective effects of nonmyocytes on cardiomyocytes, it was observed that 
nonmyocytes secreted endothelin-1, which phosphorylated extracellular signal-related 
kinases (ERK)/cAMP response element-binding protein (CREB) antiapoptotic signaling 
and increased the prosurvival B-cell lymphoma 2 (Bcl2) protein in the cardiomyocytes 
to support their survival. Similarly, cardiac ECs secrete neuregulin-1β (NRG) to promote 
cardiomyocyte survival via activation of NRG/erbB4 signaling [23]. 

3.2 The secretome of each stem cell type is unique

The different cell types constituting the heart exhibit specific proteomic constitution 
[24]. Similarly, each stem cell type secretes a wide array of trophic factors that together 
constitute the secretome unique for that stem cell population under a given set of con-
ditions. The cell-type-specific composition of secretome is further supported by recent 
data that showed that trophic factors secreted by the undifferentiated bone-marrow 
(BM)-derived mesenchymal stem cells (MSCs) were different from their chondriogenic 
and osteogenic derivative cell lineages [25]. Whereas undifferentiated MSCs secrete 
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many proangiogenic factors, the osteogenic and chondriogenic derivatives stop 
secreting these factors, and instead, their secretome is rich in antiangiogenic growth 
factor (GF). Similarly, adipocytes show a secretome profile, which is diverse from their 
preadipocyte precursors. Adipocytes and preadipocytes also diverge in the secretome 
composition in response to hypoxia mimetics [26]. Adipose-tissue-derived stem cells 
(ADCs) also secrete adipokines as part of their secretome, which act in an autocrine 
fashion to promote adipogenic differentiation of the cells [27]. These data provide evi-
dence of dynamic changes in paracrine secretions of the stem cells depending upon 
their differentiation status. Interestingly, these cells also have different secretome 
profiles in response to different levels of oxygen in their microenvironment [28]. Even 
the same cell types isolated from two different animal strains have different paracrine 
activity profiles. For example, paracrine secretions from MSCs isolated from C57/BL6 
and Balb/c mouse strains differ in vascular endothelial growth factor (VEGF) expres-
sion after exposure to ischemia [29]. Henceforth, post engraftment in an experimental 
model of hindlimb, the angiogenic response was significantly higher with C57/BL6-
derived MSCs as compared to Balb/c-derived MSCs. These differences are attributed to 
the genetic makeup of the donor animal from which the cells have been obtained; i.e., 
polymorphism in the cis-acting VEGF gene in Balb/c mice on chromosome 17 signifi-
cantly reduces VEGF gene transcription as well as expression under ischemic condi-
tions. Similarly, paracrine secretions also differ between MSCs derived from different 
tissues of the same animal. Adipose-tissue-derived MSCs (AMSCs) have completely 
different angiogenic GF expression profiles in comparison with BMMSCs under the 
same set of culture conditions [30]. A comparative analysis between human MSCs 
isolated from different tissue sources, i.e., adipose, BM, and dermal tissues, differ 
in their cytokine and GF expression profile [31]. AMSCs secrete copious amounts of 
insulin-like growth factor-1 (IGF-1), VEGF, and interleukin (IL)-8 and therefore show 
superior functionality as compared to their counterparts in terms of endothelial tubu-
logenic response. Such differences have been attributed to a specific niche- dependent 
programming of the cells in their natural habitat. 

Advancement in proteome profiling techniques has enabled the analysis of con-
ditioned media (CM) from stem cell culture and shows that the secretome mostly 
includes GFs, cytokines, and chemokines [32]. Additionally, release of microRNAs as 
an integral part of their paracrine activity has also been reported [33]. Although there 
is no comprehensive secretome profile of stem cells available so far, some of the com-
monly reported trophic factors secreted by different stem cells are listed in Tables 3.2.1 
and 3.2.2 [34–50]. The variability observed in the secretome profile of different stem 
cells is obvious and may be related to a multitude of factors ranging from extreme 
sensitivity of the cells to the ever-changing microenvironmental cues and their dif-
ferentiation status (as discussed in the last paragraph) to the suboptimal detection 
protocols that still suffer from technical and methodological inadequacies. However, 
studies published to date have reported the composition of the secretome restricted 
to its relevance with the working hypothesis of the study, and the detected trophic 
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factors have been grouped on the basis of their biological activity and functions [36, 
51]. Some of the important groups of the trophic factors secreted by stem cells include 
angiogenic factors, antiapoptotic factors, immunomodulators, antifibrotics, and 
stimulants of cell migration, homing, proliferation, and differentiation. 

3.2.1 Paracrine factors and angiogenesis

Trophic factors with proangiogenic activity, the group of angiocrine factors, con-
stitute one of the most widely studied components of stem cell secretome [52–54]. 
Each of the different stem cell types secretes a distinct spectrum of angiogenic 
factors. Some of the more commonly detected proangiogenic factors in the CM 
include VEGF, angiopoietin-1 (Ang-1), basic fibroblast growth factor (bFGF), IGF-1, 
 stromal-cell-derived factor-1α (SDF-1α), platelet-derived growth factor (PDGF), and 
hepatocyte growth factor-1 (HGF-1) [41, 53, 55, 56]. The expression of angiotropic 
factors can be accentuated by physical, pharmacological, and genetic manipulation 
of the cells. Given the inherent potential of stem cells to serve as a source of angio-
genic GFs and cytokines, extensive angiogenic response has been reported during 
in vitro experimental models. These data have formed the basis of stem-cell-based 
intervention in both small and large experimental animal models with promise as a 
therapeutic option to achieve biological bypass and restore regional blood flow in 
the ischemic myocardium [17, 57]. In this regard, endothelial progenitor cells (EPCs) 
and MSCs have already progressed to clinical trials for therapeutic assessment in 
patients, albeit with some modest outcome. Both the cell types potentially endure 
vasculogenic differentiation and get incorporated into the architecture of the newly 
formed vascular structures [58–61]. Nevertheless, poor survival of the cell graft sig-
nificantly undermines the effectiveness of cellular angiogenesis. These cells also 
secrete copious amounts of angiocrines, including GFs, cytokines, and extracellular 
matrix (ECM) molecules, to promote angiogenic response at the site of the cell graft 
[62]. Hence, there is a shift in focus to adopt a cell-free approach based on treat-
ment with CM from stem cells [41, 57]. Mechanistically, angiogenesis encompasses a 
cascade of tightly regulated events that involve the interplay between proangiogenic 
and antiangiogenic factors and different types of cells, i.e., ECs, smooth muscle cells 
(SMCs), and fibroblasts. Besides physical participation in the formation of new vas-
cular structures, these cells also secrete various angiogenic trophic factors [63]. For 
example, fibroblast is one of the major cell types that infiltrate the injured myocar-
dium and secrete various ECM proteins, proteases, angiogenic GFs, and cytokines 
[64]. Hence, single GF protein or gene therapy based on DNA encoding for a single 
gene may be less efficient to achieve the desired prognosis. Therefore, a multiple 
gene delivery approach has been reported to enhance angiomyogenic repair of 
the infarcted heart, with encouraging results [46]. The cardiomyocytes themselves 
secrete ischemic stress-induced angiocrine factors, i.e., VEGF, via activation of p38 
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mitogen activated kinase (MAPK), which help them to cross-talk with the repair 
mechanism in the heart, including neoangiogenesis [65].

Treatment with CM may be a more pragmatic approach due to the concerted partici-
pation of its constituent factors to achieve clinically relevant angiogenic responses. CM 
from a STRO-3+ subpopulation of human BMMSCs is rich in secretable GFs and cytokines 
with antiapoptotic and proangiogenic potential [66, 67]. Noticeable among the long list 
of secretable factors are IL-6, VEGF, and monocyte chemoattractant protein-1 (MCP-1) 
[68] Treatment of human aortic ECs with the CM collected from multipotent stromal 
cells cultured under hypoxia protected the cells upon subsequent exposure to hypoxic 
injury and enhanced their angiogenic response in vitro [68]. Study of the molecular 
events showed the activation of phosphatidylinositol-3-kinases (PI3K)/protein kinase 
B (Akt) signaling pathway in the cells treated with CM. Intramyocardial injection of 
STRO-3+ cells or treatment with their CM significantly reduced cardiomyocyte apoptosis 
as well as cardiac fibrosis [69]. More importantly, increased angiogenesis was observed 
in the infarcted rat heart in response to CM treatment, with clear participation of EPCs 
and circulating progenitor cells. More recently, the cell-sheet transplantation approach 
is being preferred to intramyocardial injection of the donor cells [70–72]. Transplanta-
tion of a cell sheet of skeletal myoblasts (SkMs) genetically modified to overexpress 
Bcl2 improved donor cell survival, induced a concomitant improvement in angiogenic 
response, reduced cardiac fibrosis, and preserved cardiac function [73, 74]. Analysis of 
the Bcl2 overexpressing SkMs showed that the genetically modified cells had altered 
paracrine secretions as compared to the wild-type SkMs and expressed a higher level 
of angiocrine factors, including VEGF and placental growth factor (PlGF). Molecular 
studies determined Flk1/Flt1 signaling pathway activation as responsible for angiogen-
esis in response to the release of angiocrine factors. The same group of researchers has 
reported a cell sheet developed from genetically modified SkMs overexpressing human 
HGF-1 [75]. The genetically modified SkM cell-sheet was transplanted in an experimen-
tal rat model of myocardial infarction (MI). The cell sheet with HGF-1 overexpressing 
SkMs significantly enhanced angiogenic response in the heart and preserved global 
cardiac function. As an alternative to genetic modification of stem cells to develop a cell 
sheet, more recent experimental studies have exploited angiocrine activity of MSCs to 
stimulate other cell types to improve their therapeutic efficacy. The addition of MSCs to 
SkM cell-sheets improves their angiogenic mechanics, in addition to improving cell sur-
vival in the infarcted rat heart [76]. Parallel in vitro experiments showed increased pres-
ence of rat HGF-1 and VEGF in the CM from cell sheets containing both MSCs and SkMs. 
Similar results have also been reported with tissue engineered SMC and EPC bilevel 
sheets in experimental rodent model of type-I-diabetes induced cardiomyopathy [77].

3.2.2 Paracrine factors and cytoprotection

In addition to angiogenesis, treatment with GF and cytokine-rich CM is cytoprotec-
tive for the host cardiac cells. Besides necrosis, which results from loss of cellular 
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homeostasis in the event of myocardial injury, apoptosis is a predominant mech-
anism of cardiac cell death which is highly regulated cascade of energy requiring 
events [78]. It is characterized by cellular and nuclear shrinkage, condensation of 
chromatin, blebbing of the cell membrane, detachment of cell from its surrounding, 
and eventual degradation. Various strategies have been adopted to prevent cardio-
myocyte apoptosis. In this regard, stem cell therapy is generally perceived to influ-
ence the intrinsic repair process via the release of paracrine factors that bind with 
its specific receptors expressed on cardiac cells and induce signal transduction to 
elicit a diverse array of downstream responses, including antiapoptotic signaling 
[79]. The antiapoptotic and proliferative effects of the paracrine factors secreted by 
stem cells have been extensively studied either by treatment of cardiomyocytes with 
CM from stem cells or in a direct or indirect coculture system between stem cells and 
cardiomyocytes [80–83]. In vitro treatment of rat ventricular cardiomyocytes with CM 
from hematopoietic stem cells previously cocultured with cardiomyocytes activated 
Akt to impart cytoprotection. Analysis of the CM showed that it was rich in fibronec-
tin, CCL12, macrophage inhibitory factor, and connexin-40 [84]. Mechanistic studies 
show that CMs from MSCs activate divergent signaling pathways to support angio-
genesis and migration besides improving survival in ECs and cardiomyocytes [54]. 
Proteomic analysis of the CM showed that it was rich in VEGF, MCP-1, macrophage 
inflammatory protein (MIP)-1α, MIP-1β, and monokine induced by interferon gamma 
(IFN-γ) compared to the control media. Similar results were obtained using CM 
from AMSCs which were genetically modified using nanoparticle-based transgenic 
overexpression of VEGF [85]. Treatment with the CM significantly enhanced in vitro 
angiogenic response in human umbilical vein endothelial cells. Coculture between 
ckit+GATAhigh CSCs and cardiomyocytes significantly improved the survival and 
contractility of cardiomyocytes [79]. The ckit+GATAhigh CSCs secreted IGF-1, which 
acted in a paracrine fashion to activate Akt signaling downstream of IGF-1/IGF-1R 
ligand/receptor interaction in the cardiomyocytes to promote their survival. Analy-
sis of CM from the cocultured cells showed significantly elevated concentration of 
IGF-1 protein. These data also point toward the presence of a corresponding inter-
action between resident CSCs in the heart and their salutary paracrine interaction 
on cardiomyocytes in the event of myocardial injury as part of the intrinsic mecha-
nisms of cardiac repair and regeneration. Extrapolation of in vitro data contributes 
to understanding the mechanism of in vivo antiapoptotic effects and ultimate cardio-
protection following stem cell transplantation [81, 86]. The transplanted stem cells 
release cytokines and GFs to reduce cardiomyocyte apoptosis. As a proof-of-concept, 
various studies have used cell-free CM for the treatment of injured myocardium [37, 
87]. Treatment with concentrated CM revealed significantly reduced apoptosis of car-
diomyocytes in the infarct and peri-infarct regions [37].

Apoptosis not only affects cardiomyocytes, it also has an imminent role in loss 
of cell graft post transplantation. Various strategies have been adopted to enhance 
donor cell survival in the harsh environment of the infarcted heart. This can be 
achieved either by preconditioning of the donor cells to boast their resilience [88] or 
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by using strategies such as immune isolation to enhance their acceptance by the host 
tissue [89]. Unlike the immuno-isolation approach, which has little effect on the par-
acrine activity profile of the donor cells, the preconditioning approach significantly 
impacts their GF and cytokine profile besides activation of survival signaling in the 
preconditioned cells (PCs) [90]. In an interesting study, 5 million cell beads contain-
ing alginate encapsulated MSCs engineered to secrete glucagon-like protein-1 (GLP-1) 
were transplanted in an experimental pig heart via intracoronary injection. Encap-
sulation was intended to immuno-isolate the cells postengraftment and to enhance 
cell retention at the site of the cell graft and to serve as a source of GLP-1 as well 
as the paracrine factors released by the encapsulated MSCs over an extended time 
period [91, 92]. Histological studies showed significant reduction in deoxynucleoti-
dyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive cardiomyocytes in 
the infarct and peri-infarct regions, thus attenuating infarct size expansion in GLP-1 
secreting MSCs treatment group of pigs. 

3.2.3 Paracrine factors and immunomodulation

MSCs derived from various tissue sources such as BM, adipose tissue, umbilical 
cord Wharton’s jelly, etc., also exert immunomodulatory effects besides other 
therapeutic benefits [93]. These effects have been extensively studied during in 
vitro experimentation and require cell-to-cell contact or it may also occur via par-
acrine release of GFs and cytokines [94]. The array of immunosuppressive factors 
expressed by MSCs include indoleamine 2,3-dioxygenase (IDO), human leukocyte 
antigen G (HLA-G), nitric oxide, and ILs. Additionally, MSCs inherently secrete a 
sufficient amount of transforming growth factor-1β (TGF-1β), a soluble factor, for 
functional activation of T-cells to induce Treg [94]. The phenotypic and functional 
characteristics, including the immunomodulatory properties, of MSCs are influ-
enced by various factors ranging from the tissue source of the cells to the method of 
their isolation and preparation [95, 96]. BMMSCs and the ones isolated from exfoli-
ated deciduous teeth differ from each other in their interaction with co-cultured 
T-lymphocytes [97]. Similarly, AMSCs possess better immunomodulatory char-
acteristics as compared to the ones isolated from BMMSCs [98]. However, when 
compared with AMSCs and BMMSCs, human umbilical cord MSCs have more bio-
logical advantages as compared to the adult counterparts [99, 100]. For example, 
umbilical-cord-derived MSCs released significantly lower amount of inflammatory 
cytokines, including IL-1, IL-8, and IL-10, when challenged with alveolar mac-
rophages treated with lipopolysaccharides. 

 In another study, the influence of the differentiation status of MSCs on immu-
nomodulatory characteristics was investigated using human Wharton’s Jelly MSCs in 
comparison with the derivative cartilage cells [101]. The cell characterization included 
determination of the expression of major histocompatibility complex (MHC)-I/II and 
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costimulatory molecules CD40, CD80, and CD86, besides the expression of immune 
inhibitor molecules IDO, HLA-G, nitric oxide, and ILs. Human Wharton’s Jelly MSCs 
lack expression of MHC-II and costimulatory molecules, only moderately express 
MHC-I, and strongly release HLA-G, IDO, and prostaglandin E2, thus supporting the 
immunosuppressive properties of undifferentiated Wharton’s Jelly MSCs. Moreover, 
unlike their derivative cartilage cells, undifferentiated MSCs also released HGF-1, 
VEGF, TGF-1β, and IL-10 [101]. Another factor affecting the immunomodulatory 
behavior of MSCs is the quality of cell preparation. The gene expression profile in 
MSCs differs with a change in the culture and expansion conditions. For example, 
the gene expression profile of MSCs plated at low density for expansion is differ-
ent from that of those cultured at higher cell density for equal length of time dura-
tion. These cells also differ in the expression of factors having a critical role in cell 
migration and tissue regeneration, i.e., podocalyxin-like protein, alpha4 integrin, 
alpha6 integrin, and leukemia inhibitory factor, in addition to factors that are deter-
minants of immunomodulatory characteristics of MSCs [102]. Therefore, it is impor-
tant to optimize isolation, purification, and in vitro culture expansion protocols to 
ensure uniform and best-quality cells with the required immunomodulatory proper-
ties [103]. Besides other factors, the age of the donor has a significant influence on 
the immunomodulatory properties of MSCs [95, 104]. An interesting aspect of MSC 
transplantation for cardiac repair is that post transplantation, allogenic MSCs enjoy 
an immuno-privileged status. However, postdifferentiation, the loss of the cell graft 
is more imminent owing to the altered immunogenicity and immunosuppressive 
properties after differentiation. In a recent study, transplantation of MSCs altered 
the inflammatory response in the infarcted heart, which was associated with attenu-
ated levels of proinflammatory cytokines tumor necrosis factor-α (TNF-α), IL-1, and 
IL-6, whereas IL-10 expression was significantly increased in the peri-infarct region 
[105]. The altered expression of proinflammatory cytokines also reduced type I/III 
collagen deposition. A comparison of human and porcine BMMSCs (CD90+, CD44+, 
and CD29+) showed smaller immunophenotypical differences, but their overall func-
tionality with respect to anti-inflammatory and immunosuppressive properties was 
similar without much difference [106]. A recent study has shown that genetic modu-
lation of BMMSCs for hypoxia inducible factor-1α (HIF-1α) overexpression also alters 
their immunomodulatory properties [107]. An important aspect of research relevant 
to the immunomodulatory effects of MSCs is that one has to be careful in extrapolat-
ing in vitro data to in vivo transplantation experimentation. Porcine MSCs tested in 
vitro showed little evidence of immunogenicity [108, 109]. When challenged with 
IFN-γ, MSCs did not show any proliferative response nor did they secrete IFN-γ or 
IL-2 in the culture medium. However, upon transplantation in the infarcted heart, 
allotransplanted MSCs showed moderate immunogenicity, which was evident from 
donor MSC-specific humoral and cellular responses. These data highlight the impor-
tance of simultaneous in vitro and in vivo experimentation to assess the behavior and 
functionality of MSCs. 
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3.2.4 Paracrine factors and cell migration and homing

Subsequent to myocardial injury, the interaction between the infiltrating cells and 
the nonmyocytes in the heart is an integral part of the adaptive response extended 
by the cardiomyocytes under stress as part of the intrinsic repair process. Cardio-
myocytes constitute nearly 25% of the total number of constituent cells in the heart 
and are quite capable of secreting a plethora of bioactive molecules during their 
cross-talk with other cells in both paracrine and autocrine manner [110]. This group 
of bioactive molecules is referred to as the cardiokines, which, besides others, also 
include both CC and CXC chemokines that regulate cell trafficking to the myocardium 
under stress [111]. SDF-1α is one of the chemokines responsible for extravasation of 
BMCs into peripheral circulation [112]. Released from cardiomyocytes under stress, 
favorable SDF-1α gradient is established in the heart to serve as a chemical cue for 
the CXCR4+ cells in the peripheral circulation to home in to the injury site [113]. The 
ligand/receptor interaction between SDF-1α and CXCR4 is central to the retention of 
CXCR4+ cells after migration and homing-in to ensure that these cells stay at the site 
of injury long enough to participate in the repair process. Therefore, SDF-1α is also 
known as a retention factor [114]. Similar to the cardiomyocytes under stress, normal 
cardiomyocytes also secrete SDF-1α and express CXCR4 on their plasma membrane 
[115]. However, the SDF-1α level in the event of myocardial injury is elevated and con-
tinues to remain above the baseline levels at least for the first 7 days after MI [116]. 
According to one estimate, SDF-1α level increases by 67% in the infarcted heart and 
reduces by 43% in the BM, thus creating a gradient for the progenitor cells to extrava-
sate into the peripheral circulation and home in to the infarcted heart [117]. Given the 
importance of SDF-1α/CXCR4 axis in stem cell homing and retention, various studies 
have attempted to enhance SDF-1α expression in the heart or enhance CXCR4 on the 
progenitors to exploit the SDF-1α/CXCR4 axis for efficient myocardial repair [116, 
118–120]. Additionally, SDF-1α has cytoprotective effects and improves cell survival 
by acting via the CXCR4 receptor present on the surface of the cells [118, 121]. In an 
interesting study, BMMSCs were genetically modified for transgenic accentuation of 
IGF-1 expression to temper their paracrine activity [122]. The IGF-1-expressing BMMSCs 
showed elevated SDF-1α levels, both in vitro and after transplantation in the infarcted 
heart. Histological studies revealed extensive mobilization of BMCs into the injured 
myocardium and implied vital consequences of IGF-1 gene delivery. IGF-1 overexpres-
sion in the heart accelerated stem cell migration, reduced cardiomyocyte apoptosis, 
and increased neo-angiomyogenesis, with resultant preservation of global cardiac 
function. In another similar study, in vitro treatment of cardiomyocytes with CM from 
VEGF transgene overexpression significantly enhanced SDF-1α release [86]. Similarly, 
transplantation of BMMSCs genetically modulated to overexpress VEGF markedly 
increased SDF-1α expression in the infarcted heart and promoted CSC migration to the 
injury site, with a concomitant increase in the angiomyogenic response. Pretreatment 
with SDF-1α-specific antibodies or SDF-1α-specific antagonist successfully blunted 
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the SDF-1α/CXCR4 axis and abrogated the beneficial effects of treatment with VEGF 
overexpressing MSCs. Similar to BMCs, ASCs also secrete multiple GFs as part of their 
secretome, which include VEGF, bFGF, and SDF-1α. Transplantation of multipotent 
ASCs create a favorable chemokine gradient via the release of SDF-1α for mobilization 
of BMCs to home in to the infarcted heart [123–125].

Besides SDF-1α, paracrine secretions also contain many other bioactive mole-
cules with direct or indirect supportive role in stem cell mobilization and migration. 
For example, the CM from mouse BMMSC culture for 48 hours was found to be rich 
in VEGF, MCP-1, MIP-1α, MIP-1β, and monokine induced by IFN-γ compared to the 
control media [54]. An in vitro cell migration assay showed that both MCP-1 and MIP-1 
were actively involved in cell migration. On the same note, a chemotaxis chamber 
assay showed that CM from BMMSCs enhanced CSC mobilization besides up-regulating 
cardiomyocyte-specific genes [126]. However, CM from BMMSCs failed to support EC 
proliferation despite improving their resistance to apoptosis and adhesion charac-
teristics. This deficiency in CM from BMMSCs may be compensated by mixing with 
CM from EPCs [56]. Like other cell types, EPCs from BM and peripheral circulation 
actively participate in neovascularization by differentiating into mature ECs. EPCs 
respond to different GFs and chemokines and are recruited to contribute in the neo-
vascularization and repair of the injured myocardium via recruitment of CSCs with 
their unique secretome profile [127–129]. A key feature of the secretome profile of stem 
cells is its dynamic composition, which continues to change with the cells’ response 
to its microenvironment. CM obtained from three-dimensional (3D) cultured (sphe-
roids) human MSCs is more concentrated for bioactive molecules, i.e., VEGF, angio-
genin, IL-11, procathapsin, and bone morphogenetic factor-2 as compared to human 
MSCs cultured as monolayer [130]. Hence, the functional outcome in terms of cell 
migration, proliferation, and survival may be observed more with CM obtained from 
spheroids as compared to the CM from the monolayer culture. Similarly, the differ-
entiation status of the cells significantly influences their secretome profile. BMMSCs 
undergoing osteogenic differentiation also alter their secretome profile at specific 
time points during the course of differentiation to adapt to their new morphofunc-
tional role. The release of trophic factors supportive of osteogenic differentiation by 
the differentiating BMMSCs induces osteoblast lineage-specific markers in exogenous 
BMMSCs besides their recruitment to the site of injury. The health status of the donor 
can also affect the secretome profile of stem cells. Most clinical studies for myocar-
dial repair and regeneration have used SkMs and BMCs for transplantation, albeit 
with few evidence of their adoption of cardiac phenotype. Therefore, the preserved 
global cardiac function in most studies has been attributed to the paracrine activity 
of the donor cells [131]. Secretome profiling of BMCs isolated from 15 patients with MI 
was rich in multiple prosurvival and proangiogenic GFs [39] (Tab. 3.2.2). Compared 
with BMCs, peripheral-blood-derived leucocyte CM was rich in IL-11 and PlGF. In vitro 
studies showed that the angiogenic response observed with CM from patient-derived 
BMCs during angiogenesis assay was equivalent to the angiogenic response observed 
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with combined use of recombinant VEGF and bFGF [39]. Similarly, CM derived from 
peripheral blood leukocytes has a significant effect on the emigrational activity, pro-
liferation, and survival of ECs. The CM from peripheral blood leucocytes and BMCs 
together exerts synergistic angiogenic response in vitro. These data are in harmony 
with the previously published study and not only establish the importance CM as 
a therapeutic option but also point to the concomitant use of CM from different cell 
types to exploit their synergistic therapeutic effects, including enhanced emigrational 
and homing-in response of the intrinsic stems cells [56].

3.2.5 Paracrine factors and antifibrosis

As discussed earlier, due to the limited recycling ability of the cardiomyocytes and 
scanty participation of the resident CSCs in the repair process, noncontractile fibrotic 
tissue remains integral to the intrinsic repair mechanism in the heart to substitute 
the dead cardiomyocytes. The activation of cardiac fibroblasts (CFs) is central to the 
process of cardiac fibrosis and involves intimate cross-talk between cardiomyocytes 
and CFs via release of trophic factors [132]. During this cross-talk mediated by as-yet 
unidentified paracrine factors, both cell types significantly influence each other. 
Various studies have attempted to determine the essential role of CFs as the possi-
ble inducers of cardiomyocyte hypertrophy and determinants of fibrotic response in 
the heart [133]. While elucidating the mechanism, it was observed that Kruple-like 
factor-5 (KLF5) in CFs transactivated IGF-1 in the CFs, which was released and acted 
in a paracrine fashion to cause cardiomyocyte hypertrophy. Manipulation of KLF5 
in cardiomyocytes failed to elicit the same response, thus showing the importance 
of CFs as essential determinants of cardiomyocyte hypertrophy and fibrosis [133]. 
In addition, paracrine factors released by CFs have also been shown to alter con-
duction velocity, prolong action potential duration, and increase membrane resting 
potential [134]. In a coculture system between CFs and cardiomyocytes, cardiomyo-
cytes became hypertrophied, whereas the cocultured CFs were activated to show a 
higher rate of proliferation and adhesion. Analysis of the CM from the cocultured 
cells showed increased levels of IL-6 [135, 136]. In a similar study involving coculture 
between cardiomyocytes and CFs, analysis of CM from the coculture showed elevated 
expression of at least 10 GFs and cytokines, including VEGF, MCP-1, leptin, MIP-1α, 
IL-6, IL-10, IL-12, IL-20, and TNF-1α [40]. CFs constitute majority of the nonmyocyte 
population in the heart. Upon activation, the CFs undergo phenotypic transition to 
become cardiomyofibroblasts, which can be distinguished from fibroblasts in the 
expression of SMC-specific markers. Once activated, fibroblasts undergo rapid prolif-
eration and secrete ECM proteins, matrix metalloproteinases (MMPs), and profibrotic 
GFs and cytokines [137]. These phenotypic and molecular changes then cause dis-
proportionate accumulation of fibrillar collagen type I, stiffening of the fibrotic myo-
cardium with impaired electrical coupling between myocytes, and reduced vascular 
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structures leading to decreased regional perfusion. Treatment with stem cells or their 
CM significantly reduces cardiac fibrosis. The antifibrotic activity of either of the two 
approaches is attributed to the release and presence of paracrine factors, respectively 
[138–140]. HGF-1 is one of the potent antifibrotic factors that are released by the trans-
planted stem cells as part of their paracrine activity. Induction of HGF-1 also prevents 
endothelial-to-mesenchymal transition in the heart, thus preventing perivascular 
fibrosis [141]. Following the antifibrotic activity of HGF-1, the therapeutic effective-
ness of stem-cell-based transgenic overexpression of HGF-1 has been assessed in dif-
ferent experimental studies [142–144]. There is a long list of other paracrine factors 
more commonly studied for their role in cardiac fibrosis including cytokines (IL-13, 
IL-21, TGF-1β), endothelin-1, chemokines (MCP-1, MIP-1), angiogenic factors (VEGF, 
PDGF, peroxisome proliferator-activated receptors (PPARs), acute phase proteins 
(e.g. SAP), caspases, and components of the renin-angiotensin-aldosterone system 
(such as angiotensin II; ANG II) [145, 146]. A comparison of the antifibrotic activity of 
CM derived from BMMSCs and CFs in a cellular model showed that treatment with the 
former significantly reduced CF proliferation [139]. BMMSC-derived CM significantly 
upregulated antifibrotic genes, including elastin, myocardin, and DNA damaged 
inducible transcript-3. Moreover, treatment with BMMSC-derived CM also reduced 
the synthesis of type I and type III collagen in CFs. Contrary to this, CF-derived CM 
significantly induced the expression of pro-proliferation genes such as macroglobu-
lin and v-kit Hardy-Zuckerman-4 feline sarcoma viral oncogene homolog in CFs. It 
has been observed that CFs treated with ANG-II in the presence of BMMSC-derived 
CM showed significantly reduced proliferation and a low-level expression of colla-
gen I and II, besides significantly reduced adrenomedullin, an important antifibrotic 
agent [147]. Transplantation of MSCs or treatment with MSC-derived CM significantly 
reduced myocardial fibrosis, with a simultaneous increase in adrenomedullin expres-
sion, in an experimental rat model of isoproterenol-induced heart failure. Although 
there is an inconclusive underlying mechanism, these data showed the importance 
of adrenomedullin expression in the heart. Hence, a recent study has effectively used 
adrenomedullin overexpressing BMMSCs for antifibrotic activity to treat infarcted 
myocardium [148]. With increasing evidence about the presence of secretable factors 
in the CM, a cell-free approach as a therapeutic strategy is gaining popularity to 
curtail fibrosis in the diseased heart. As proof-of-concept, intracoronary treatment 
with BMMSC-derived CM, rich in antiapoptotic and antifibrotic agents, significantly 
reduced fibrosis in a porcine model of acute MI [37]. Stem cells have also been modi-
fied to alter their paracrine secretion profile to enhance their antifibrotic efficacy. 
CM from genetically modified MSCs for integrin-linked kinase overexpression sig-
nificantly reduced collagen I and III, TIMP-1 and -2, and connective tissue GF expres-
sion in CFs both in vitro as well as post transplantation in the infarcted heart [149]. 
Moreover, treatment with the genetically modified cells reduced the area of fibrosis. 
Among many other factors, hyperglycemia has been shown to increase the incidence 
of cardiac fibrosis. This involves the activation of CFs to proliferate and excessive 
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synthesis of collagen with synergistic activation of STAT3 and MAPK signaling as the 
underlying molecular mechanism [150]. 

3.3  Tempering the secretome composition with outside intervention

Besides vasculogenic and cardiomyogenic differentiation potential of stem cells, there 
is plausible evidence in the literature supporting that their therapeutic effectiveness 
is due to paracrine activity. Each stem cell type has a distinct secretome profile; nev-
ertheless, its composition is variable. This may also be tempered with to achieve the 
desired composition of the paracrine secretions to maximize their therapeutic effi-
cacy post-transplantation.

3.3.1 Genetic modification of stem cells

Genetic modification of stem cells for overexpression of a therapeutic gene of interest 
is generally intended to modulate stem cell functioning to accomplish the desired 
prognosis [151]. Moreover, the combinatorial approach based on stem-cell-based 
gene delivery to the organ of interest facilitates the exploitation of the better one of 
the two approaches, which were once considered as competitive with each other. 
The genetically modified cells serve as small “depots,” which continuously secrete 
the product of the transgene/s. Additionally, the genetically modified cells show an 
altered paracrine profile that is aimed to improve cell survival, create a favorable 
GF gradient in their vicinity that favors stem cell mobilization and homing from the 
intrinsic pool, promote angiogenesis and regional blood flow, and improve cardio-
genic differentiation (both vasculogenic and myogenic) of the transplanted as well 
as mobilized stem cells. The length of time for which these cells continue to secrete 
the transgene product depends upon many factors. Among the delivery strategies, 
viral vectors are more popular for gene modification of stem [122, 152–154]. Although 
viral-vector-based DNA delivery results in a more stable transgene expression, the 
safety issues associated with their use have hampered their progress in the clinical 
perspective [155, 156]. Non-viral-vector-based delivery strategies are safer for human 
use but suffer from poor transfection efficiency [46, 157]. Irrespective of the method of 
gene delivery into the stem cells, there are two important aspects that require special 
consideration: first, that genetic modification of stem cells alters their paracrine 
behavior and second, the paracrine release of secretable factors is one of the prime 
mechanisms of action of the genetically modified stem cells postengraftment in the 
infarcted heart [15]. For example, tail vein injection of SDF-1α expressing BMMSCs 1 
day after MI protected the cardiomyocytes via the release of trophic factors besides 
increasing angiogenic response in the infarcted heart [154]. Similarly, adenovirally 
transduced BMMSCs overexpressing the prosurvival gene Akt1 secreted a wide array 
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of soluble factors, which also included secreted frizzled related protein (sfrp)-2, which 
was analyzed as the key determinant of the antiapoptotic effects in the infarcted 
heart [45, 80, 158]. Sfrp-2 is an inhibitor of Wnt signaling, and its level, besides that of 
BMP-1, significantly increases to support collagen deposition in the infarcted heart. 
Treatment with recombinant sfrp-2 significantly reduced  collagen deposition and 
preserved global cardiac function [45, 159]. Despite poor cardiomyogenic differen-
tiation in the heart post transplantation, globally preserved cardiac function was 
reported in the animal hearts treated with Akt overexpressing BMMSCs as compared 
to the control animals treated with native BMMSCs. In a subsequent study, BMMSCs 
with simultaneous transgenic overexpression of Ang-1 and Akt were transplanted in 
a rat model of acute MI, which significantly reduced the host cardiomyocyte apopto-
sis, attenuated fibrosis, enhanced myocardial angiogenic response, and preserved 
global cardiac function [58, 160]. Simultaneous overexpression of Ang-1 and Akt also 
promoted BMMSC cell cycle activity with the downstream involvement of mir-143 
[161]. A direct comparison of BMMSCs cultured in vitro and post transplantation in 
the infarcted heart was carried out to study the paracrine effect of the transplanted 
cells [162]. The single cell samples for paracrine factor profiling were obtained by 
single cell nucleus laser capture microdissection (LCM) of the heart tissue samples on 
day 3 after cell transplantation. The results showed a heterogeneous paracrine pro-
filing between subpopulations of the transplanted BMMSCs. For example, a CD45+ 
subpopulation of the cells isolated from the heart by LCM was rich in angiogenic GF 
expression as compared to the other subpopulations. These data constitute the first 
report showing differential pattern of paracrine expression in BMMSCs postengraft-
ment in the heart. Similar results have also been reported by another research group 
after LCM of transplanted BMMSCs combined with single cell nucleus polymerase 
chain reaction (PCR) profiling for paracrine factors [163]. Gene manipulation of stem 
cells not only increases the expression and release of the protein but also may affect 
the global paracrine expression profile of the genetically modified cells. The hypoxia 
responsiveness of cells significantly alters their paracrine profile via activation of 
HIF-1α signaling. Given the critical participation of HIF-1α in the direct and indirect 
regulation of various GFs, stem cells have been genetically modified to overexpress 
HIF-1α transgene, which alters their proangiogenic paracrine secretions but without 
promoting their endothelial differentiation [164]. It is noteworthy that uncontrolled 
continuous transgenic overexpression of HIF-1α may unfavorably tailor the secretome 
profile of the genetically modified cells. Constitutive overexpression of HIF-1α in car-
diosphere derived cells significantly increased endothelin-1 and VEGF secretion upon 
exposure to hypoxia, but such manipulation blunts the beneficial effects of the heart 
cell therapy [165]. These data imply the need for regulated and controlled expression 
of transgenes in the donor stem cells, thus providing the opportunity to indirectly 
regulate their secretome profile. On the same note, hypoxia-regulated VEGF gene 
delivery has shown the importance of regulated transgene expression in the heart 
[166, 167]. 
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Given the new insights into IGF-1 signaling in the heart pertaining to its pleio-
tropic effects in general and protective effects in terms of preventing MI [168], delivery 
of IGF-1 transgene to the heart is being studied extensively either alone or in combina-
tion with other proangiogenic GFs [122, 169–171]. Stem-cell-based transgenic overex-
pression of IGF-1 in the infarcted heart significantly reduces cardiomyocyte apoptosis, 
attenuates infarct size expansion, and preserves global cardiac function [122]. More 
importantly, IGF-1 overexpression increases the downstream expression of SDF-1α in 
the infarcted heart that creates a favorable gradient for stem cell mobilization from the 
BM and peripheral circulation. The mobilized cells participate in the angiomyogenic 
repair of the infarcted heart. In line with these data, VEGF overexpressing BMMSCs or 
VEGF gene delivery followed by BMMSC transplantation successfully enhances mobi-
lization and homing-in of stem cells into the heart via downstream involvement of 
SDF-1α axis [172, 173]. In vitro transduction of H2C9 myoblast cell line supported the 
in vivo observations of SDF-1α induction downstream of VEGF overexpression. Moreo-
ver, CM from VEGF overexpressing cells caused significant mobilization of progenitor 
cells in response to SDF-1α/CXCR4, as well as VEGF-R1 and VEGF-R3 ligand-receptor 
interaction. RNA interference studies conducted to block SDF-1α/CXCR4 axis showed 
decreased therapeutic benefits of treatment with VEGF overexpressing BMMSCs [174]. 
As an alternative to manipulating the secretome profile of stem cells, the therapeutic 
benefits from paracrine activity of stem cells can be improved by enhanced recep-
tor expression. As a proof-of-concept to this approach, cardiac-specific abrogation 
of CXCR4 significantly reduced the therapeutic benefits of BMMSC treatment in the 
infarcted heart. It was observed that the number of TUNEL+ cardiomyocytes was sig-
nificantly increased in CXCR4-null animal hearts as compared to wild-type animals 
subsequent to BMMSC transplantation [175]. These data show the importance of 
receptor induction on the cardiomyocytes that may be specific for interaction with 
the secretome factors of the transplanted stem cells. Stem cells are also genetically 
modified to enhance their adhesion characteristics post transplantation in the heart. 
BMMSCs genetically modified to overexpress periostin not only show better survival 
than their native counterparts do, but also their paracrine secretions were cytoprotec-
tive for the juxtaposed host cardiomyocytes [176]. These data were confirmed by in 
vitro experiments when cardiomyocytes were treated with CM from periostin overex-
pressing BMMSCs. Molecular studies have shown that CM treatment activated PI3K 
via adhesion-related integrins. 

As an alternative to transgenic overexpression of GFs and cytokines, the approach 
of abrogation of intrinsically expressed proteins with vital role as determinants of par-
acrine activity is gaining popularity. For example, propyl hydroxylase domain protein-2 
(PHD-2) is an integral player in the oxygen sensing mechanism in cells and regulates 
the activity of two important transcription factors, HIF-1α and nuclear factor kappa B 
(NF-κB). Manipulation of cells for abrogation of PHD-2 alters their secretome profile and 
the paracrine secretions become rich in IGF-1 [177]. Hence, AMSCs with PHD-2 abroga-
tion showed significantly higher survival post transplantation in the infarcted heart. 
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Moreover, transplantation of PDH-2 abrogated cells or treatment with their derived 
CM significantly reduced host cardiomyocyte apoptosis, which was attributed to the 
release of IGF-1. These data highlight the importance of finding some novel targets that 
are intrinsic to the cells to alter their expression and activity in combination with trans-
genic induction of GFs and cytokines for a combinatorial therapeutic option. 

3.3.2 Chemical and pharmacological manipulation of cells

Although the combinatorial approach of gene manipulation of stem cells successfully 
and efficiently alters their secretome profile, the protocols for transgene transfer into 
cells are either safe but inefficient or efficient but unsafe for clinical application. This 
situation warrants the development of protocols that are more efficient but safe for 
use in humans. Moreover, the uncontrolled robust expression of the transgene may 
lead to undesired effects. In this regard, the strategy of chemical and pharmacological 
manipulation of stem cells is a simpler and safer option as it involves treatment with 
chemicals/drugs that have already been assessed for safety in humans. Additionally, 
the strategy hardly alters the genetic character of the cells during their conditioning 
before use. A wide variety of chemicals and pharmacological agents have been used 
to precondition the cells for their improved functioning. Each one of these precon-
ditioning agents primes the cells with a distinct mechanism, which may conclude 
with overlapping outcomes such as survival, proliferation, metabolism, differentia-
tion, and of course paracrine behavior. GFs and cytokines are among the commonly 
used preconditioning agents for cellular and subcellular preconditioning due to the 
wide distribution of their specific receptors on the cells [178–182]. For example, treatment 
of AMSCs with bFGF stimulates HGF-1-rich secretome, which increases hematopoie-
sis and vasculogenesis [51]. However, when challenged with lipopolysaccharides, 
AMSCs secrete copious amounts of hematopoietic, i.e., granulocyte/monocyte, and 
macrophage stimulating factors and IL-7 and proinflammatory factors, i.e., IL-6, 
IL-8, IL-11, and TNF-1α. A coculture with umbilical vein ECs increases hematopoiesis 
in vitro. TGF-1β is a multifunctional polypeptide that regulates many cellular func-
tions, including cell proliferation and differentiation. It is synthesized and secreted 
by many cell types as a part of their secretome and has a wide distribution of its spe-
cific receptors. Taking advantage of the expression of TGF-1β-specific receptors by 
embryonic stem cells (ESCs), the cells were preconditioned by TGF-1β treatment, and 
the secretome profile of the PCs was compared with that of the non-PCs [183]. Analy-
sis of the CM from the PCs showed that CM contained multiple cytoprotective factors 
such as IL-10, stem cell factor, tissue inhibitor of MMP-1, and VEGF. The cytoprotective 
effects of CM from TGF-1β-treated cells were determined both in vitro as well as after 
treatment of the infarcted heart. It was observed that cardiomyocytes survived better 
after treatment with the CM from TGF-1β PCs as compared to the control non-PCs upon 
subsequent treatment with oxidant stress and in the infarcted heart via activation of 
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Akt signaling. Similar observations have also been reported by other research groups 
[178]. The effect of TGF-1β has been potentiated by costimulation of stem cells with 
IL-6, a pleiotropic cytokine with multiple biological activities [178]. The strategy of 
costimulation of MSCs with TGF-1β and IL-6 additively enhances VEGF secretion by 
the PCs, which was significantly higher as compared to the treatment of the cells with 
either of the two factors alone. Molecular studies showed the involvement of ERK, 
c-Jun N-terminal kinases (JNKs), and PI3K signaling mechanisms. 

In view of the encouraging data from the preconditioning of stem cells with GFs, 
a multiple-GF treatment strategy has been adopted to augment the expression and 
release of angiogenic, prosurvival, pro-proliferation, and proadhesion factors from the 
PCs [184, 185]. Stimulation of the umbilical-cord-derived mononuclear cells increased 
their migrational and angiogenic characteristics. Analysis of the mononuclear cells 
cultured in specific medium containing multiple GFs showed a significantly higher 
expression of angiogenic and vascular maturation factors. In line with these data, 
GF-rich tissue protein extract or CM from non-PCs or PCs has been used to manip-
ulate stem cells to modify their functioning [186–188]. The advantage of CM-based 
treatment strategy is the ease and simplicity of the manipulation protocol besides the 
strong and synergistic effect of multiple GFs present in the whole protein extract or 
the CM. While the whole cell or tissue protein extract is rich in nonsecretable GFs, the 
CM is mostly rich in secretable fraction of the bioactive molecules. A comparison of 
these two sources of GFs and their combined biological effect will be interesting for 
the development of noncellular therapeutic approach.

 In addition to GFs, treatment with hormones has effectively conditioned the cells 
to alter their paracrine secretome. Oxytocin has commonly and traditionally been 
identified to have a role in female reproductive system functioning. However, with the 
recognition of its specific receptor distribution both in the heart as well as in the vas-
cular bed, there is increasing interest in oxytocin for its role in cardiovascular system 
[189]. Receptors specific for interaction with oxytocin have also been indentified on 
the surface of BMMSCs, and therefore, recent studies have focused on determining 
oxytocin as a preconditioning agent to prime the cells and enhance their functional 
properties [158]. Oxytocin preconditioned BMMSCs showed significant secretion of 
antiapoptotic and angiocrine factors, including various heat shock proteins (HSPs), 
TIMP-1 and TIMP-2, MMP-2, TGF-1β, VEGF, and endothelin-1. Coculture with oxytocin-
primed MSCs enhanced the survival of cardiomyocytes under hypoxic culture condi-
tions besides supporting EC migration and angiogenic response. Similarly, estradiol 
treatment modulates the expression of estrogen receptors alpha and beta on BMMSCs 
and alters various cellular functions ranging from proliferation to differentiation, in 
addition to increasing the expression of alkaline phosphate, TGF-1β, collagen I, and 
BMP-2 [190, 191]. In a recent report, estradiol treatment increases VEGF release from 
MSCs, thus increasing their angiogenic behavior [192].

Besides the use of bioactive molecules including GFs, cytokines, and hormones, 
preconditioning mimetics including chemicals and pharmacological agents are being 
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assessed to prime the cells and modify their biological characteristics [90, 153, 193–
195]. Among the pharmacological agents, defroxamine is an important heavy metal 
ion antagonist that is commonly used for iron chelation. When used for precondition-
ing of cells, it efficiently induces HIF-1α and modifies the paracrine secretion from 
AMSCs to become rich in proangiogenic VEGF [196]. Defroxamine treatment signif-
icantly increases VEGF in a dose-dependent manner when used in concentrations 
of 30–500 μM without showing signs of cell toxicity. Diazoxide, a known activator 
of ATP-sensitive K+ channels, is a preconditioning mimetic and is well studied for 
priming stem cells to improve their resistance to ischemic stress [153, 193]. Treatment 
of BMMSCs with diazoxide significantly enhances their survival upon subsequent 
exposure to lethal anoxia, with concomitant activation of PI3K, Akt, Gsk3, and NF-κB 
[90]. The most interesting aspect of the study was the upregulation of prosurvival 
GFs, i.e., IGF-1, VEGF, HGF-1, and Ang-1 in a NF-κB-dependent manner with a signifi-
cant role for NF-κB-dependent mir-146 [197]. Not only did transplantation of precon-
ditioned MSCs in the infarcted heart enhance the survival of donor transplanted cells, 
but also the release of prosurvival and angiogenic factors significantly reduced host 
cardiomyocyte apoptosis and increased neovascularization in the infarct and peri-
infarct areas in the heart. The activity of the enzyme phosphodiestrase-5 (PDE5) is 
a specific determinant of cyclic guanosine monophosphate activity in the cells, and 
therefore, inhibition of PDE5 with specific inhibitors such as sildenafil and tadalafil 
is gaining popularity [194, 198]. Tadalafil treatment provides sustained protection of 
transplanted stem cells in the infarcted rat heart, as was evident from improved sur-
vival of PC as compared to the non-PC stem cells. Preconditioning with PDE inhibitors 
also altered the paracrine secretion profile of stem cells [198]. The sildenafil-treated 
AMSCs released increasing amounts of VEGF, bFGF, and IGF-1. More interestingly, 
the levels of VEGF, bFGF, and Ang-1 remained elevated in the infarcted hearts until 4 
weeks after treatment with sildenafil PCs as compared to the non-PCs. 

3.3.3 Physical manipulation of cells

Besides genetic and pharmacological methods of priming the cells to modulate their 
paracrine behavior, different physical methods of manipulation have been devised 
to maximize their efficacy [88]. More recently, exposure to low-oxygen culture has 
gained popularity due to the ease and simplicity of the protocols involved therein to 
modify stem cell characteristics, including their secretome profile and surface marker 
expression [199–203]. Stem cells are maintained in a strictly regulated oxygen condi-
tion in their natural habitat, which is delicately maintained with a critical involvement 
of HIF-1α signaling mechanism. Isolation and culture under ambient oxygen levels 
(20% oxygen) significantly influence the signaling pathways relevant to cell survival, 
proliferation, migration, and differentiation, in addition to changing their paracrine 
secretome profile. When cultured under low-oxygen conditions that simulate their 
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natural habitat, it alters their biological behavior in vitro and characteristics as well. 
Hence, high or low oxygen levels in the microenvironment of stem cells remain critical 
determinants of their biological characteristics during in vitro culture. However, the 
intensity of cell response to hypoxic culture conditions is affected by many factors, 
including the level of hypoxia, time of exposure, composition of the culture medium, 
etc. It is prudent to consider that cells from different tissue origins differ in their 
hypoxia responsiveness. Moreover, the effect of continuous exposure to low oxygen 
may be different from exposure to short intermittent cycles of low oxygen presence. 
Nevertheless, a common feature of cellular response to hypoxia treatment is the acti-
vation of HIF-1α signaling that regulates its downstream target proteins, including 
GFs and cytokines. The effect of hypoxia on cells can be simulated by pharmacologi-
cal treatment of cells that stabilize HIF-1α [204]. Hypoxia treatment causes the release 
of multiple prosurvival and proangiogenic factors, in addition to induction of SDF-1α/
CXCR4 signaling, which allows their retention and participation in the cardiac repair 
process [205]. Despite plausible evidence in the literature that hypoxia significantly 
alters the secretome profile of stem cells, differences in the protocols of hypoxia treat-
ment make it challenging to deduce and predict a definite outcome of exposure to 
low levels of oxygen. Hypoxia (5% oxygen) treatment of human ASCs from female 
donors significantly reduced proteins involved in ECM remodeling, i.e., fibronectin-1, 
TGF-1β-induced protein (βig-h3), osteonectin, and collagens type 1α1 and 1α2. IL-6 was 
upregulated in the hypoxia-treated cells [28]. On the contrary, one-time exposure of 
human AMSCs to severe hypoxia (0.1% oxygen) enhanced the secretion of VEGF and 
angiogenin [31]. Transplantation of polyvinyl alcohol sponges soaked in CM from the 
PCs demonstrated higher angiogenic response, which was abrogated by pretreatment 
of the sponges with antibodies specific for VEGF and angiogenin. These data under-
score the emergence of hypoxia treatment as an effective strategy for precondition-
ing of stem cells prior to transplantation [88]. Treatment with hypoxia also primes 
the cells to improve their resistance to any innocuous stimulus post engraftment in 
the ischemic heart via activation of survival signaling. Preconditioning of MSCs by 
hypoxia (0.5% oxygen) for 24 hours significantly upregulated HIF-1α, Ang-1, VEGF 
and its receptor Flk-1, erythropoietin, Bcl-2, and Bcl-xL expression in the PCs [206]. 
The effectiveness of hypoxia-treated stem cells has also been determined in pre-
clinical large experimental animal models. Hypoxia (1.5% oxygen) pretreated MSCs 
showed significantly enhanced survival and angiogenic potential post engraftment 
in a porcine heart of chronic ischemia [207]. As an alternative to one-time long-term 
exposure to hypoxia, preconditioning protocols have been developed based on exposure 
to short, intermittent, repeated cycles of anoxia-reoxygenation [208]. MSCs precon-
ditioned with the anoxia-reoxygenation approach show significantly higher sur-
vival upon subsequent exposure to lethal anoxia as well as post transplantation in 
a rodent model of acute MI. Mechanistic studies revealed an integral role of mir-210 
downstream of HIF-1α activation [209]. Transplantation of preconditioned MSCs sig-
nificantly increased neovascularization in the infarcted myocardium through the 
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release of multiple angiocrine factors [210]. However, hypoxia treatment may not 
always result in paracrine secretions with beneficial effects. Hypoxia (4% oxygen) 
causes a significantly increased release of TNF-1α in CF culture [211]. Treatment of 
cardiomyocytes with the CM from hypoxia-treated CFs significantly enhances their 
susceptibility to reactive-oxygen-species-induced mitochondrial permeability transi-
tion and reduced their viability, whereas treatment of CFs with the CM led to their 
reduced DNA synthesis. These are important findings that highlight the role of CFs as 
the source of paracrine factors that are instrumental in injury to the cardiomyocytes 
during myocardial ischemia.

3.3.4 Heat shock and shock wave treatment to precondition stem cells

HSPs are cellular molecular chaperones that regulate protein folding and clearance 
under stress conditions [212]. Heat shock treatment, gene manipulation of cells for 
modified expression of HSPs, and treatment of cells with HSPs are gaining popular-
ity as important and effective strategies to manipulate progenitor cells to improve 
their therapeutic efficacy [213–215]. Treatment of ECs with recombinant HSP-65 alters 
their adhesive characteristics by induction of CD62E (E selectin), CD106 (vascular 
cell adhesion molecule-1), and CD54 (intercellular adhesion molecule-1) [216]. Given 
that different cells differ in their response to heat shock treatment, protocols based 
on transgenic overexpression of HSPs have been developed [48]. Overexpression of 
HSP-20 significantly enhances the paracrine secretion of various GFs, including VEGF, 
FGF, and IGF-1. Transplantation of MSCs with overexpression of HSP-20 protects the 
host cardiomyocytes via release of various paracrine factors. In vitro coculture studies 
of cardiomyocytes or their treatment with CM from HSP-20 overexpressing MSCs con-
firmed these data.

 Like any other cell, mechanical stress triggers various kinds of biological responses 
in stem cells from altered morphology to differentiation and paracrinicity [50, 217–219]. 
Defocused low-energy shock-wave treatment of precursors of cardiomyocytes, SMCs, 
and ECs significantly enhanced their differentiation [220]. Interestingly, the effect of 
shock waves was more pronounced on the precursors obtained from biopsy samples 
from normal hearts as compared to the pathologic hearts. In another study, defocused 
low-energy shock-wave treatment of BMMSCs and AMSCs before every passage sig-
nificantly enhanced the secretion of VEGF and CXC ligand-5 [221, 222]. Western blot 
studies also determined the induction of Ki67 in response to shock-wave treatment. 
In vitro functional studies showed that CM from shock-wave-treated cells enhanced 
tubulogenesis on the Matrigel surface. In a hind-limb model, shock-wave treatment 
enhanced the tissue levels of VEGF and SDF-1α with a concomitant increase in EPCs 
in the peripheral circulation [223]. These molecular and cellular events increased 
regional vascular density as well as blood flow. Similar results have also been reported 
by the same research group in the treatment of infarcted heart [224]. 
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3.3.5 Modification of the ECM

From their tissue source to the differentiation status and the genetic composition, cells 
diverge in their paracrine activity. Similarly, from the time of the harvest until the time 
of transplantation and posttransplantation in the infarcted heart, stem cells experi-
ence biophysically and biochemically different microenvironments, and hence, their 
paracrine behavior also keeps changing accordingly. A friendly and conducive envi-
ronment is imperative for optimal functioning of stem cells and critically determines 
their stemness. While elucidating the effect of ECM on secretome profile of stem cells, 
it was observed that BM stromal cells cultured on fibronectin-peptide-supplemented 
gellan gum hydrogel not only affected the morphological and differentiation charac-
teristics, but also their secretome profile was significantly altered in comparison with 
control cells cultured on unaltered gellan gum hydrogel. Moreover, multipotent adult 
progenitor cells (MAPCs) secrete bioactive molecules with immunomodulating prop-
erties. When challenged with inflammatory triggers like INF-γ and lipopolysaccharide 
or tolerogenic CD74 ligand RTL1000, MAPCs gave differential response to each stimu-
lus, which was obvious from their altered secretome profile, including proteases and 
protease inhibitors, chemokines and cytokines that influence the emigrational activ-
ity of neutrophils, macrophages, and T-cells. Besides chemical cues and composition, 
the elasticity of the ECM used to culture the stem cells has profound effects on their 
secretome profile [225]. In an in vitro study designed to determine the effect of sub-
strate elasticity on the paracrine activity profile of stem cells, secretion of more than 
90 paracrine factors from MSCs was observed at protein level for their release profile 
[226]. By varying the hydrogel compliance to mimic the elasticity of brain and muscle 
tissue, it was observed that the secretion of IL-8 was significantly upregulated on hard 
surface as compared to the soft substrates. Given that ECM has a significant influence 
on stem cell behavior in terms of their adhesion, proliferation, and differentiation 
characteristics, instructive ECMs are engineered to modulate the culture characteris-
tics of stem cells in vitro. However, the composition of engineered ECMs is developed 
such that their components such as fibronectin, fibrillar collagen I, tropocollagen, and 
collagen-I/heparin do not alter the immunomodulatory characteristics of MSCs [227]. 
With the recent progress in 3D cell culture technique that closely mimics the natural 
habitat in the tissue, 3D cell culture significantly alters their differentiation poten-
tial and response to extrinsic cues (both physical and chemical) in terms of altered 
secretome profile. Encapsulation of AMSC cells in a water-soluble thermos-responsive 
hyperbranched polyethylene glycol (PEG)-based polymer significantly improved their 
paracrine activity, as evidenced by copious secretion of these GFs [228]. A comparison 
of the behavior of rat ESCs in 2D and 3D cultures using different matrices showed 
that in the absence of any instructive outside stimulus, the cells cultured on different 
matrices differed in their paracrine behavior and secreted different levels of GFs [229]. 

Among the physical factors, tissue ischemia has significant bearing on cell sur-
vival, differentiation and myocardial reparability posttransplantation in the infarcted 
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heart. Hence, exposure to low oxygen is being pursued as an effective strategy to 
condition the cells prior to transplantation [28]. Glucose concentration in the culture 
conditions also impacts cell behavior. Whereas short-term exposure to high glucose 
concentration does not alter their paracrine behavior, long-term culture significantly 
alters their paracrine profile in terms GFs secretion especially for VEGF, HGF-1 and 
bFGF [230]. Preconditioning by treatment with GFs and by gene modification also 
alters the paracrine activity of stem cells [178].

3.4 Conclusion and future perspective

As discussed earlier, stem-cell-mediated preservation and recovery of cardiac func-
tion involves paracrine release of GFs as an integral component of the multifactorial 
mechanism, in addition to the differentiation, fusion, and activation of intrinsic cells 
via cell-cell interaction [231]. The use of cell-free therapy based on MSC secretome for 
the repair of injured myocardium provides some key advantages over stem-cell-based 
therapy, such as safety, reproducibility, cost, and possibility of mass production [232]. 

Despite technological and methodological advancements in proteomic studies, 
we are still short of developing a distinct and comprehensive secretome profile of a 
typical stem cell type [233]. The secretome of an individual cell type is unique and 
is sensitive to changes in the microenvironment of the cell. Similarly, as discussed 
earlier, the composition of the secretome can be modified by genetic/pharmacologi-
cal conditioning of the cells. Hence, the therapeutic potential of the secretome will 
largely be dependent on its composition, which implies the significance of stand-
ardization of the secretome for optimal prognosis. The standardization necessitates 
further studies to define the culture conditions, culture duration, and media sup-
plements. Furthermore, if genetic and/or pharmacological manipulation is used to 
modify the composition of the secretome, the safety and robustness of the method 
need to be established.

An important factor that needs further consideration is the route of administra-
tion. Although intravenous application would be an easy choice for multiple appli-
cations, it is linked with the risk of side effects. On the other hand, intracoronary 
application will limit its effects to local tissue requiring low dosage but multiple 
applications will be complicated. Another possibility is to apply patches of biode-
gradable hydrogels loaded with the MSC secretome for local delivery to the affected 
tissue. Clinical usage of cell-free secretome would require mass production of the 
secretome, which must follow biopharmaceutical scale good manufacturing prac-
tice (GMP) guidelines. Although there are numerous academic and clinical centers 
across the United States and Europe with GMP compliance, insufficient GMP guide-
lines are available for the mass-scale production of cell-free secretomes. Likewise, 
there is the need to develop standardized protocols for the uniform production of 
stem cell CM.
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4  Myoblasts provide safe and effective  
treatments for hereditary muscular dystrophies, 
cardiomyopathies, type 2 diabetes, solid tumors, 
and aging

Abstract: In the 500 million years of vertebrate evolution, the skeletal muscle, being 
externally located in the body, has developed specific characteristics for frontline 
defense against predation, including diseases. Myoblast implantation is a unique, 
patented technology of muscle regeneration having been tested in phase III clinical 
trials of muscular dystrophy and ischemic cardiomyopathy, phase II trial of cancer, 
and phase I trial of type 2 diabetes. Differentiated and committed, myoblasts are not 
stem cells. They fuse spontaneously and develop to form “new” myofibers, replenish-
ing skeletal myofibers in muscular dystrophy. They develop to become cardiomyo-
cytes in the infracted myocardium. They also fuse with degenerative myofibers of 
muscular dystrophy or type 2 diabetes, transferring their nuclei containing the normal 
human genome to provide stable, long-term expression of the missing gene products. 
When billions of myoblasts are injected into a solid tumor, membrane breakage prior 
to cell fusion releases high concentration of tumor necrosis factor-α to inhibit cancer 
growth and metastasis by inducing apoptosis and cell cycle arrest of cancer cells. 
Newly formed myotubes use up most of the nutrients and oxygen within the tumor 
and starve the cancer cells. They wrap around cancer cells and prevent them from 
metastasis. Furthermore, myoblast allograft generates antibodies and triggers local-
ized immune attack on the cancer cells nearby. Myoblasts, because of their small size, 
spindle shape, and resilience, grow readily within wrinkles and on skin surfaces, 
thus enhancing the color, luster, and texture of the skin “plated” with them. They 
can be injected subcutaneously as a cellular filler to reduce wrinkles. Intramuscular 
injection of myoblasts can augment the size, shape, consistency, tone, and strength 
of muscle groups, improving the lines, contours, and vitality from the sculpture for 
a youthful appearance. This highly promising technology has great social economic 
values in treating hereditary, fatal, and debilitating disease conditions.

Key Words: Human gene therapy, Somatic cell therapy, Myoblasts, Muscular dystro-
phies, Heart failure, Ischemic cardiomyopathy, Type 2 diabetes, Cancer, Anti-aging, 
Cosmetology, Muscle regeneration.
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4.1 Introduction

Grandstands over the Human Genome Project (HGP) [1–6] and somatic gene therapies 
[7–12] in the last two decades fueled enthusiasm that most human diseases will even-
tually be cured with molecular medicine [13, 14]. The global market for gene therapy is 
forecasted to reach US$794 million by 2017 and will grow further as driven by the HGP 
and the increasing incidence of cancer and other critical diseases [15].

In face of debilitation and death of patients without effective remedy, the Food 
and Drug Administration (FDA), European Medicine Agency, and State Food & Drug 
Administration have been under pressure since 1990 to approve the initiation of 
various gene therapy clinical trials. The US National Institutes of Health registers 
3253 gene therapy studies worldwide, enrolling tens of thousands of subjects, mostly 
dying of incurable diseases such as cancer, autoimmune diseases (autoimmune defi-
ciency syndrome), and viral infections.

Despite huge efforts and expenses spanning nearly a generation of molecular 
genetics research, only four products have gained marketing authorization:

 – Gendicine®, authorized in China in 2003: Ad-p53 gene therapy for head and neck 
squamous cell carcinoma (HNSCC) [16].

 – Oncorine®, authorized in China in 2005: recombinant human adenovirus type 5 
injection for nasopharyngeal carcinoma combined with chemotherapy [17].

 – Glybera®, authorized in Holland in 2013: functional lipoprotein lipase (LPL) gene 
packaged in an adeno-associated virus, corrects a rare genetic deficiency of LPL, 
a protein that helps breakdown fats [18].

 – Eteplirsen® (EXONDYS 51), authorized in the United States in 2016: an antisense  
oligonucleotide as the unproven first drug to treat 13% of the Duchenne muscular 
dystrophy (DMD) population with exon 51 skipping [19]. 

All these products are based on single gene transduction. Together, they provide ther-
apies to less than 0.01% of the sick population.

4.2 Gene therapy in the United States

Until the approval of Exondys 51, the US FDA has not authorized any gene therapy 
product because it has not been convinced on the positive benefit/risk ratio of any 
gene therapy medicinal products. Whereas viral vectors are impregnated with risks 
[20–24], nonviral transduction efficiency using liposomes or nanoparticles is signifi-
cantly reduced. Typically, product development is slow because of numerous clinical 
failures, high compliance standards, and stringent regulatory surveillance.

The viral-related death of Jesse Gelsinger and participants of other trials in 1999 
[25] compelled the FDA to reevaluate gene therapy regulations, setting back the 
development of all gene therapy programs that were then regulated by the Center for 
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Biologics Evaluation and Research. One of these programs was the human genome 
therapy using myoblasts to treat X-linked DMD [19, 26, 27]. This Human Myoblast 
Genome Therapy (HMGT), also called Myoblast Transfer Therapy (MTT), had previ-
ously shown significant safety and efficacy to merit the FDA granting of fast-track 
on a multicenter phase III clinical trial and allowance to charge following annual 
reviews of progress for four consecutive years of phase II/III clinical trials [28]. HMGT/
MTT did not have any viral involvement and had previously demonstrated complete 
safety record.

4.3 What constitute genetic diseases?

Genetic diseases were formerly believed to have resulted from deoxyribonucleic acid 
(DNA) defect of a single locus with 100% heritability as exhibited in phenylketonu-
ria, sickle-cell anemia, adenosine deaminase (ADA) deficiency, and others. Although 
these monolocus genetic ailments constitute less than 2% of all human genetic dis-
eases and affect less than 1% of sick people, far more currently, incurable diseases are 
the result of multiple gene defects as in type 2 diabetes and/or haphazard interactions 
between multiple genes as in cancer.

With the advent of diagnostics using molecular genetics, we now consider 
genetic diseases as those that have a genetic component with or without 100% herit-
ability. Accordingly, the top killers of mankind – cancer, cardiovascular diseases, type 
2 diabetes, cystic fibrosis, and aging – fall within the definition of genetic diseases. 
Together, these fatal and debilitating diseases account for more than 80% of human 
death. Published reports indicated that the HMGT/MTT platform has applications to 
treating most, if not all, of these diseases, and it is the goal of this review to provide 
the essence.

4.4 Two kinds of gene therapies

Gene therapy encompasses interventions that involve deliberate alteration of the 
genetic material of living cells to prevent or to treat diseases [29]. This FDA definition 
places two major technologies into the field of gene therapy:

4.4.1 Single gene transduction

In September 1990, a clinical trial was initiated using retroviral-mediated transfer of 
the ADA gene into the T-cells of a 4-year-old girl with severe combined immunodefi-
ciency disorder [8]. Although integrated vector and ADA gene expression persisted, 
the subject had to take regular medication throughout the 2 years of gene treatment. It 
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was concluded that this single gene therapy was safe and effective in treating patients 
with this rare form of disease [11]. William French Anderson [30] of the National Insti-
tutes of Health made a claim of being the first person ever to succeed in gene therapy 
[11] and became widely acclaimed as the “Father of Gene Therapy” [31].

Central to this technology is the use of viruses as vectors to deliver normal copies 
of the faulty or missing gene into a particular cell type of a patient, hoping that the 
therapeutic gene will be expressed to produce a structural or regulatory protein, 
thereby alleviating the disease symptom(s) [21, 22]. Single gene transduction using 
adenoviral and retroviral vectors accounted for about one-third of gene therapy 
studies.

Retroviral vectors exhibit no toxicity. However, they integrate randomly into the 
host DNA of dividing cells and may cause mutation and cell death. Although they 
can house larger transgenes than adenoviruses and adeno-associated viruses, the 
capacity is less than 10 kb. They are unstable in primate complement and cannot be 
targeted to a specific cell type in vivo [24, 32].

Adeno-associated viruses and adenoviruses are widely used. They can accommo-
date a broad range of genetically modified genes. They are efficiently taken up by non-
dividing cells in vivo. They do not integrate into chromosomal DNA, thus reducing the 
risk of insertional mutagenesis, and are amenable to redirected tissue targeting [33].

All viruses can cause harm when they revert to wild-type and become replica-
tion competent [20, 34, 35]. Dose-dependent inflammation occurred after nasal [36] 
or lung [20] administration of the cystic fibrosis transmembrane conductance regula-
tor cDNA conjugated with adenoviral vectors. Viruses, even “fully deleted or helper 
dependent,” produce antigens. When exposed to the host immune system, through 
leakage, secretion, or cell damage, these antigens trigger immune reactions against 
the transduced cells. Jesse Gelsinger and many others were believed to have died as a 
result of a severe immune reaction to the adenovirus vector used [24, 31]. Certain viral 
elements are also toxic. These three inherent problems post almost insurmountable 
difficulties that prohibit the safe and efficacious clinical use of viral vectors except 
for terminal cases. To raise caution, the FDA has mandated viral vector validation of 
every batch to be used on humans. 

Nonviral approaches using lipofection, nanoparticles, and plasmids (naked ribo-
nucleic acid [RNA]) account for about 40% of gene therapy studies. Cationic lipo-
some/DNA complexes gain cellular entry via receptor-mediated endocytosis [37, 38]. 
Assuming that the transgene escapes digestion by lysozyme within endosomes, it has 
no built-in mechanism to get across the nuclear membrane and is therefore noninte-
grative. The minimal and transient expression of the transgene is the result of random 
targeting, integration, and regulation. Liposomes and nanoparticles have the advan-
tage of being nontoxic and can therefore be used in large quantities and repeatedly 
[20, 24], especially in large organs such as muscles [24, 38, 39].

Recombinant genes by themselves, plasmids or naked DNA, were shown to  
have been taken up and expressed in murine skeletal myofibers [40–42] and cardiac 
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myocytes [43] following intramuscular injections. Gene expression is insignificantly 
low despite different delivery conditions and methods [44]. This approach lacks basis 
and evidence of gene integration and regulation.

4.4.2 Single gene transduction deficiencies

There are numerous deficiencies associated with the use of the single gene transduc-
tion technology. Much of the hurdles that were present 18 years ago [12, 20, 21] remain 
unresolved today [18]. These are as follows:
a. In hereditary degenerative diseases, gene defects cause cells to degenerate and 

die with time. An effective treatment must not only repair degenerating cells but 
also replace dead cells with live ones. Single gene transduction cannot replenish 
live cells. There is very limited evidence that it repairs degenerating cells. The 
technology appears at best applicable to rare diseases involving single regulatory 
protein deficit but not to diseases involving cell death because it has no provision 
to replenish live cells.

b. Single gene transduction cannot repair multiple gene defects such as in type 2 
diabetes, cancers, and hereditary cardiomyopathies.

c. Viral vectors have limited capacity to accommodate large DNA fragments such 
as the dystrophin gene, whose anomaly is responsible for Duchenne and Becker 
muscular dystrophies.

d. Gene expression lasts usually for less than a month and therefore is incapable 
to treat genetic diseases like cystic fibrosis that need a continual supply of the 
therapeutic protein throughout the patient’s lifetime.

e. The host immune system often mounts a severe reaction against foreign anti-
gens originating from viral vectors, transcriptional regulatory sequences, and 
transgene products. This is a significant safety issue. Every infected cell is a 
potential target for immune assault. 

f. Plasmids are often digested by lysozymes and rendered ineffective. There are no 
built-in mechanisms for gene integration, regulation, and expression. 

g. For a gene therapy to be effective and efficient, transgene expression requires 
precise targeting into a specific cell type, integration onto a specific site on a spe-
cific chromosome, and regulation by factors that are the products of other genes. 
This chain of events involves numerous cofactors, many of which are produced 
transiently during embryonic development but not in adulthood. This is where 
the approach of single gene transduction is conceptually inadequate because it 
cannot provide these cofactors. In complex systems, one hardly knows what they 
are. Only transfer of the whole normal genome can allow the orderly provision of 
these cofactors necessary for the transgene expression [23]. 

h. In diseases such as DMD or cystic fibrosis, secondary degenerative changes often 
accompany the primary protein deficit. Additional structural and/or regulatory 
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protein(s) are lost. Even if single gene transduction replaces the primary protein 
deficit, transduced cells still degenerate because of the secondary changes. 
These latter proteins can only be replaced by retranscribing the complete normal 
genome inserted [23]. 

4.4.3 How does single gene transduction fare?

Without resolving the previously mentioned inherent deficiencies, and considering 
its high risk/benefit ratio for the patients, this kind of gene therapy should only be 
reserved for terminal cases. It is erroneous to believe that gene therapy is at hand with 
the discovery of the human genome sequence. Too many people have died believing 
that the shots of genes into their blood stream would cure them. A revisit of the basics 
may help.

The cell is the origin of all life. Contained within its nucleus are close to 30,000 
genes that determine cell normality and cell characteristics. The genes are composed 
of DNAs that are spatially and temporally switched on and off during development 
to produce more than 100,000 different transcripts of RNA. The transcriptional 
events occur inside the nucleus and require the nuclear matrix and/or the chromatin 
to operate efficiently. These regulatory events are poorly understood but invariably 
involve polygenic interactions. 

Whereas the basic sequence of the human genome has been determined, exactly 
how the genome functions will take many decades of further research. Scientists do 
not know the spatial and temporal interactions of the RNA transcripts within the cell 
nucleus and know little of their modes of action. Numerous methods have yet to be 
developed to determine the diverse functions of some 30,000 genes, and more tech-
niques have to be refined to effect gene regulation and expression. It is through this 
knowledge that molecular genetics may one day provide rational approaches to gene 
therapy.

Today, analyses of DNA/RNA variations and gene expression are used mainly in 
diagnostics, while gene therapy success through single gene transduction has been 
rare. With genetic diagnostics, physicians may identify their patients’ genetic predispo-
sitions earlier and help patients take steps to minimize damages. Genetic information 
can also be used by pharmaceutical and biotech companies to develop therapeutics.

4.5 Human genome therapy

An alternative perspective is that a genetically abnormal cell degenerates due to the 
lack of the normal genome. In hereditary degenerative diseases such as muscular 
dystrophies, hereditary cardiomyopathies, and type 2 diabetes, the much-needed 
normal genome can be incorporated into the genetically abnormal myofibers. This 
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is achieved by taking a muscle biopsy from a normal donor; isolating and proliferat-
ing in culture the regenerative satellite cells, now called “myoblasts” as they are in 
culture; and injecting the normal myoblasts into the genetically abnormal muscles 
[23, 27]. This cell transplant procedure is called Myoblast Transfer Therapy or Human 
Myoblast Genome Therapy. 

4.5.1 Myoblasts are not stem cells

Ever since the original description of satellite cells by Alexander Mauro in 1961 [45], 
muscle development [46] and regeneration [47] had been vigorously studied, and the 
term “myoblasts” has been universally accepted as the most primitively differentiated 
cells committed to the myogenic lineage. The uses of the terms “muscle progenitors,” 
“muscle stem cells,” and “MyoCells” are reinventing the wheel in nomenclature. 
These latter cells do not differ significantly in structure, function, and their intended 
purposes from the isolated and cultured myoblasts. For practical purposes, usage 
with these cells is considered as with myoblasts. 

By definition, stem cells exhibit pluripotency, having the potential to differentiate 
into different cell types at one time. Calling muscle stem cells as monopotent stem 
cells is erroneous because stem cells are never monopotent. Myoblasts are not stem 
cells and can only develop to become muscle, be it striated, cardiac, or smooth. Differ-
entiation and development are different concepts in cell biology. Misunderstanding 
of these concepts may lead to different outcomes as to how a particular cell therapy 
will be regulated, a differentiated somatic cell therapy versus a stem cell therapy. 

Through natural cell fusion, which is inherent in myogenesis [46] and muscle 
regeneration [47], donor myoblasts insert their nuclei that contain full complements 
of normal genes into the genetically abnormal myofibers, forming multinucleated 
heterokaryons. The donor nuclei integrate spontaneously and transcribe the missing 
RNA(s) to effect genetic complementation repair [48].

Only transfer of the normal nuclei, carrying the genomic software and the chro-
mosomal hardware, will allow the orderly provision of various cofactors necessary for 
the regulation and the expression of the transgenes [23].

Natural transcription of the normal genome within the donor nuclei following 
HMGT/MTT ensures orderly replacement of any protein deficiency resulting from 
single gene defects or from haphazard polygenic interactions, much of which is 
unknown. This differs significantly from single gene transduction, effected through 
viral or nonviral vectors, in that the transgene may find no transcriptional factors/
cofactors in the adult environment for its regulation and expression. Many of these 
cofactors are the products of other genes that are operative only in early development.

HMGT/MTT is a platform technology of cell transplantation, nuclear transfer, 
gene therapy, and tissue engineering. It is the only human genome therapy in exist-
ence and will remain so until another modality is discovered to deliver the human 
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genome into the defective cells of a genetically ill patient. Myoblast is the only 
somatic cell type that has the ability of natural cell fusion. HMGT/MTT is uniquely 
suited to treat hereditary muscle degeneration and weakness through nuclear trans-
fer or genome transfer. Myoblasts cultured from muscle biopsy survive, develop, 
and function, after transplantation in animal studies and clinical trials, to revitalize 
degenerative organs in patients with heart failure, ischemic cardiomyopathy, type 
2 diabetes, muscular dystrophies, aging dysfunction, and disfigurement. When 
donor myoblasts fuse among themselves after HMGT/MTT, they form new muscle 
fibers to repopulate the degenerative organ, depositing contractile filaments to 
augment its function. Thus, as a cell therapy, HMGT/MTT applies not only to all 
forms of skeletal muscle degeneration but also to heart muscle degeneration, body-
building, antiaging, and soft tissue augmentation [22]. HMGT/MTT replenishes live 
cells through cell therapy and genetically repairs degenerating myofibers through 
genome therapy.

4.5.2 World’s first human gene therapy

First conducted in February 1990 and published on July 14, 1990, HMGT/MTT truly 
is the world’s first human gene therapy [48]. Through natural cell fusion, which is 
inherent in myogenesis and muscle regeneration, donor myoblasts insert full comple-
ments of normal genes into DMD dystrophic muscle cells to produce dystrophin, a 
structural protein that is not produced in DMD muscles due to the genetic defect. The 
transfer of genetic material and information occurs in vivo, with the myoblasts serving 
as the source and the vehicle of gene transfer.

This first case suggests that HMGT/MTT offers a safe and effective means to 
replenish biochemical deficit(s) in muscles of hereditary diseases [48]. The report 
stated that “it does not matter which gene is abnormal and which protein is missing, 
MTT has potential application for many hereditary muscle diseases.” If so, one would 
expect that MTT could replenish the structural and regulatory protein deficits in type 
2 diabetes via improvement of genetic transcriptional pathways, as described later in 
this article. Indeed, HMGT/MTT alters 50 gene expression profiles, mostly upregula-
tion of insulin signaling pathway and mitochondrial biogenesis and function in skele-
tal muscles of diabetic KK Cg-Ay/J mice [49, 50], and reduces blood glucose in diabetic 
mice [50] and type 2 diabetes patients [51].

4.5.3 HMGT/MTT corrects gene defects in DMD clinical trials

HMGT/MTT is the first genetic treatment to have produced any functional improve-
ment in humans, through incorporation of normal genes into genetically defective 
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cells and through incorporation of genetically normal cells into the genetically 
abnormal organs [19, 25, 48, 50–55]. It provides stable foreign gene expression and 
its effect is long-lasting [56]. Many DMD subjects treated 16 to 20 years ago in the  
Cell Therapy Research Foundation are still alive; some are now in their 30s and 40s 
(Fig. 4.5.1). 

Allograft immunogenicity is minimal, as demonstrated in clinical trials with 280 
patients having muscular dystrophies [23] and two patients with ischemic cardiomyo-
pathy [57]. Donor myoblasts fused among themselves or with host myofibers within  
2 weeks, losing their MHC-1 surface antigens in the fusion process [57].

Daily use of cyclosporine (Cy) at 5 to 7 mg/kg body weight for no more than  
1 month was all that was necessary to prevent allograft rejection [58]. This is highly sig-
nificant for treating genetic diseases such as muscular dystrophies and type 2 diabe-
tes, where allografts are a must, and for genetically predisposed heart failure, where  
allografts necessitate only 3 weeks of immunosuppressant.
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Torrence 27 Toronto Nicholas 32 London Nolan 29 Toronto

Fig. 4.5.1: Myoblast transfer therapy extended the lifespan of six DMD patients, among others, up 
to 42 years of age when some of their DMD uncles died at the age of 18 to 20. For the first time in 
human history has this been achieved and is being reported. It adds tremendous scientific values 
to the safety and efficacy of the therapy. These patients were treated 16 to 20 years ago in the Cell 
Therapy Research Foundation, United States. (Reproduced with permission from Law PK. Open 
Journal of Regenerative Medicine 2016; 5: 25–43. ©Scientific Research Publishing.)
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The results demonstrated dystrophin restoration, improved histopathology, 
reduced muscle enzyme leakage, increased maximum contractile force of volun-
tary muscles, improved pulmonary function, and clinical benefits in motor control, 
posture, balance, walking, and breathing. These improvements are the basis of 
improving the quality of life and extending the lifespan of DMD subjects. There was 
no evidence of serious, permanent adverse reaction [59].

The safety and efficacy of HMGT/MTT were published before the human genome 
was sequenced. The development of HMGT/MTT is completely independent of the 
HGP, which has yet to perform its treatment claims. It appears that in treating genetic 
diseases with muscle defects, HMGT/MTT completely bypassed the necessity of the 
HGP and Single Gene Transduction. HMGT/MTT is an independent development in 
biomedical technology. 

4.5.4 HMGT/MTT versus Exondys 51

On September 19, 2016, the US FDA approved Exondys 51, developed by Sarepta Thera-
peutics, as the first DMD drug. FDA approved Exondys 51 on fast track, priority review, 
and orphan drug designation. The FDA News Release on the same day documented 
that, “A clinical benefit of Exondys 51, including improved motor function, has not 
been established” and that “The most common side effects reported by participants 
taking Exondys 51 in the clinical trials were balance disorder and vomiting” [60]. On 
the same day, the Associated Press called Exondys 51 “the largely unproven medica-
tion” [61]. Tabs. 4.5.1, 4.5.2, and 4.5.3 show a comparison of proven and published 
results between Exondys 51 and MTT.

Tab. 4.5.1: Efficacy comparison between MTT and Exondys 51.

MTT Exondys 51

1. 100% dystrophin production 0.28% dystrophin m-RNA increase
2. 70% muscle fiber increase and histology 

improved
None

3. 123% strength increase in 18 months None
4. 48.7% decrease in serum CPK in 1 year None
5. 19 % increase in breathing capacity None
6. Physical capacity improved  None
7. Life prolonged None
8. For DMD, BMD, and other MDs For 13% DMD with Exon 51 skipping

BMD= Becker muscular dystrophy; CPK: phosphocreatine kinase; DMD= Duchenne muscular 
dystrophy; MD= muscular dystrophy.
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Tab. 4.5.2: Safety comparison between MTT and Exondys 51.

MTT Exondys 51

280 cases published 8 cases + 4 untreated controls, unpublished
100% safe Balance disorder/vomiting

MTT= Myoblast Transfer Therapy.

Tab. 4.5.3: Logistic comparison between MTT and Exondys 51.

MTT Exondys 51

One-time intramuscular injection Daily intravenous injection
Lifelong benefits No clinical benefit
US$150,000 total, FDA approved US$300,000 and above per year

FDA= Food and Drug Administration; MTT= Myoblast Transfer Therapy.

FDA exercised a different standard when approving Exondys 51. The arbitrary and 
capricious behavior, the lack of due process, and the abuse of entrusted authority 
exhibited by FDA operations constitute a crime against humanity [19].

4.5.5 HMGT/MTT in heart disease clinical trials

Heart muscle degeneration is the leading cause of debilitation and death in humans. 
Atherosclerosis, ischemic cardiomyopathy, and heart failure are genetic predisposed 
[62, 63]. These are multifactorial and polygenic diseases with significant polymor-
phism. It will be an insurmountable task to identify the various gene defects and to 
design molecular gene therapies toward treatment, not to mention that such designs 
do not replenish myocardial cells that had degenerated previously, without which the 
damaged myocardium cannot regain its function.

Cardiomyocytes do not multiply significantly because the human telomeric 
DNA repeats in these terminally differentiated cells are minimal. Without significant 
mitotic activity, surviving cardiomyocytes cannot provide enough new cells to gener-
ate the contractile filaments necessary to sustain normal heart contractility.

Through endomyocardial injections of cultured skeletal myoblasts, three mecha-
nisms of myogenesis were elucidated [64, 65] as proof-of-concept with 50 human/
porcine xenografts using Cy as immunosuppressant [57, 58]. Some myoblasts  
developed to become cardiomyocytes. Others transferred their nuclei into host cardio-
myocytes through natural cell fusion. As yet others formed skeletal myofibers with sat-
ellite cells. De novo production of contractile filaments augmented heart contractility.  
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This latter can be translated into the improvement in the quality of life of heart failure 
and in the prevention of heart attacks [64, 65].

There was a transient elevation of the porcine antihuman-myoblast antibodies at 
1 week after the xenograft [58]. The antibody level subsided at the second week after 
HMGT/MTT, indicating that no more than 2 weeks of Cy immunosuppression would 
be necessary for human/pig xenografts or for human allografts.

When compared with a heart transplant, myoblast allograft eliminates the use 
of lifelong immune suppressants, which is the major cause of infection and death of 
heart transplant patients. Myoblast transplant, either autograft or allograft, is much 
less invasive, and tissue availability is not an issue. At a fraction of the cost of a heart 
transplant, it also promises a reduction in health costs.

To date, approximately 300 subjects with chronic myocardial infarction have 
received essentially autologous myoblasts via catheter delivery or epicardial injection 
following coronary artery bypass grafting (CABG). Conclusions drawn from phase I, 
phase II, and early phase III clinical trials from multiple centers over 15 countries 
[66–83] were as follows:
1) Myoblast implantation with catheter or surgery following CABG is feasible, safe, 

and efficacious.
2) It improves left ventricular ejection fraction (LVEF), perfusion, viability, kinesis, 

ventricular wall thickness, diastolic stiffness and stroke volume of the infarcted 
myocardium, and 6-minute walk distance.

3) It regenerates the scarred myocardium in ischemic cardiomyopathy.
4) It offers a potential treatment for end-stage heart disease.

The 35% to 45% relative increases in LVEF at 1 year after HMGT/MTT reported inde-
pendently by several teams [66–83] are highly significant. This has never been 
achieved with any pharmaceutic or therapeutic modality in the treatment of ischemic 
cardiomyopathy and heart failure. Such significant increases in LVEF would most 
likely improve the quality of life and extend the lifespan of the patients. Undoubt-
edly, HMGT/MTT is the most promising treatments for heart diseases in the horizon 
[74, 76]. 

Animal experimental data have culminated that vascular endothelial growth 
factor 165 (VEGF165)-myoblasts, when injected intramyocardially, are potential 
therapeutic transgene vehicles for concomitant angiogenesis and myogenesis to 
treat heart failure and ischemic cardiomyopathy [38, 39, 84–89]. Therapeutic angio-
myogenesis has potential application to a host of fatal and debilitating diseases and 
conditions. A nonviral vector gene delivery approach provides a safer alternative to 
overcome the untoward effects of viral vectors (Tab. 4.5.4). In anticipation of its tran-
sitional application into clinical trials in the near future, we envision that nonviral 
transduced VEGF165-myoblasts will provide better outcome than their nontrans-
duced counterparts.
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Tab. 4.5.4: Human VEGF delivery using adenovirus, nanoparticles, and liposome.

Ad-VEGF165-myoblasts PEI-VEGF165-myoblasts CD-VEGF165-myoblasts

Gene delivery efficiency 95% 11% 8%
Peak VEGF 37 ng/ml on 8th day 20.2 ng/ml on 2nd day 13.1 ng/ml on 2nd day
Decrease in VEGF levels 20 ng/ml on 30th day 47 ng/ml on 18th day 41.7 ng/ml on 18th day

2.78 + 0.2 ng/ml VEGF protein efficiently stimulated neovascularization [90]. VEGF= vascular 
endothelial growth factor.

4.5.6 Autonomous cell injection catheter

The operation of existing catheters used for cell delivery into the infarct boundary 
zones of the left ventricle is far from optimal. Injection catheters available are hand-
held devices operated manually through an inner needle and a distal electrode having 
tip deflection and torque capabilities. Despite a hefty learning curve, interventionists 
often encounter difficulties in catheter stabilization and infarct detection, resulting 
in lengthy operation times and nonprecise injections. A design incorporating robotic 
positional control, feedback signals/images, and an adaptable algorithmic sequence 
for automation to overcome these problems was examined. The design provides the 
basis for the construction of a remote cell injection catheter with moments of auton-
omy to assist the physician to deliver more efficient cell transfer catheterizations [91]. 

Remote and robotically actuated catheters are the stepping stones toward auton-
omous catheters, where complex intravascular procedures can be performed with 
minimal interference from the physician. A concept for the positional, feedforward 
control of a robotically actuated intramyocardial cell injection catheter was proposed 
and tested. The prototype for the catheter system was built upon a needle-based catheter 
with a single degree of deflection, a three-dimensional printed handle combined with 
stepper motors, and the Arduino microcontroller platform. A bench set-up was used to 
mimic a left ventricle operation starting from the femoral artery for the injection of com-
mitted myogenic cells or undifferentiated stem cells into a myocardial infarct boundary. 
Using Matlab and an open source video modeling tool, Tracker, the planar coordinates 
(y, z) of the catheter position were analyzed and a feedforward control system was 
developed based on empirical models. Using the Student’s t-test with a sample size of 
26, it was determined that for both the y- and z-axis, the mean discrepancy between the 
calibrated and theoretical coordinate values had no significant difference compared 
to the hypothetical value of µ = 0. This proof-of-concept investigation leads to the pos-
sibility of further developing a feedforward control system in vivo using catheters with 
omnidirectional deflection. Feedforward positional control allows for more flexibility 
in the design of an automated catheter system where problems such as systemic time 
delay may be a hindrance in instances requiring an immediate reaction [92].
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4.5.7 HMGT/MTT corrects gene defects in type 2 diabetes

4.5.7.1 Human study
Type 2 diabetes, also called non-insulin-dependent diabetes mellitus, can be traced 
to the genetic defects of the glucose transporter 4 (GLUT4) and the insulin-regulated  
aminopeptidase (IRAP) genomes [93–97]. Such a genetic defect is manifested in 
reduced GLUT4 storage vesicle (GSV) exocytosis and endocytosis trafficking, resulting 
in a significant reduction in uptake of blood glucose into muscle fibers and adipose 
tissue, where 75% of the body’s glucose metabolism normally occurs. In type 2 diabet-
ics, normal or even elevated levels of plasma insulin would not elicit normal glucose 
uptake and high blood sugar persists.

Previous studies demonstrated that the injected myoblasts fused spontaneously 
with host skeletal muscle fibers, transferring their nuclei that carried the complete 
normal human genome to replenish normal copies of all aberrant genes, presumably 
in type 2 diabetes, just as it replenished the dystrophin gene in DMD or Becker mus-
cular dystrophy to achieve genetic complementation repair [23, 27]. Other genetically 
normal donor myoblasts fuse among themselves to form 70% more new myofibers 
that undoubtedly exhibit normal GLUT-4/IRAP and GSV activities. The two proven 
mechanisms of HMGT/MTT from the muscular dystrophy studies led us to formulate 
a feasibility/safety study in two type 2 diabetes human subjects in year 2004 with 
Institutional Review Board approval [51].

Human myoblasts were manufactured according to in-house standard operation 
procedures. Cell production was in compliance with current Good Manufacturing Prac-
tices and International Organization for Standardization 9001 standards. About 2 g of 
muscle biopsy was isolated under local anesthesia from a 20-year-old, pathogen-free, 
male volunteer after he had met muscle donor criteria. Initial dissociation isolated 
approximately 10,000 satellite cells that constituted the primary culture for myoblasts.

The culture yielded 47.4 × 109 myoblasts that were 100% pure by positive desmin 
immunostain and 92.8% viable according to vital dye exclusion tests. The cells were 
potent in myogenicity in that numerous myotubes were observed within 4 days in a 
fusion medium. Throughout the culture and for the final injectates, the myoblasts 
were free of endotoxin (<1.0 EU/ml) and mycoplasma and were negative for sterility 
(14-day test) and gram stain (absence of gram-positive or -negative bacteria) accord-
ing to certified laboratory analyses.

Patient 1 was 42 years old, was 157 cm tall, and weighed 68 kg. Patient 2 was 36 years 
old, was 158 cm tall, and also weighed 68 kg. The patients showed about 2-year-history of 
type 2 diabetes and hypertension but were otherwise normal in heart, lung, kidney, and 
liver function without obesity. The laboratory report revealed that test results for syphilis, 
hepatitis B surface antigens, and antibodies to HIV and hepatitis C virus to be negative.

Both patients had previously been enrolled as clinical trial subjects after quali-
fying for inclusion/exclusion criteria and signing patients’ informed consents with 
institutional approval. The subjects took two oral doses of Cy totaling 5–7 mg/kg body 
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weight per day, beginning 2 days before grafting, were weaned at half-dosage in the 
last 2 weeks, and were off Cy at 8 weeks after grafting.

The whole blood trough level of Cy was monitored every 2 weeks. Doses were 
adjusted in an attempt to maintain the level at about 250 ng/ml.

Myoblasts were harvested and processed under biological safety cabinets (Class 
100) inside a cleanroom. Having been washed thoroughly, they were suspended in the 
injection medium. Quality assurance/quality control processes ensued, and the final 
quality control release test forms were issued for each of the two subjects. The myo-
blasts were then carried in syringes within sterile enclosures into two surgical suites 
for simultaneous implantation into both subjects. These were the world’s first cases 
of allogeneic myoblasts being injected into type 2 diabetes patients.

The patients received 132 injections each and 24/23.4 billion myoblasts, respec-
tively. The 2-hour procedure was performed with the patients under general anes-
thesia. Cells were injected at 50 × 106/ml and the injections were made under direct 
vision into 54 major muscle groups of each subject. The patients were transferred to 
the intensive care unit, where they recovered from the anesthesia and routine moni-
tors were administered. The subjects recovered from the general anesthesia without 
rash or fever, and both patients were discharged at 48 hours postoperatively.

Most pertinent to the specific goal of this study was that despite Cy discontinu-
ation at 2 months postoperatively, no sign of rejection was observed. Cy is known to 
increase plasma glucose. The patients appeared to have good general health before 
and after MTT. Plasma glucose and insulin levels did not show significant difference 
before versus after 24-billion HMGT.

This was a feasibility and safety study and was not designed to test efficacy. This pio-
neering feasibility/safety study of myoblast allografts into the skeletal muscles of type 2 
diabetes patients led the way in developing a genetic treatment for the disease [51]. The 
subjects were weaned off Cy. The procedure was shown to be safe for both subjects.

A potential genetic treatment of the disease involves HMGT/MTT similar to the 
50-billion myoblast protocol used to treat muscular dystrophy. It consists of culturing 
genetically normal, immature muscle cells called myoblasts, derived originally from a 2 g 
skeletal muscle biopsy from a healthy, young, male donor free of blood-borne pathogens, 
and injecting these allogeneic myoblasts with host serum at approximately 108 cells/ml 
into 80 major muscles of a diabetic patient. A distinct improvement in the technology will 
be the use of host serum as the carrier solution that enhances the survival and develop-
ment of the myoblast allograft. Cy will be used for 2 to 3 weeks as an immunosuppressant.

4.5.7.2 Animal studies
Mice with muscle-specific Glut-4 knockout were insulin resistant and glucose intoler-
ant from an early age [96–98]. Muscle-specific LKB1 (a serine/threonine kinase that is 
a negative regulator of insulin sensitivity) knock-out increased insulin sensitivity and 
improved glucose homeostasis [99]. These studies indicated that defects in skeletal 
muscle insulin-stimulated glucose transport were key factors in insulin resistance 
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and type 2 diabetes mellitus [100]. Ye et al. demonstrated that HMGT/MTT attenuated 
hyperglycaemia and hyperinsulinemia and improved glucose tolerance in a mouse 
model (KK) of type 2 diabetes mellitus [49] as follows.

KK Cg-Ay/J mice, aged 12–14 weeks, after an initial intraperitoneal glucose tol-
erance test (GTT) were divided into three groups: KK control group receiving basal 
medium (M199); KK myoblast group receiving 3 × 107 human myoblasts; and KK fibro-
blast group receiving 3 × 107 human fibroblasts. Nondiabetic C57BL mice were used as 
an additional normal control and also had HMGT/MTT. All animals were treated with 
Cy for 6 weeks.

Immunohistochemistry studies at 12 weeks showed extensive integration of 
human myoblast nuclei into mouse muscle fibers. Repeat GTT showed a significant 
decrease in glucose concentrations in the KK myoblast group compared to the KK 
control and KK fibroblast groups. The KK myoblast group also had reduced mean 
HbA1c, cholesterol, insulin, and triacylglycerol and increased adiponectin compared 
with the KK control and KK fibroblast groups. C57BL mice showed no change in 
glucose homeostasis after HMGT/MTT.

Ma et al. demonstrated for the first time that HMGT/MTT resulted in a change in 
gene transcripts in multiple [50] genes involved in the insulin signaling pathway and in 
the mitochondrial biogenesis and function of the skeletal muscles of KK mice. Methods 
of human myoblast implantation and immunosuppression follow that of Ye et al. [49]. 
Hind limb muscles were harvested and used for study of gene expression profiling.

As in Ye et al. [49], extensive integration of donor myoblast nuclei into host 
muscle fibers was demonstrated at 12 weeks after HMGT/MTT. GTT showed a signifi-
cant decrease in blood glucose in the mice of KK myoblast group compared to the 
KK control and fibroblast groups. Transcriptional patterns of 23 genes in the insulin 
signaling pathway showed an upregulation and a downregulation in the KK myoblast 
group as with the KK control group, the KK fibroblast group, and the C57BL group. 
In addition, the transcriptional patterns of 27 genes in mitochondrial biogenesis 
and function also demonstrated alterations in the KK myoblast group as compared 
with the KK control group, the KK fibroblast group, and the C57BL group. These up- 
regulation and down-regulation in transcriptional pattern levels of the 50 genes after 
HMGT/MTT represent genetic repair toward attenuating hyperglycaemia and hyper-
insulinemia and improving glucose tolerance in the mouse model (KK) of type 2 dia-
betes mellitus [50]. 

For the first time, at least in the mouse, type 2 diabetes was shown to be a poly-
genic disease involving at least 50 gene defects.

Undoubtedly, these studies [49–51] provide strong evidence that HMGT/
MTT mediates its beneficial effects through myoblast fusion, not only adding new 
normal myofibers but also replenishing normal copies of the abnormal genes upon 
nuclear transfer to effect genetic repair of the dystrophic [23, 48, 52–56], cardiomyo-
pathic [38–40, 57–59, 63–89], or diabetic myofibers [49–51]. Together, they demon-
strated the proof-of-concept of HMGT/MTT in developing as a cell therapy and as a  
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gene therapy for hereditary muscle diseases such as muscular dystrophies, hereditary  
cardiomyopathies, type 2 diabetes, and others [25, 27, 59].

4.5.8  Myoblast implantation inhibits metastasis and tumor growth and induces 
cancer apoptosis

Cumulated results from coculture studies, animal experimentation, and clinical trial 
provided confirmatory evidence to indicate that myoblasts and developing myotubes, 
either singly or in combination, were potent biologics that inhibited metastasis and 
tumor growth and induced cancer cell apoptosis (Fig. 4.5.2a, b) [101].

(a) (b)

(c) (d)

Fig. 4.5.2: Histologic section taken from a shrunken gastrointestinal tumor from the back of a nude 
mouse at 19 days after intratumor implantation of 12 × 106 myoblasts human myoblasts.  
(a, b) presence of spindle-shaped myoblasts and myotubes amidst round tumor cells in the  
myoblast-treated tumor, with deaths of cancer cells and nonvascularized myotubes appearing 
as empty space or vacuoles in the tumor sections. (c) Section of the control tumor compact with 
cancer cells. Microscope magnification for (a), (b), and (c) is ×200. H&E stain. (d) Myoblasts stained 
brownish with human desmin immunocytochemistry were observed wrapping around the round 
cancer cells in sections of the myoblast-treated tumors but not in sections of the control tumor. 
Microscope magnification for (d) is ×400. (Reproduced with permission from Law et al. Open Journal 
of Regenerative Medicine 2017; 6: 1–16. © Scientific Research Publishing.)
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Direct injection of allogeneic (or even autologous) human myoblasts at 100 million 
per milliliter of host serum into the solid tumor without immunosuppressant was pre-
ferred, although myoblast concentration might vary from 75 to 250 million per milliliter. 

Exposing the allogeneic myoblasts to 100% host serum primed the myoblasts for 
proliferation. Implantation of this mixture into the tumor constituted serum restric-
tion, a condition that terminated mitosis and induced cell fusion to occur. 

Myoblasts’ unique characteristic shared only with cardiac and smooth muscle 
cells was natural cell fusion, through which myoblasts, at the end of their mitotic 
cycle, underwent cell membrane breakage, releasing large but natural quantity 
of cancer-killing tumor necrosis factor-a (TNF-α) and possibly other TNFs into the 
microenvironment. The second phase of cell fusion was accomplished by massive 
sarcolemma formation, enclosing 200 to 500 myoblast nuclei into one myotube. 
Competition for nutrients and oxygen against cancer cells within the tightly encap-
sulated tumor was fierce, resulting in death of cancer and myogenic cells. Each of 
the myotube had to be vascularized and innervated to survive, failing which the myo-
tubes would disappear, leaving vacuoles and empty spaces within shrunken tumors 
(Fig. 4.5.2a, b) as compared to control (Fig. 4.5.2c). Furthermore, allogeneic myoblast 
implantation triggered inflammation and local immune response, killing myoblasts 
and cancer cells indiscriminately. Cancer cells also became nonmetastatic as being 
“wrapped” with myoblasts immuno-stained brownish with desmin (Fig. 4.5.2d) [101]. 
Stolting et al. previously reported that myoblasts inhibited prostate cancer growth by 
paracrine secretion of tumor necrosis factor [102].

We postulate four mechanisms of cancer apoptosis: a) myoblasts releasing 
TNF-α (Fig. 4.5.3a); b) deprivation of nutrients and oxygen (Fig. 4.5.3b); c) local 
inflammatory and immunologic attacks (Fig. 4.5.3c); and d) prevention from metas-
tasis (Fig. 4.5.2d). These basic and clinical studies demonstrated the preliminary 
safety and efficacy of intratumor myoblast implantation in the development of pre-
vention and treatment for cancer, now the number one disease killer of mankind.

This is the first report to have documented plausible mechanisms and the use 
of precision implantation of intratumor myoblast implantation to treat solid tumors 
in cancer patients. The safety and efficacy that it demonstrated, though prelimi-
nary, lead the way to developing a potential new treatment for cancer (Fig. 4.5.4). 
Lacking graft-versus-host damage, myoblasts and developing myotubes are safe bio-
logics. Obviously, the benefit/risk ratio will favor well-designed clinical trials to be  
conducted at their earliest, including randomized, double-blind studies.

4.5.9 Anti-aging aesthetica

Beauty is a physical attribute that often enhances one’s self-confidence, career, and 
quality of life. The physical parameters of appearance are size, shape, tone, color, 
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(a) (b)

(c)

Fig. 4.5.3: Initially, three mechanisms were considered to be responsible for the inhibition of cancer 
cell proliferation and cancer cell apoptosis: (a) tumor necrosis factor-α (TNF-α) released following 
cell membrane breakage during myoblast mitosis and cell fusion killed cancer cells; (b) dividing 
myoblasts and newly developed myotubes competed successfully and had taken away most, if not 
all, of the nutrients and oxygen inside the tumor from the cancer cells; and (c) injection trauma of 
allogeneic myoblasts mounted local inflammatory and immunologic attacks on both myoblasts and 
cancer cells. (Reproduced with permission from Law et al. Open Journal of Regenerative Medicine 
2017; 6:1–16. ©Scientific Research Publishing.)

luster, texture, consistency, and density. These parameters deteriorate in every organ 
according to the genetically programmed degeneration of aging. Current technolo-
gies favor using live cells to enhance these parameters of appearance. The patented 
HMGT/MTT is at the forefront of regenerative medicine today (Tab. 4.5.5) [103–107].

4.5.10 Skin cover

The polygonal skin fibroblasts are about 15 times the size of the myoblasts and 
produce a rough body cover. Cancers are common in skin but rare in muscle. Myo-
blasts, because of their small size, spindle shape, and resilience, can grow within 
wrinkles and on skin surfaces, thus enhancing the color, luster, and texture of 
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(a) (b)

(c) (d)

(e) (f)

Fig. 4.5.4: Magnetic resonance imaging of liver cancer showing the size and density of the upper 
tumor (arrow) before myoblast implantation (a) and at (b) 1 month, (c) 2.5 months, and (d) 7 months 
after implantation. Whereas (e) the noninjected control lower tumor (arrow) in the same liver 
increased in size in 2 months (f), the myoblast-injected T1 showed a significant decrease in size 
and density with time, indicating that the myoblasts and myotubes interrupted cancer proliferation 
and induced cancer apoptosis. (Reproduced with permission from Law et al. Open Journal of 
Regenerative Medicine 2017; 6:1–16. ©Scientific Research Publishing.)

Tab. 4.5.5: Current materials in cosmetology.

Myoblasts Long-lasting sculpture with live tone
Fibroblasts Short-lived; easily tumorigenic
Silicone Bio-non-compatible; leaky; turmorigenic
Saline No live feeling; leaky
Collagen Absorbed within 3 to 6 months
Botox Damage neuromuscular transmission; diminishes facial expression
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the skin “plated” with them [27]. Biologic creams are formulated to promote cell  
survival, growth, and development to enhance the color, luster, density, and texture 
of the skin. Thus, a new layer of biological skin consisting of pure myoblasts can 
eliminate skin defects and blemishes.

4.5.11 Body sculpture

Intramuscular injection of myoblasts can augment the size, shape [27], consistency, 
tone, and strength of muscle groups, improving the lines, contours, and vitality from 
the sculpture for a youthful appearance. Myoblast technology can be used for cos-
metic enhancement such as bodybuilding and in tissue implants for breast, buttock, 
or facial augmentation (Fig. 4.5.5).

The myoblasts can be injected intramuscularly to grow muscles or subcutane-
ously as a filler. Unlike the noncellular collagen, which is absorbed in 3 to 6 months 
after injection, injected myoblasts are cells that will survive and last for tens of years 
within the host. Myoblasts are endogenous to the human body and have been proven 

Before A�er

Fig. 4.5.5: Facial restoration with implantation of 10 billion myoblasts. Ultrasound examination 
demonstrated that subcutaneous soft tissue thickness increased from 0.30 cm before implantation 
to 1.35 cm 3 months after.
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safe in clinical trials involving over 280 muscular dystrophy patients and 300 heart 
failure worldwide. Myoblasts will not cause cancer like silicone or burst and absorbed 
like saline or collagen implants.

4.5.12 Anti-aging angiomyogenesis

The distribution of oxygen and nutrients to the peripheral organs is significantly 
reduced for people aged over 45. In developing treatment for human myocardial infarc-
tion, we have grown five times more blood capillaries and muscle simultaneously using 
human myoblasts transduced with angiogenic factors [84, 89]. In addition to their 
application to treat heart diseases, these cells can potentially be used to treat male/
female impotency and baldness and to produce redder lips and pinker face because 
of the higher density of capillaries within layers of myogenic cells after myoblast treat-
ment. The latter serves as a fertile ground to seed new hair follicle cells on the bald 
head or other body parts to give the desirable hair color, density, and consistency.

4.6 Conclusion

HMGT/MTT mediates its effect through transfer of the normal myoblast nuclei that 
supply the complete human genome, in addition to just replenishing the missing 
gene(s) or normal copies of the aberrant gene(s). The replacement genes then tran-
scribe to produce the necessary proteins or factors for genetic repair. Donor myoblasts 
also develop to supply significantly large numbers of normal myofibers to combat 
muscle degeneration and weakness.

One can envision a variety of uses of this discovery, including that for disease 
treatment, disease prevention, drug discovery, and selection of superior cells and 
clones for therapy. It is through continual research and development that we can 
fully harness HMGT/MTT to relieve human suffering, to improve quality of life, and to 
prolong the life expectancy of mankind.
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5 Stem cells in ophthalmology

Abstract: Stem cells are unspecialized cells with the potential to differentiate into 
a variety of specialized cells that develop into different types of tissue in the body. 
Depending on the source of the stem cells, they can be categorized as embryonic or 
adult stem cells. Pluripotent stem cells, including both embryonic stem cells and 
induced pluripotent stem cells have the ability to differentiate into any of the three 
germ layers as well as tissue-specific adult stem cells. Multiple studies have reported 
on the differentiation of pluripotent stem cells into various ocular cell types, including 
cornea-, lens-, and retina-specific stem cells. Adult stem cells can differentiate into 
a particular cell lineage and have been identified in multiple tissues, including the 
eye, hematopoietic system, skin, intestinal epithelia, and nervous system. The ocular 
stem cells, which reside in different components of the eye, include cornea, conjunc-
tival, iris, ciliary body, scleral, limbal, choroidal, trabecular meshwork, orbital, lens, 
and retinal stem cells. Ocular stem cells can differentiate into multiple ocular cell 
lineages and have different functional aspects. In conclusion, pluripotent stem cells 
and ocular stem/progenitor cells residing in different regions of the eye are capable 
of differentiation that enables cell repopulation and tissue regeneration, which are 
capabilities with enormous potential in the field of ophthalmology.

Key Words: Conjunctiva, Cornea, Eye, Embryonic, iPSCs, Limbal stem cells, Ophthal-
mology, Stem cells.

5.1 Introduction

Stem cells are precursor cells with the capabilities of self-renewal and generating 
multiple mature cell types. Pluripotency, or the potential to differentiate into multiple 
cell lineages, and proliferation are the two hallmark characteristics of stem cells [1]. 
According to the extent of their pluripotent ability, stem cells can be categorized as 
totipotent (capable of producing the entire organism), pluripotent (capable of differen-
tiating into three germ layers), multipotent (able to differentiate into multiple cell lin-
eages), oligopotent (able to differentiate into a few cell lineages), and unipotent (able 
to differentiate into a single cell lineage) stem cells [1–3]. The discovery of pluripotent 
stem cells, such as embryonic stem cells (ESCs) and induced pluripotent stem cells 
(iPSCs), opened new avenues for cell-based therapy and brought to light an instru-
mental tool for the research of inherited human diseases [1–3].

The human eye has a complex, unique structure. Its potential as an immunologi-
cally privileged organ and comparative accessibility for therapeutic intervention make 
the eye an ideal tissue for cell-based therapies [4–6]. Stem-cell-based ocular therapies  

https://doi.org/10.1515/9783110587043-005
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fall into two broad classes: nonocular, pluripotent-stem-cell-derived therapies and 
endogenous ocular-adult-stem-cell-based therapies, such as the treatments derived 
from ciliary pigment epithelial (CPE) stem cells [7, 8], retinal pigment epithelial (RPE) 
stem cells [9], and retinal Müller stem cells [10, 11].

Several studies have reported the differentiation of ESCs and iPSCs into various 
specialized ocular cells, including corneal epithelial cells [12, 13], RPE cells [14, 15], 
photoreceptors, and retinal ganglion cells [16–21]. Adult stem cells have been identified 
in the hematopoietic system [22, 23], skin [24], intestinal epithelia [25], and nervous 
system [26, 27]. Among the ocular adult stem cells, multipotent retinal progenitor cells 
have been identified in CPE, which showed the ability to differentiate into rhodopsin+ 
photoreceptors [28–31]. RPE cells have been reported to be capable of partial regenera-
tion in chick retina [32]. Retinal Müller cells have stem/progenitor-cell-like properties, 
 including the ability to differentiate into multiple retinal lineages [33, 34]. In parallel 
with  pluripotent-stem-cell-based ocular therapies, endogenous ocular-stem-cell-based 
therapies offer a unique and powerful potential to treat ocular diseases, especially degen-
erative retinal diseases. Several advancements are currently being studied and imple-
mented in regenerative treatments for corneal dystrophies. Corneal epithelial stem cells, 
corneal stromal stem cells, and corneal endothelial cell (CEC) progenitors have been 
reported to have self-renewal capacity [35, 36]. The self-renewing property of corneal 
epithelium is attributed to the limbal stem cells (LSCs) located in the basal region of the 
limbus [35, 36]. Du and colleagues highlighted the potential of human corneal stromal 
stem cells (hCSSCs) in a cell-based therapeutic approach to treat stromal scarring [37]. 
To date, few studies have been conducted to identify and isolate putative progenitor 
cells from the ocular lens [38–42]. Different groups have reported the in vitro generation 
of lens progenitor cells and lentoid bodies from human ESCs (hESCs) and iPSCs [43–47]. 
In this chapter, we discuss ocular resident stem cell populations and pluripotent-stem-
cell-derived ocular stem cells, with a focus on their functional applications.

5.2 Cornea

The cornea, a transparent, avascular tissue, is the outermost layer of the eyeball. It 
consists of three cellular layers, the epithelium, the stroma, and the endothelium, and 
two noncellular layers, Bowman’s layer and Descemet’s membrane [48]. The cornea 
serves as a physical barrier to debris and infection but also accounts for approxi-
mately two-thirds of the total refractive power of the human eye [48].

5.2.1 Corneal epithelium

The corneal epithelium is a stratified, nonkeratinizing layer and covers the corneal 
surface and plays a major role in protection and transparency [36, 49]. The self- renewing 
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property of corneal epithelium is attributed to the LSCs located in the basal region 
of the limbus [35, 36]. LSCs are localized to a well-protected microenvironment, the 
limbal-stem-cell niche, which is protected from ultraviolet radiation by melanocytes 
[50–52] and regulates the cell cycle to keep LSCs in an undifferentiated state [53, 54]. 
The basement membrane protects LSCs from sheer force, and the limbal stromal blood 
vessels and mesenchymal cells supply oxygen, cytokines, growth factors, and nutri-
ents [53, 55, 56]. Upon proliferation, LSCs give rise two daughter cells, an oligopotent 
LSC and a transient, fast-dividing amplifying cell that subsequently transforms into 
terminally differentiated cell [57–62]. A deficiency of LSCs results in malfunction of 
limbus barrier function, replacement of corneal epithelium with conjunctival epithe-
lial cells, neovascularization, and loss of corneal transparency leading to vision loss 
[63]. The etiology of LSC deficiency can be broadly divided into four causes, including 
physical injury to the ocular surface, congenital stem cell aplasia (e.g., aniridia and 
sclerocornea), stem cell exhaustion (e.g., Stevens-Johnson syndrome and ocular cica-
tricial pemphigoid), and idiopathic diseases of unknown cause [58, 63–66].

5.2.2 Corneal stroma

The corneal stroma is a collagenous intermediate connective tissue that constitutes 
approximately 80–90% of the total corneal thickness [67, 68]. The stroma is made 
of highly organized collagens, proteoglycans, glycoproteins, and quiescent mesen-
chymal cells called keratocytes, responsible for collagen production and turnover 
[69–71]. The precise alignment and consistent diameter of stromal collagen fibers are 
crucial to maintaining the transparency and strength of the cornea [71].

5.2.3 Corneal stromal stem cells

Stromal scarring due to ocular trauma, surgery, or infection can cause opacities 
that obscure vision and constitute a significant portion of corneal blindness world-
wide [72, 73]. In the process of stromal scarring, quiescent keratocytes migrate to 
the damaged area and differentiate into fibroblasts, which disrupt the organization 
of the extracellular matrix (ECM) [74–77]. Primary keratocytes can be differentiated 
into the  fibroblast phenotype under ex vivo culturing in serum-supplemented and 
serum-free growth media [75, 78–80]. Corneal transplantation, or keratoplasty, using 
cadaveric human stromal tissue is currently the only available treatment for corneal 
blindness [81]. The limited availability of cadaveric human stromal tissue has driven 
researchers to develop alternative sources, such as biosynthetic corneas [82], and alter-
native treatments, such as the regeneration of stromal tissue with various cell types 
and hCSSCs [83–95]. Funderburgh and colleagues identified cells from bovine corneal 
stroma that exhibit gene expression associated with mesenchymal stem cells [96]. 
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Subsequently, Du et al. first identified and isolated keratocyte progenitor cells from 
the human corneal stroma, which exhibit stem-cell-like characteristics such as in vitro 
clonal growth and self-renewal capability [97]. The expression of the adult stem cell 
marker ABCG2, an ATP-binding cassette, was identified in keratocyte progenitor stromal 
cells [97]. The ABCG2-expressing cells exhibited a higher multipotent differentiation 
potential compared to ABCG2(-) cells isolated from the same region [97]. In another 
study, hCSSCs cultured in serum-free media were found to have up-regulated expres-
sion of a keratocyte-specific marker, including a corneal-stroma-specific proteoglycan 
and the deposition of tissue-like ECM [98]. Additionally, several studies reported that 
stromal cells from the cornea exhibit characteristics typical of mesenchymal stem cells 
[99–104]. Du and colleagues reported the stromal transparency by injecting hCSSCs 
in the stroma of Lumincan-null mice [86]. These findings highlight the potential of 
hCSSCs in cell-based therapeutic approaches to the treatment of stromal scarring [37].

5.2.4 Corneal endothelium 

The corneal endothelium (CE) is a monolayer of hexagonal cells that is critical in main-
taining corneal clarity, which is largely dependent on the regulation of osmosis by CE 
barriers and pump functions [105]. The CEC density is approximately 2500 cells/mm2 
in a normal adult human CE [81]. Hereditary corneal endothelial dystrophies and 
surgical trauma are the most common factors contributing to the loss of CECs and 
subsequent decrease in CEC density [106]. The physiological functioning of the CE 
is substantially compromised when the cell density decreases below 500 cells/mm2; 
the loss of function results in corneal edema and loss of vision [81]. Although kera-
toplasty has largely been a successful mode of visual rehabilitation, graft rejection 
and the scarcity of suitable donor tissue continue to impede the further reduction 
of worldwide corneal blindness [81]. In an effort to discover an alternative to donor-
cornea transplantation, multiple therapeutic options, including culturing CECs, iso-
lating and characterizing corneal endothelial progenitor cells, and culturing ESC- and 
iPSC-derived CECs, have been investigated extensively to determine their efficacy in 
treating corneal endothelial dystrophies. 

5.2.5 Corneal endothelial stem cells

To identify corneal endothelial stem cells, several research teams isolated human 
corneal endothelial stem cell precursors with the sphere-forming assay [100, 107]. The 
precursor cells lacked any evidence of the expression of stem cell markers; however, 
they did exhibit clonogenic potential, proliferative capacity, and the ability to form 
a hexagonal monolayer of cells with pump function, all of which are characteristics 
suggesting that the identified cells may be corneal endothelial progenitor cells [100, 107]. 
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Further characterization of the sphere-forming precursor cells revealed that periph-
eral cells have a much higher tendency to form spheres than the cells located at the 
center of the endothelium [108, 109]. In another study, potential progenitor-like cells 
were identified in the transition zone between the peripheral endothelium/Schwalbe’s 
line and the anterior portion of the trabecular meshwork (TM) [110–113]. The iden-
tification of progenitor-like cells was further strengthened by the high proliferative 
potential and density of CECs located at the periphery of the cornea, compared with 
the central region of the cornea [110–113]. 

Stem-cell-specific markers were used to identify stem/progenitor-like cells in the 
human CE [114, 115]. In an initial study, Hirata-Tominaga and colleagues detected the 
expression of leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), a 
stem cell marker, in cells located at the peripheral border of the CE [114]. They observed 
a higher proliferation capacity of LGR5 (+) endothelial cells compared to LGR5 (-) cells 
[114]. They also showed that persistent LGR5 expression not only maintains endothelial 
phenotype but also inhibits mesenchymal transformation [114]. Neural crest markers 
were used to isolate and characterize the progenitor-like cells from human CE [115, 116]. 
The progenitor-like endothelial cells expressed neural-crest markers such as p75, SOX9, 
and FOXC2 [115]. However, progenitor cells from young corneas exhibited higher pro-
liferative potential than those isolated from older corneas [116]. Based on the origin of 
human CECs in the neural crest, a recent study investigated the neural crest lineage 
of progenitor-like cells that had been isolated from normal CE tissue and from corneas 
of subjects with Fuchs corneal endothelial dystrophy [116]. These cells exhibited charac-
teristic features of neural-crest-derived progenitor cells, including an absence of senes-
cence, a tendency to form spheres, increased colony-forming ability, and the expression 
profile of transcription factors regulating multipotency (SOX2, OCT4, LGR5, and TP63) 
and neural-crest progenitor (PSIP1, PAX3, SOX9, AP2B1, and NES) characteristics [116].

5.2.6 Conjunctiva 

The conjunctiva is the transparent membrane covering the anterior surface of the eye, 
except for the cornea, and the posterior surface of the eyelids [117, 118]. For classifica-
tion, the conjunctiva is divided into three regions: bulbar (covering the surface of the 
eye), palpebral (lining the eyelids), and forniceal (forms the junction between the 
bulbar and the palpebral regions). The conjunctival epithelium contains goblet cells, 
which produce mucins for the tear film [117, 118]. 

5.2.7 Conjunctival stem cells

The localization of corneal epithelial stem cells, known as limbal stem cells, to the 
limbus of corneal epithelium, has been conclusively established; however, the precise 
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location of conjunctival stem cells (CJSCs) is not yet well defined. Several studies have 
identified putative CJSC populations in the conjunctiva [119–122]. Nagasaki and col-
leagues reported the uniform distribution of CJSCs in the conjunctiva using an assay 
of bromodeoxyuridine label retention (a property of quiescent stem cells) in GFP-
labeled mice [123, 124]. In another study, Pellegrini et al. suggested the localization 
of CJSCs in the bulbar conjunctiva and the fornices [120]. In a recent study, Stewart 
and colleagues reported that their experiments, measuring clonogenic ability and the 
expression of putative stem cell markers, indicated the medial canthal and the infe-
rior forniceal areas are the preferred areas for the human CJSCs [123]. In other studies, 
typical stem cell characteristics such as slow cell-cycling and high proliferative poten-
tial were explored to identify a possible stem cell niche in the rabbit conjunctiva [119, 
125]. The forniceal region exhibited more cells with increased proliferative potential 
and slow cycling than the bulbar and palpebral conjunctiva [119, 125]. 

As yet, CJSC-associated markers are not definitively known; however, ATP-binding 
cassette transporter G2 (ABCG2) and p63, a transcription factor, are considered to be 
the most reliable markers [126–128]. Budak and colleagues identified ABCG2-positive 
cells in the bulbar region of the human conjunctiva that exhibit an epithelial-stem-
cell-like phenotype [129]. Other immunohistological studies also suggest the presence 
of p63 and ABCG2-positive cells in the bulbar conjunctival epithelium [130].

5.3 Iris

The iris divides the space between the cornea and lens and is composed of four layers: 
the anterior border layer, the stroma, the dilator muscle layer, and the posterior epi-
thelium [131]. Iris pigment epithelial (IPE) cells are arranged in two parallel monolayers 
of cells on the posterior part of the retina, and these two layers contact each other at 
their apices via specialized junctional complexes [132]. 

5.3.1 IPE stem cells

IPE stem cells can grow in spheres and express neural-stem/progenitor-cell markers 
[133, 134]. In two independent studies, the results revealed that IPE cells can differ-
entiate into neuronal lineages as well as glial lineages [133, 134]. The IPE and stroma 
develop from the anterior region of the optic cup; the inner layer of the optic cup 
gives rise to posterior IPE and the neural retina, and an outer layer of the optic cup 
gives rise to the anterior IPE and RPE layer [135]. In an adult newt, IPE cells have the 
ability to regenerate a structurally and functionally complete lens [136, 137]. Similarly, 
Kosaka and colleagues reported that IPE cells from a one-day-old chicken not only 
maintain a differentiated state in vitro but also show higher trans-differentiation effi-
ciency in RPE and lentoid bodies [138]. In another study, Sun and colleagues isolated 
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chicken IPE cells and observed sphere-forming ability exhibiting retinal progenitor 
marker expression in nonadherent culture [139]. They showed that postnatal chicken 
IPE cells can efficiently proliferate as neural stem/progenitor cells with a remarkable 
plasticity, generating multiple cell types, including retinal-specific neurons, glia, and 
the lens [139]. 

5.4 Ciliary body

The ciliary body is mainly composed of ciliary muscle and ciliary epithelium, which 
is responsible for aqueous humor production [140]. The ciliary body is involved in the 
regulation of aqueous flow, blood flow, intraocular pressure, and the maintenance of 
the immune-privileged status of the ocular anterior chamber [140].

5.4.1 Ciliary epithelial stem cells 

The ciliary body has a neuro-ectodermal origin, like the retina, and multiple studies 
have confirmed the presence of multipotent stem cells in CPE cells, using neuro-
spheres cultured from adult mice, rats, rabbits, pigs, and humans [7, 8, 141–144]. 
Researchers measured the proliferative capacity in adult ciliary body cells isolated 
from mice and rats and estimated that ~1-in-100 to 1-in-500 ciliary body cells have 
proliferative potential [8, 145, 146]. The expression of progenitor and/or neural 
retinal markers was used to identify and isolate CPE-derived progenitor cells [28, 
144]. Recently, Xu and colleagues isolated progenitor-like cells from the ciliary bodies 
of adult mice, rats, and human cadaver eyes [28]. They showed that CPE-derived 
progenitor cells express neuronal/retinal markers and in vitro culturing results in 
neurosphere formation [28].

5.5 Trabecular meshwork

The TM is a triangular-shaped tissue located between the cornea and iris that regu-
lates majority of the aqueous humor flow between the chambers of the eye [147]. The 
characteristic features of TM cells include the secretion of TM-specific enzymes and 
ECM and the phagocytosis of debris in the aqueous humor [147, 148].

5.5.1 TM stem cells

The decrease in TM cellularity, which occurs with age and with glaucoma, correlates 
directly with an increased resistance to aqueous humor outflow and elevated intraocular 
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pressure [149–151]. Recently, the characterization of TM cells revealed a subpopula-
tion of cells in human primary TM cells that escape replicative senescence, express 
mesenchymal stem-cell-associated markers, and retain the ability to differentiate into 
a different lineage [152, 153]. Additionally, Du and colleagues reported multipotent 
stem cells exhibiting phagocytic activity in human TM tissue [152]. Gene expression 
analysis showed the expression of mesenchymal stem cell markers (ABCG2, CD73, 
CD90, CD166, and Bmi1) and pluripotent-stem-cell markers (Notch1 and OCT-3/4) 
in multipotent stem cells isolated from the TM [152–154]. These cells exhibited the 
ability to differentiate into TM-like cells with phagocytic function and to express TM- 
associated markers such as AQP1, MGP, CHI3L1, and TIMP3 [152, 154]. Similarly, mul-
tiple studies suggested stem-cell-like cells in primary TM cultures, capable of forming 
free-floating neurospheres [155–159].

5.6 Lens

The lens is an avascular and transparent biconvex structure that helps to focus light on 
the retina [160, 161]. The lens arises from the head ectoderm, which thickens to form the 
lens placode [160, 161]. The lens placode invaginates, together with the optic vesicle, 
to form the lens pit and the optic cup, respectively [160, 161]. Subsequently, the lens 
pit separates from the ectoderm to form the lens vesicle, which gives rise to a single 
anterior and a single posterior layer of cells [160, 161]. Cells of the former layer (anterior) 
differentiate into the epithelium, while cells constituting the posterior layer differen-
tiate into primary fiber cells, which form the lens nucleus [160, 161]. The lens grows 
rapidly during the late embryonic and early postnatal stages, due to the proliferation of 
epithelial cells that elongate and differentiate into secondary fiber cells, continuously 
adding to the fiber cell mass [160, 161]. The tightly packed nature of the lens fiber cells, 
the high concentration of crystallin proteins, and the absence of organelles (lost during 
lens fiber cell differentiation) all function to minimize light scattering and to provide 
refractive index required for transparency and focusing of lens [162, 163]. 

5.6.1 Lens stem cells 

To date, few studies have been successful in identifying and isolating putative pro-
genitor cells from the ocular lens [38–42]. These studies investigated the locations of 
fast- and slow-cycling cells using DNA-labeling techniques in mouse, rat, and chick 
ocular lenses [38–42]. The studies revealed high proliferative activity in a transition 
zone located at the peripheral region of the anterior lens epithelium, whereas mitoti-
cally inactive cells were observed in the central region of the anterior lens epithelium 
[38–42]. Several studies have reported the in vitro generation of lens progenitor cells 
and lentoid bodies from hESCs and iPSCs [43–47]. 
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5.7 Retina

The retina is an intricate structure composed of three layers of neural cells (photo-
receptor cells, bipolar cells, and ganglion cells) and the RPE, a cellular monolayer 
between the retina and the choroid [164]. The human retina has a poor regeneration 
ability, and the damage caused by various retinal degenerative diseases, such as 
retinitis pigmentosa, age-related macular degeneration, Leber congenital amaurosis, 
glaucoma, and diabetic retinopathy, results in permanent visual impairment [165]. 

5.7.1 Retinal stem cells

The mature human retina has shown limited regenerative ability; however, lower 
vertebrates have the ability to regenerate neural retina [164, 166]. In fish and 
amphibians, retinal injury can induce proliferation activity of RPE cells [167, 168]. In 
another study, authors reported the ability of the postnatal chicken retina to gener-
ate neurons [167]. They identified the Müller glial cells, which reenter the cell cycle, 
dedifferentiate, acquire progenitor-like phenotypes, and produce new neurons and 
glia in response to damage and which express transcription factors (Pax6 and Chx10) 
associated with embryonic retinal progenitors [167]. Multipotent stem cells have 
been identified in the retina of adult birds [169, 170] and in mammals [8, 26, 171]. 

5.7.2 Retinal pigment epithelial stem cells

During development, the outer layer of optic vesicles contributes to the RPE layer for-
mation, which differentiates early in humans and becomes a polarized, pigmented, 
single-layered epithelium that remains nonproliferative throughout life [172]. The RPE 
supports the metabolic and cellular processes of retinal photoreceptors, including 
phagocytosis of the photoreceptors’ outer segments [173–177].

Several studies have reported the proliferative potential of RPE cells isolated from 
both fetal and adult human retinas [178–180]. Recently, Salero and colleagues identi-
fied a subpopulation of RPE cells that can be induced into a stem cell state (RPESC), 
which enables extensive self-renewal and multipotency, producing either stable 
RPE progeny or neural, osteo-, chondro-, or adipo-lineage mesenchymal progeny [9]. 
 Blenkinsop et al. reported that RPESCs divide robustly and have the ability to differ-
entiate into a highly polarized cobblestone RPE monolayer [180].

5.7.3 Retinal Müller stem cells

During retinal development, Müller glial cells emerge from multipotent retinal 
progenitor cells [181, 182] and constitute ~4–5% of the total cells of mature mouse 
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retina [183, 184]. Retinal Müller cells have progenitor-cell-like properties, including 
the ability to differentiate into multiple retinal lineages such as photoreceptors 
and inner retinal neurons [185, 186]. Studies have reported the limited regenera-
tion ability of Müller cells in chickens [167], rats [187, 188], mice [10, 189], and 
humans [190]. It has been previously shown that Müller cells can reenter the 
cell cycle and regenerate the inner nuclear layer and ganglion cells in an injured 
zebrafish retina [191, 192]. Müller glia cells also showed the potential to regener-
ate into several types of neurons after N-methyl-d-aspartate (NMDA) damage to 
the retinas of rodents [10]. Wan and colleagues reported the preferential regen-
eration ability of Müller glia to the photoreceptor in an NMDA-mediated retinal 
photoreceptor degeneration in adult rats [193]. Other studies have shown the 
regeneration ability of Müller glia into ganglion cells under defined conditions 
[194–196].
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6 Stem cells for ocular therapies

Abstract: The ability to rehabilitate and restore visual function is the ultimate aspi-
ration of the science of ophthalmology. Conventional ocular treatment strategies 
have focused on protecting against vision impairment with the administration of 
laser treatments or drugs or by surgical intervention. The current standard medical 
 treatment modalities for the most frequent causes of blindness are very effective. 
However, ophthalmology has yet been unable to discover a cure for many common 
ocular dystrophies or a comprehensive strategy to halt the progression of blindness. 
It is therefore necessary to continue to formulate new treatment strategies to cure the 
causes of blindness and to achieve the best standard of visual acuity. To these ends, 
stem cells have immense potential to replenish the degenerated cells in our body, 
including damaged cells in the eye. The mammalian eye, with its intricate structure 
and unique characteristics, offers various advantages for stem-cell-based therapies, 
including its immunologically privileged status and easy accessibility for therapeu-
tic intervention. Already, several stem-cell-based preclinical and clinical trials are 
in progress, investigating treatments for a wide range of ocular diseases in various 
animal models, as well as in humans. Stem cells, including pluripotent stem cells 
(both embryonic stem cells and induced pluripotent stem cells) and adult stem cells, 
have already been successfully manipulated to generate specialized ocular cells and 
tissues. Several laboratories have reported the generation of cornea-specific cells, 
such as corneal epithelial and endothelial cells, retina-specific cells such as retinal 
pigment epithelial cells, photoreceptors, and retinal ganglion cells, lens, conjuncti-
val, limbal, and trabecular-meshwork-specific cells. In conclusion, although various 
concerns still need to be addressed, the use of bioengineered stem cells appears to be 
a promising therapeutic strategy for future replacement and regeneration of ocular 
tissues in cases of formerly incurable ocular diseases.

Key Words: Conjunctiva, Cornea, Eye, Embryonic, iPSCs, Limbal stem cells, Ophthalmology, 
Stem cells.

6.1 Introduction

Stem cells are unspecialized cells that have the potential to renew themselves and dif-
ferentiate into a wide variety of specialized cells. Stem cells are capable of replacing 
impaired or diseased cells and can comprise different types of tissues in the human 
body, including the tissues of the eye. The mammalian eye has an intricate structure 
and harbors various advantages for stem-cell-based therapies [1–3]. Stem-cell-based 
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therapy, or regenerative medicine, has been employed to regenerate diseased tissue 
residing in different components of the eye in animal models and humans. Retinal 
degenerative diseases, such as glaucoma, age-related macular degeneration (AMD), 
and retinitis pigmentosa (RP), are characterized by the early loss of specific cell types: 
retinal ganglion cells (RGCs), photoreceptors, and retinal pigment epithelial (RPE) 
cells, respectively [4–6]. Each of these pathological conditions ultimately causes the 
loss of photoreceptors and result in permanent vision loss [5, 7, 8]. Unfortunately, the 
limited regenerative potential of mammalian retina hampers the therapeutic meas-
ures currently available to treat retinal degeneration [9].

Since the identification of pluripotent stem cells, including embryonic stem cells 
(ESCs) and, more recently, induced pluripotent stem cell (iPSCs) have been used 
extensively in the generation of multiple ocular cell types, such as corneal epithelial 
cells [10, 11], RPE cells [12, 13], photoreceptors, and RGCs [14–19]. In parallel, multi-
potent adult ocular stem/progenitor cells have been employed in the regeneration 
of RPE and photoreceptors cells. Among the rapidly expanding repertoire of ocular 
stem-cell-based therapies, limbal stem cells have been tested for the treatment of 
degenerated corneal epithelium [10, 11], human pluripotent stem-cell-derived trabec-
ular meshwork (TM) cells [20–22] and RGCs [23–25] and have been utilized for treating 
glaucoma, and stem-cell-derived RPE, retinal Müller, and amacrine cells have been 
engaged in the treatment of retinal degenerative diseases like RP and AMD [26–31].  
In this chapter, we will discuss stem-cell-based therapies for the replacement and 
regeneration of the predominant ocular tissues.

6.2 Cornea

The cornea, a transparent avascular tissue, comprises the outermost layer of the 
eyeball and consists of three cellular layers (the epithelium, stroma, and endothelium) 
and two noncellular layers (Bowman’s layer and Descemet’s membrane) [32]. The func-
tions of the cornea include acting as a barrier to debris and infection, as well as account-
ing for approximately two-thirds of the total refractive power of the human eye [32].

6.2.1 Stem cell-based therapies for corneal epithelium

The corneal epithelium is composed of small basal cells, flattened middle cells (wing 
cells), and polygonal flattened superficial cells [32]. The corneal epithelial stem cells, 
also known as limbal stem cells, are located in a basal layer of the limbus (the tran-
sitional zone between the cornea and the conjunctiva) [32]. A loss or dysfunction of 
limbal epithelial cells can result in limbal stem cell deficiency (LSCD) [33]. 

Several investigations have highlighted the ability of limbal stem cells to treat 
LSCD by replacing the degenerated corneal epithelium [34–37]. Pellegrini et al. were 
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the first to report autologous transplantation of ex vivo cultivated limbal stem cells 
for the treatment of LSCD [38]. The autologous and allogeneic transplantation of 
limbal stem cells has been reported [35]. However, these are hampered by both donor 
shortage and postoperative complications, including immunological rejection and 
bacterial or fungal keratitis [36, 37, 39, 40]. Although the transplantation of autolo-
gous limbal stem cells proved successful in unilateral LSCD patients, an alternative 
source is still necessary for the treatment of severe bilateral LSCD cases. To address 
this issue, an attempt was made to treat bilateral LSCD patients using epithelial cell 
sheet derived from adult autologous human buccal epithelial stem cells [41]. In paral-
lel, Homma and colleagues studied the therapeutic efficacy of epithelial progenitors 
derived from mouse ESCs (mESCs) when transplanted into a damaged cornea [42]. 
Another study, by Hayashi et al., was the first to demonstrate the differentiation of 
human iPSCs into corneal-epithelium-like cells [43]. More recently, the generation of 
corneal organoids using human iPSCs has been reported [44, 45].

6.2.2 Therapeutic applications of stem cells to corneal stroma

The stroma is made of organized collagens, proteoglycans, glycoproteins, and qui-
escent mesenchymal cells called keratocytes, that are responsible for collagen pro-
duction and turnover [46–48]. Stromal scarring caused by ocular trauma, surgery, or 
infection can result in stromal opacities, which are a significant contributor to corneal 
blindness worldwide [49, 50]. 

Deep anterior lamellar keratoplasty is currently the only option to treat corneal 
stromal disease [51]. However, this strategy has some limitations, including immune 
rejection and the scarcity of donor corneas [51]. Griffith and colleagues reported the 
generation of functional human corneal equivalents developed from immortalized 
human corneal cells [52]. Buznyk et al. implanted bioengineered corneal grafts into 
three patients and reported the subsequent restoration of corneal integrity, from the 
promotion of endogenous regeneration of corneal tissues, and improved vision in two 
out of three patients [53]. Basu and colleagues reported the regeneration of damaged 
stromal tissue by grafting human limbal biopsy-derived stromal cells into the corneal 
wounds of mice [54]. Furthermore, the generation of stromal keratocytes by differenti-
ating adult dental pulp stem cells, human ESCs (hESCs), and mesenchymal stem cells 
(MSCs) has been reported [55–57].

6.2.3 Stem cells and corneal endothelium treatment

The corneal endothelium is a monolayer of hexagonal cells critical to maintain-
ing corneal clarity through the mediation of hydration, specifically by barrier and  
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pump functions [58]. Corneal hereditary endothelial dystrophies and surgical trauma 
are the two major factors that contribute to the loss of corneal endothelial cells (CECs) 
and a decrease in CEC density [59].

Keratoplasty has been a successful method of visual rehabilitation; however, 
as with other applications of transplantation, graft rejection and the lack of suita-
ble donor tissue continue to be impediments to further reducing worldwide corneal 
blindness [51]. As alternatives to donor cornea transplantation, multiple therapeutic 
options, including cultured CECs, corneal endothelial progenitor cells, and hESC- 
and iPSC-derived CECs, have been investigated extensively. The injection of cultured 
corneal endothelial cells in combination with Rho kinase (ROCK) inhibitor resulted in 
the regeneration of corneal endothelium in macaque corneal endothelium dysfunc-
tion model [60]. Multiple studies reported that the ROCK inhibitor enhances the adhe-
sion potential of cultured CECs [61, 62].

CECs have previously been generated from human pluripotent stem cells [63–67]. 
Fukuta et al. differentiated human pluripotent stem cells into CECs under chemically 
defined conditions [63]. Zhang and colleagues reported the derivation of CEC-like 
cells from hESCs through the periocular mesenchymal precursor phase and reported 
that the transplantation of these CEC-like cell sheets restored corneal transparency in 
rabbits [64]. 

6.3 TM and stem cell therapy

The TM regulates the majority of the aqueous humor outflow pathway in the eye 
[68], and a decrease in TM cellularity, which is a complication frequently observed 
with glaucoma, as well as with normal aging, correlates with increased outflow 
resistance and elevated intraocular pressure (IOP) [69, 70]. Current treatments for 
glaucoma involve pharmacological reduction of aqueous humor production and sur-
gical enhancement of outflow to restore a normal IOP [71, 72]. Stem-cell-based thera-
pies are an attractive prospect for the restoration of TM cellularity in glaucoma and  
aging [73]. The first indication of a successful restoration of TM function was reported 
in a study of laser trabeculoplasty, a technique used for the management of elevated 
IOP in patients with primary open angle glaucoma [74]. Treatment with laser tra-
beculoplasty resulted in increased TM cell division activity, suggesting the presence 
of “stem-cell-like cells” in the anterior nonfiltering region of the TM [75, 76]. Du and 
colleagues reported the isolation of stem cells from human TM and investigated their 
therapeutic potential by transplantation into mouse TM tissue [77]. In another study, 
human embryoid bodies were generated using iPSCs, followed by differentiation into 
TM-like cells [78]. In an alternative approach, MSCs were used to repair the TM in 
laser-induced glaucoma animal models [79]. In a recent study, Ding et al. successfully 
demonstrated the generation of TM-like cells by culturing mouse iPSCs in primary 
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human TM cells preconditioned culture media [80]. In two successive studies, Zhu 
and colleagues performed the iPSC-derived TM cell transplantation in a mouse model 
of glaucoma [21, 22]. The transplanted iPSC-derived TM cells rescued the glaucoma 
phenotype in vivo by restoring aqueous humor outflow, lowering IOP, preventing the 
loss of RGCs, and enhancing the proliferative response of endogenous TM cells [21, 22].

6.4 Ocular lens and stem cell treatment

Congenital and age-related cataracts are the leading cause of blindness world 
wide [81]. The most common and successful procedure for cataract treatment is the 
surgical removal of the cataractous lens, followed by implantation of an artificial 
intraocular lens [82]. Cataract surgery is effective in restoring sight; however, it is asso-
ciated with postoperative complications such as posterior capsule opacification [83, 
84]. The study of stem cells has facilitated the discovery of lens regeneration, reported 
in lower vertebrates [85, 86]. Surgical removal of the ocular lens in a rabbit resulted in 
the proliferation of residual lens epithelial stem/progenitor cells and the generation 
of a limited amount of lens fiber cells [87, 88]. In a recent study, Lin and colleagues 
reported a novel surgical method for cataractous lens removal that preserves endoge-
nous lens epithelial cells and achieved a functional regeneration of the lens in rabbits 
and macaques, as well as in human infants with cataracts [89]. O’Connor and McAvoy 
reported, the in vitro generation of functional (light-focusing) lens-like structures 
using rat lens epithelial cells [90]. They observed that regenerated rat lenses closely 
resembled those of newborn rats and that the prolonged culturing of these regener-
ated rat lenses eventuated in cataract formation [90]. Previously, lens progenitor cells 
and functional lentoid bodies had been successfully generated from hESCs and iPSCs 
[91–94]. Yang and colleagues differentiated hESCs into lens progenitor cells to form 
lentoid bodies, directed by chemically defined conditions [91]. Although the lentoid 
bodies generated by Yang and colleagues expressed lens-specific makers, they lacked 
functional optical properties [91]. Fu and colleagues generated functional lentoid 
bodies from human urinary-epithelial-cell-derived iPSCs, employing the “fried egg” 
differentiation method [94]. These lentoid bodies expressed lens-specific markers and 
exhibited a transparent structure – like the human lens [94]. Recently, Murphy and 
colleagues reported the generation of light-focusing human micro-lenses from pluri-
potent stem cells [95].

6.5 Stem cell-based retinal therapy

Stem-cell-based retinal transplantation therapies are an attractive therapeutic 
approach because of the limitless self-renewal ability of pluripotent stem cells. hESCs 
and iPSCs have been used extensively in the generation and transplantation of RPE 
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and photoreceptors cells. As yet, few studies have investigated the therapeutic poten-
tial of adult stem/progenitor cells in the treatment of retinal degenerative diseases. 

Salero and colleagues reported a subpopulation of adult human RPE cells that 
can be induced in vitro to become self-renewing, and they demonstrated that the 
RPE stem cells (RPESC) that lose the markers of RPE can proliferate extensively and 
form stable cobblestone monolayers [96]. Blenkinsop and colleagues reported a new 
culture model and demonstrated that RPE cells from an adult human eye are capable 
of generating extremely pure cultures of RPE that exhibit characteristics of native  
RPE [97]. Subsequently, Davis and colleagues reported the prevention of photore-
ceptor loss by subretinal transplantation of RPESC-derived RPE cells in the Royal 
College of Surgeons (RCS) rats [98, 99]. In another study, Davis et al. demonstrated the  
successful preservation of vision in a rat model of RPE cell dysfunction through the 
subretinal transplantation of RPESC-derived RPE cells [99]. 

Müller glial cells exhibit stem cell-like characteristics and have been reported to 
aid in the regeneration of the injured retinas in amphibians [100]. Recently, Jayaram 
and colleagues demonstrated the therapeutic potential of Müller glial cells in P23H 
rats, a photoreceptor degeneration model [101]. They transplanted Müller-cell-derived 
photoreceptor cells into the retinas of 3-week-old P23H rats and reported the migra-
tion and integration of transplanted cells into the outer nuclear layer of degenerated 
retinas, leading to improvement in rod photoreceptor function [101]. 

Multiple studies have reported the generation of hESC-derived human neural 
retinal progenitor cells and functional RPE cells [12, 15, 102–105]. Mouse pluripotent 
stem cells were used to create three-dimensional organoids resembling the optic 
cup and the neural retina [17, 19, 106]. Recently, DiStefano and colleagues reported 
an accelerated and improved differentiation of retinal organoids from pluripotent 
stem cells in rotating-wall vessel bioreactors [107]. Gonzalez-Cordero and colleagues 
investigated the integration potential of rod precursors into the degenerated retinas 
of adult mice [108]. Assawachananont and colleagues reported the transplantation 
of mESCs or iPSC-derived three-dimensional retinal sheets in a retinal degenera-
tion model that lacked the outer nuclear layer [109]. In two independent studies, the 
intraocular transplantation of hESC-derived neural precursor cells and donor cells 
from developing retinas showed integration and subsequent differentiation into dif-
ferent cell types in the subretinal microenvironment [110, 111]. 

As an alternative, iPSC-based therapies represent a promising approach for 
the treatment of degenerative retinal diseases. iPSCs hold an edge over hESCs in  
stem-cell-based therapies because the patient-specific approach, using the same 
genetic background, reduces the risk of immune rejection while also excluding the 
various ethical issues associated with ESCs. In addition, gene-corrected patient-spe-
cific iPSCs generated using different genome editing tools, such as clustered regu-
larly interspaced short palindromic repeats (CRISPR/Cas9), zinc finger nucleases, 
and transcription activator-like effector nucleases, offer a unique approach for the 
treatment of retinal degenerative diseases [112–114]. Recently, Bassuk and colleagues 
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reported a CRISPR/Cas9-mediated mutation correction in an RP GTPase regulator 
gene responsible for X-linked RP in patient-specific iPSCs [115].

The RPE cells derived from iPSCs and hESCs exhibited similar gene expression 
profiles and phenotypic features [13, 116, 117]. Moreover, neural retinal progenitor 
cells, including photoreceptor cells, were also successfully differentiated from human 
iPSCs [19, 116–119]. Multiple investigations reported improved visual function after 
transplantation of iPSC-derived RPE cells in different RP mouse models [120–125]. 
Recently, Tucker and colleagues reported the differentiation of adult mouse fibroblast-
originated iPSCs into retinal precursor cells expressing retinal- and photoreceptor- 
specific markers, and the subsequent transplantation restored retinal structure and 
function in rhodopsin-null mice [121, 126]. Two independent studies reported the 
ability of native RPE transplantation to improve electroretinogram function in RCS 
rats [120, 122]. In another study, Carr and colleagues differentiated human iPSCs into 
functional RPE layers, and subsequent transplantation in RCS rats facilitated short-
term maintenance of the photoreceptor-mediated phagocytosis of photoreceptor outer 
segments [123]. Sun and colleagues investigated the protective effects of human iPSC-
derived RPE cells in comparison with human mesenchymal stromal cells and neural 
stem cells in the retina of rd1 mice [125]. Their findings suggest that iPSC-derived RPE 
cells can delay photoreceptor degeneration in the retina of rd1 mice [125]. In another 
study, Li and colleagues injected iPSC-derived RPE cells into the subretinal space of 
the Rpe65 mouse model and observed the integration of transplanted cells into the 
native RPE and improved visual function [124].

Due to the similar developmental origin of iris pigment epithelium (IPE) and 
RPE cells, multiple studies were performed to transplant freshly isolated or cultured 
autologous IPE cells in rabbits, monkeys, rats, and humans for the treatment of retinal 
degenerative diseases [127–138]. The transplantation of fresh autologous IPE cells into 
the subretinal space in rabbits results in no immune rejection, and transplanted IPE 
cells revealed specific phagocytosis activity [127]. Similar findings were observed after 
transplantation of cultured autologous IPE cells in monkeys [129]. In addition multi-
ple studies used autologous IPE cells to treat AMD and subretinal neovascularization 
in humans [133–136]. Recently, Thumann and colleagues reported the stabilization of 
visual acuity, without any increased complications and posttransplantation rejection 
of freshly isolated, autologous IPE cells into the subretinal space of 20 patients with 
advanced AMD and neovascularization [136]. Similarly, Abe et al. reported similar 
results by transplantation of cultured autologous IPE cells into the subretinal space 
of eight patients with AMD [133, 134], whereas, Lappas et al. performed IPE cell trans-
plantation in 12 patients with wet AMD and reported that preoperative visual acuity 
was preserved but not improved after a follow-up of 6 months [137]. 

Previously, hESC-derived RPE cells have been used in a number of human clini-
cal studies [139–143], whereas only one human clinical trial was performed using  
iPSC-derived RPE cells [144]. Recently, Mandai and colleagues performed the first 
human clinical trial using iPSC-derived RPE cells in an AMD patient [144]. iPSCs 

 EBSCOhost - printed on 2/11/2023 5:42 AM via . All use subject to https://www.ebsco.com/terms-of-use



6.6 References   123

were generated from skin fibroblasts obtained from two patients with AMD and were  
differentiated into RPE cells [144]. The iPSC-based autologous transplantation in one 
patient showed no adverse effects such as immune-mediated rejection and tumori-
genicity, while the transplanted RPE sheet remained intact with no improvement for 
best corrected visual acuity [144]. However, iPSC-derived RPE cells were not trans-
planted in the second patient due to the identification of three deletions in patient-
specific iPSCs, absent in patient fibroblast cells [144].
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Abstract: Successful clinical applications of cellular therapies depend on a number 
of factors. First, there should be an efficient way of producing high-quality cells for 
transplantation. Second, the differentiation of stem cells into mature hepatocytes 
should be accomplished without the need for viral vectors or alterations in cell cycle 
regulators to evade the risk of tumorigenicity. Finally stem cell techniques developed 
in laboratories should be tested on larger animal models like primates as they can 
better predict the responses in humans as compared to rodents. This chapter will 
present information on liver structure, function, associated diseases, and their preva-
lence worldwide and especially in Pakistan. Furthermore, this chapter will address 
the conventional therapies used to treat the prevalent liver diseases along with their 
limitations. The chapter will discuss potential of various cell types such as hepato-
cytes, hepatic progenitor cells, mesenchymal stem cells, and embryonic stem cells for 
liver regeneration. It will further review studies related to liver bioengineering and 
scaffolds-assisted liver regeneration. Finally, this chapter will discuss the future pros-
pects of stem cells for liver regeneration.

Key Words: Cellular, Cirrhosis, Clinical, Fibrosis, Liver, Stem cells, Therapy, 
 Transplantation.

7.1 Introduction

Regenerative medicine has come about as a new revolutionary clinical practice. The 
initial target application of this new clinical invention is liver disorders. There are two 
primary reasons for placing priority on liver disorders. First, this vital human organ 
exhibits a miraculous regenerative ability. Second, an effective therapeutic treatment 
for liver diseases has not yet been identified, especially for cases identified in later 
stages; consequently, the amount of liver patients is steadily increasing.

7.1.1 Worldwide prevalence of liver diseases

In the United States, liver diseases are considered the second highest cause of 
death among all digestive disorders [1]. According to National statistics of the 
UK (http://www.statistics.gov.uk/), diseases of the liver are ranked the fifth most 
common cause of death. In 2010, it alone caused 31 million disability-adjusted 
life years globally, resulting from equal proportions of hepatitis C, hepatitis B and 
alcohol consumption [2]. In Asia, Hepatitis B and hepatitis C are the leading cause 
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of liver cirrhosis [3]. In Pakistan and China chronic hepatitis is the principal cause 
of mortality. According to World Health Organization figures [4], Pakistan ranks 
second highest in the world with regard to the prevalence of Hepatitis C and about 
ten million people are affected. In the People’s Republic of China, liver diseases 
affect approximately 300 million people yearly [5].

7.2 Structure and function of the liver

The liver is the largest glandular organ of the human body and carries out several very 
important physiological functions. It regulates chemical levels in the blood and also 
excretes bile that takes away the waste products from the liver. Other crucial functions 
of the liver include regulation of blood clotting, transformation of glucose into glyco-
gen, conversion of harmful ammonia into urea, regulation of levels of amino acids in 
the blood, clearance of bilirubin and processing of hemoglobin, and production of 
plasma proteins and cholesterol. 

Like all other organs, the liver is composed of several different types of cells, 
which perform different functions. The major cell types are Kupffer cells, hepatocytes, 
and cholangiocytes. Kupffer cells destroy old red blood cells. Hepatocytes are epithe-
lial cells that perform most of the metabolic functions of the liver. Cholangiocytes 
are epithelial cells that constitute mainly the lining of the intrahepatic and extrahe-
patic ducts of the biliary tree. Their main function is to modify primary bile derived 
from hepatocytes and formation of ductal bile. In addition to these major types, there 
are stellate cells, macrophages, endothelial cells, and dendritic cells that conjointly 
perform various other complex functions of the liver.

7.3 Liver diseases

Major diseases of the liver are generally caused by a lack of autoimmunity, congeni-
tal infection, viral infections, and metabolic liver disorders. The most critical liver 
disease is cirrhosis, caused by progression of liver fibrosis.

7.3.1 Progression of liver fibrosis to liver cirrhosis

Liver fibrosis is caused by the disruption of liver architecture due to an accumula-
tion of extracellular matrix (ECM) rich in collagens [6]. It directly affects hepatic stel-
late cells and fibroblasts and is activated by soluble factors released by Kupffer cells 
during the course of chronic liver disorder [7]. Liver fibrosis progresses into liver cir-
rhosis, characterized by disruption of liver vasculature and manifested by the forma-
tion of nodules within the fibrous tissue [8, 9], ultimately leading to hemodynamic 
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instability and portal hypertension. The vascular disruption results in the propul-
sion of the blood supply from the artery directly into the portal vein and distorts the 
exchange between liver parenchyma and hepatic sinusoids [7].

7.3.2 Liver failure

Liver failure is a clinical condition marked by the appearance of jaundice, coagulopa-
thy, formation of ascites, and hepatic encephalopathy with extremely high rates of 
morbidity and mortality. There are two types of pathological changes, namely, pro-
gressive damage to liver cells and severe necrosis of liver tissues. The major causes 
of liver failure include excessive use of alcohol consumption, drug abuse, and viral 
infections [10].

7.3.3 Liver failure causes malfunctioning of other organs

Because the liver plays a central role in many physiological functions, its malfunc-
tioning affects the functioning of lungs, kidneys, brain, and other key organs [11]. 
Hence, liver failure induces a variety of other disorders, including hepato-renal syn-
drome and hepatic encephalopathy [11, 12].

7.4 Conventional therapies for liver diseases

Liver transplantation is the standard course of treatment in a majority of clinical set-
tings because it is the only therapy shown to alter the state of mortality. However, its 
usage is limited due to the acute shortage of organ donors. There is also the option of 
partial liver transplants, which takes advantage of the exceptional regenerative ability 
of the liver; however, vascular and biliary complications cause major constraints in 
the use of these clinical procedures [13].

7.5 Cellular therapies for liver diseases

Cellular therapies for liver diseases began with the introduction of primary hepato-
cytes, via the portal vein, into patients diagnosed with end-stage liver disease (ESLD) 
or certain genetic and metabolic liver disorders [14, 15]. Multiple reports have been pub-
lished that account for the beneficial effects of the introduction of hepatocytes leading 
to improvements in the liver function for variable durations. The observed variability 
is attributable to the fact that (i) liver hepatocytes are difficult to multiply in vitro, prior 
to introduction into the damaged liver, and (ii) the introduced hepatocytes repopulate 
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the liver in only selected liver disorders such as Wilson disease, hereditary tyrosine-
mia, and progressive familial intrahepatic cholestasis [16]. Furthermore, the duration 
in which the foreign hepatocytes remain viable and interact with native hepatocytes is 
uncertain. All these factors make primary hepatocyte intervention a poor therapeutic 
option even among patients with ESLD or metabolic/genetic disorders [17].

7.6 Stem cell therapy for liver diseases

Stem cell therapy is an attractive alternative to overcome the shortage of donors for 
liver transplantation as well as the drawbacks in the use of hepatocyte interventions. 
Stem cells are undifferentiated cells that possess inherent abilities for self-renewal 
and differentiate into cell types of other lineages such as heart, liver, kidney, pancreas, 
etc. A single cell embryo is basically a totipotent stem cell as it can give rise to a whole 
organism while other stem cells may be pluripotent or multipotent.

From a clinical perspective, the most popular stem cell types are the adult and 
infant mesenchymal stem cells (MSCs) because these cells exhibit low immunogenic-
ity in comparison to the progenitor or hematopoietic stem cells when used from allo-
genic sources. MSCs do not express major histocompatibility complex (MHC) class I 
and specifically express MHC class II at very low levels. Additionally, MSCs may be 
obtained from numerous sources; the most frequently studied variety is derived from 
either bone marrow, adipose tissue, umbilical cord tissue, umbilical cord blood, or 
synovial fluid. The identity of isolated stem cells can be ascertained by its specific-
ity for a panel of approved MSC markers. Bone-marrow- and adipose-tissue-derived 
MSCs (BM-MSCs and ADSCs, respectively) present the most suitable option for autolo-
gous therapies, but their use is restricted because of the invasiveness of procedures 
required for deriving adipose and bone marrow samples. 

During the last decade, different types of stem cells such as liver stem/progenitor 
cells (LSPCs) and MSCs have been used, with varying degrees of success in the treat-
ment of various liver diseases [18, 19]. The results of these studies firmly support the 
notion that stem cell therapy is a revolutionary option in the treatment of liver diseases 
and is a superior option than liver transplantation. Furthermore, recent successes with 
the induction of somatic cells into pluripotent stem cells and accompanying successes 
in gene editing have given birth to yet another revolutionary candidate for stem cell 
therapy [20]. Needless to mention, the innovation will have the added advantage of 
being devoid of immune and ethical concerns.

7.6.1 Liver stem/progenitor cells

LSPCs represent progenitors of liver parenchyma cells and can transdifferentiate 
into hepatocytes or cholangiocytes; however, their efficacy in the repair of different 
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liver diseases is uncertain. On the other hand, embryonic LSPCs, identified as Dlk-1+, 
CD13+, E-cadherin+, and Liv-2+ cells in midgestation, differentiate satisfactorily into 
hepatocytes and cholangiocytes during development. LSPCs residing in terminal bile 
ductules (canals of Herring) can be activated to proliferate and differentiate when 
hepatocyte replication is severely compromised [21]. Adult liver progenitor cells, 
enriched in cellular fractions positive for epithelial cell adhesion molecule, CD13, 
CD133, and MIC1–1C3, are isolated from healthy and injured livers [22].

The transplantation of LSPCs can be accomplished via intrasplenic injections or 
infusion into the portal and peripheral veins [23]. Although in the case of fibrosis 
engraftment, repopulation of the liver has been observed [24], a regenerative stim-
ulus such as a retrosine injection or partial hepatectomy is quite beneficial for the 
success of the engraftment. Even though some studies have shown a reduction in 
fibrosis [24], there are serious concerns in the wake of reports of severe fibrogenic 
response due to the activation of hepatic progenitor compartment [25]. Furthermore, 
ethical concerns have been raised on the use of human fetal progenitor cells within 
clinical settings [17].

7.6.2 MSCs in the therapy of liver diseases

MSCs are nonhematopoietic, fibroblast-like, undifferentiated and multipotent pro-
genitor cells. These cells have the capability to differentiate into various lineages 
such as adipocytes, chondrocytes, and osteoblasts [26, 27]. MSCs can be isolated from 
bone marrow, adipose tissues, umbilical cord, muscle, cartilage, trabecular bone, 
and peripheral blood [28–30]. MSCs can be isolated in large quantities and easily 
expanded through several passages. Moreover, MSCs are an ethically acceptable and 
ideal source for the treatment of various liver disorders.

7.6.2.1 Bone marrow-derived MSCs
Bone marrow is the most commonly studied source of MSCs. However, the painful 
procedure of harvesting bone marrow has prevented its liberal clinical use. Moreo-
ver, stem cells so isolated show a decline in differentiation potential, number, and 
functionality with growing age [31]. Nonetheless, it has been shown that BM-MSCs 
are able to alleviate liver fibrosis in CCL4-induced liver model. BM-MSCs also demon-
strate antifibrotic and anti-inflammatory effects in vivo [32]. It has been further dem-
onstrated in unequivocal terms that BM-MSCs improve the overall architecture of the 
liver and liver functions in a rat bile duct ligation model. The transplanted stem cells 
mediate their beneficial effect by down-regulation of CK19 mRNA and upregulation of 
hepatocyte growth factor (HGF) mRNA, which aids in the restoration of deteriorated 
liver and induce liver regeneration [33]. It has been further shown that an injection 
of granulocyte colony stimulating factor (G-CSF) into rats with liver failure improved 
their survival, attributable to the mobilization of BM-MSCs [34, 35].
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In agreement with the results of these studies, we observed an improvement in 
the function and architecture of fibrotic liver through an injection of BM-MSCs in 
carbon tetrachloride (CCl4)-induced fibrosis in mice [36–38]. We further demonstrated 
that the differentiation of MSCs was enhanced as a result of pretreatment with injured 
liver tissue [39]. We also observed enhanced survival of CCl4 injured hepatocytes when 
cocultured with BM-MSCs and treated with interleukin (IL)-6 (Fig. 7.6.1). Furthermore, 
pretreatment of fibrotic liver with IL-6 resulted in enhanced reduction of liver injury 
(Fig. 7.6.2). Other studies have reported that infusion of bone marrow into humans with 
liver cirrhosis resulted in raising the levels of G-CSF and IL-1β, with accompanying 
improvement in liver function [40, 41]. It is evident from these studies that BM-MSCs 
offer a preferable therapeutic option in attenuation of liver apoptosis and fibrosis 
accompanied by improved liver function [37]. On the basis of these results, BM-MSCs 

Fig. 7.6.1: Enhanced hepatocyte survival subsequent to co-culture with MSCs + IL-6. (a) Gene 
expression of apoptotic (Bax, caspase-3, NF-κB, tumor necrosis factor α [TNF-α]) and antiapoptotic 
(Bcl-xl) markers in hepatocytes cocultured with MSCs together with IL-6. (b) Gel band quantification 
of gene expressions through Image J (n = 3). CCl4 vs. MSCs + IL-6: ɸP < 0.05, ɸɸP < 0.01, and ɸɸɸP 
< 0.001. (c) LDH (%) release levels in the control and treatment groups (n = 4). (d) Analysis of apoptotic 
cells through annexin V staining (n = 4). CCl4 vs. IL-6: *P < 0.05, **P < 0.01, and ***P < 0.001; CCl4 vs. 
MSCs: #P < 0.05, ##P < 0.01, and ###P < 0.001; CCl4 vs. MSCs + IL-6: ɸP < 0.05, ɸɸP < 0.01, and ɸɸɸP < 
0.001; IL-6 vs. MSCs + IL-6: ψP < 0.05, ψψP < 0.01, and ψψψP < 0.001; MSCs vs. MSCs + IL-6: δP < 0.05, 
δδP < 0.01, and δδδP < 0.001 [37].
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Fig. 7.6.2: Reduced fibrosis and apoptosis in injured liver treated with MSCs + IL-6. (a) Normal, 
(b) CCl4 injury, (c) IL-6 treated, (d) MSC transplanted, (e) IL-6 + MSC transplanted, (f) Graphical 
presentation of collagen levels (n=). CCl4 vs. IL-6: NS; CCl4 vs. MSCs: #P < 0.05, ##P < 0.01, and 
###P < 0.001; CCl4 vs. MSCs + IL-6: ɸP < 0.05, ɸɸP < 0.01, and ɸɸɸP < 0.001; IL-6 vs. MSCs + IL-6: ψP 
< 0.05, ψψP < 0.01, and ψψψP < 0.001; MSCs vs. MSCs + IL-6: δP < 0.05, δδP < 0.01, and δδδP < 0.001. 
(g–l) Estimation of apoptosis in control fibrotic liver and treatment groups through TUNEL assay. 
(g) Normal, (h) CCl4 injury, (i) IL-6 treated, (j) MSC transplanted, (k) IL-6 + MSC transplanted, (l) 
graphical presentation of apoptotic positive cells in different treatment groups (n=). CCl4 vs. IL-6: 
*P < 0.05, **P < 0.01, and ***P < 0.001; CCl4 vs. MSCs: #P < 0.05, ##P < 0.01, and ###P < 0.001; CCl4 vs. 
MSCs + IL-6: ɸP < 0.05, ɸɸP < 0.01, and ɸɸɸP < 0.001; IL-6 vs. MSCs + IL-6: ψP < 0.05, ψψP < 0.01, and 
ψψψP < 0.001; MSCs vs. MSCs + IL-6: δP < 0.05, δδP < 0.01, and δδδP < 0.001 [37].
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appear a suitable therapeutic material; however, difficulties in obtaining bone marrow 
as the source material for the isolation of MSCs remain the primary constraint. 

7.6.2.2 Adipose (tissue)-derived MSCs
Adipose tissue is another promising source of MSCs [42]. In comparison to bone 
marrow, adipose tissue is conveniently obtainable through simple lipo-aspiration. 
Furthermore, ADSCs exhibit high proliferation capacity, can be isolated in abundance 
[31], and possess immunosuppressive properties. When cocultured with hepatic stel-
late cells, ADSCs exhibit retarded growth and in vitro proliferation. When infused 
in vivo, ADSCs were able to alleviate liver fibrosis in a CCL4-induced rat liver model. 
 Furthermore, ADSCs exhibit antifibrotic and anti-inflammatory effects in vivo [32] and 
differentiate into hepatocyte-like cells both morphologically and functionally. When 
transplanted, they were engrafted in liver parenchyma and improved liver fibrosis 
[18]. In our studies, we also observed increased differentiation of ADSCs into hepato-
cytes in vitro (Fig. 7.6.3a, b) and improved liver function in vivo (Fig. 7.6.3c–e) subse-
quent to transplantation of ADSCs, pretreated with serum from liver fibrosis. It seems 
that the serum from rats with acute liver injury may contain stimulatory cytokines and 
growth factors [18].

Fig. 7.6.3: (a, b) Glycogen storage and urea production. (a) Periodic acid–Schiff staining (PAS) 
for glycogen storage ability of serum pre conditioned ADSCs after 7 days. Scale bar indicates 
magnification at 200×. (b) Urea production assay after 7-day serum preconditioning of ADSCs. Values 
are expressed as mean ± SEM. *P < 0.05 vs. ADSC-N. (c–e) Functional recovery after transplantation 
by alkaline phosphatase, ALAT, and bilirubin assays. Values are expressed as mean ± SEM. ***P < 0.001 
(ADSC-AI vs. PBS group), #P < 0.05, ##P < 0.01 (ADSC-AI/Serum-N vs. CCl4 group) [18].
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7.6.2.3 Umbilical-cord-tissue-derived MSCs
Umbilical cord tissue, i.e., Wharton jelly and umbilical cord blood, obtainable through 
a literally noninvasive method, offer a more promising source of MSCs [30]. Wharton 
jelly MSCs (WJMSCs) are easily obtainable and remain viable even after lengthy 
cryopreservation. The source material is conveniently obtainable from gynecologi-
cal wards in hospitals as a discard organ. WJMSCs are capable of differentiation 
into hepatocyte-like cells and exhibit normal functions such as secretion of albumin 
and storage of glycogen. The WJMSCs secrete multiple cellular factors that stimulate 
the proliferation of host hepatocytes, presumably through a paracrine mechanism 
and promote recovery of damaged liver [43]. In another study, WJMSCs were trans-
planted into rats and it alleviated liver fibrosis, with a concomitant increase in the 
levels of IL-4 and IL-10. Both IL-4 and IL-10 are involved in injury repair [44]. In yet 
another study, WJMSCs were infused in a rat model of liver cirrhosis and led to a sig-
nificant increase in levels of serumalanine aminotransferase and it led to a signifi-
cant decrease in the levels of serum albumin. Hepatic CK-18 and albumin mRNA and 
protein expression levels were all increased as a consequence of transplantation [45]. 
These studies prove that WJMSCs provide a promising clinical material for the repair 
of damaged livers.

7.6.2.4 Umbilical cord blood stem cells
Umbilical cord blood stem cells (UCB-MSCs) possess high plasticity and thus act as 
another promising source of clinical therapeutic material for the repair of damaged 
livers [46]. However, these stem cells have not been studied extensively. Some recent 
studies suggest that engraftment of stem cells in the recipient’s liver is mediated 
through cell fusion in most cells [47], while some other studies have reported no cell 
fusion [48]. These later reports claim that human UCB-MSCs differentiate into hepato-
cytes subsequent to transplantation into NOD/SCID mice [48]. UCB-MSCs were shown 
to differentiate into hepatocytes after infusion into a pre-immune fetal sheep model 
[49, 50]. Furthermore, it substantially improved liver architecture and overall function 
in liver cirrhotic mice, presumably due to the upregulation of albumin synthesis and 
inhibition of profibrotic genes [51].

7.6.3 A comparison of the various sources of MSCs

MSCs isolated from various sources such as bone marrow, adipose tissues, and umbil-
ical cord have been shown to differentiate into hepatocyte-like cells in rats [52], mice 
[53], and humans [54]. Subsequent to introduction in various model animals, MSCs 
produce a number of cytokines and other substances that have a beneficial effect at 
the site of liver injuries, including antiapoptotic, anti-inflammatory, immune-modula-
tory, and proliferative effects and differentiate into hepatic lineage [55, 56]. A compari-
son between the three kinds of MSCs revealed no significant differences in regard to 
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morphology and immune phenotype. Nevertheless, slight differences exist in the ulti-
mate outcome from the use of different types of MSCs in treating liver diseases [31, 57].

7.6.4 Clinical promises of MSCs 

MSCs possess unique properties that make them ideal for use in clinical therapies. 
These properties include immunomodulation, easy access and expansion, abundance 
in number, paracrine secretion, engraftment in target tissue, and transdifferentiation. 
Furthermore, use of MSCs does not cause any ethical or tumorigenic concern as is the 
case with the use of embryonic stem cells. It has been reported that usage of autol-
ogous BM-MSCs in the repair of liver cirrhosis resulted in improvement of the liver 
function [58]. It has been further reported that introduction of autologous BM-MSCs 
through hepatic artery for treatment of liver cirrhosis resulted in histological and 
functional improvement of the liver [59, 60]. Similarly, improvement in liver function 
was observed subsequent to injection of autologous BM-MSCs for the treatment of 
hepatitis-B-virus-associated cirrhosis [61]. When allogeneic UCB-MSCs were used to 
treat patients with chronic hepatitis B, liver function was improved, as evidenced by 
the reduction in ascites and recovery of biliary enzymes [62, 63]. These results are 
in agreement with earlier studies [64] that demonstrated that MSC transplantation 
increased the survival rate of patients with hepatitis-B-virus-associated acute or 
chronic liver failure.

Although these reports confirm that clinical usage of MSCs improved liver func-
tion, additional studies are needed to explain the underlying mechanism of their 
therapeutic benefits [27]. Despite the fact that MSCs pose a low risk of tumorigenesis, 
concerns exist about the possibility to develop tumors in vivo [65]. Therefore, it is sug-
gested that as a safety measure, all MSCs should be screened for gene expression sig-
nature prior to infusion [65, 66]. Furthermore, it should be kept in mind that in a few 
cases, no significant beneficial effects were observed. For example, when BM-MSCs 
were injected into patients with liver cirrhosis, it did not cause any therapeutic effects 
[67, 68].

7.6.5 Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are embryonic-like stem cells generated by the 
induction of somatic cells by transient expression of key transcription factors such as 
OCT4 (O), SOX2 (S), KLF4 (K), and c-MYC (M) (OSKM cocktail) by permanently inte-
grating retroviral vectors [69, 70]. iPSCs are pluripotent cells that make them ideal 
tools for cellular therapies. They have the capacity for unlimited self-renewal in vitro 
and therefore can be maintained indefinitely as cell lines in cell culture. They are also 
being used in in vitro disease models [71] and in drug screening [72].
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It has been convincingly proven that iPSCs efficiently differentiate into hepato-
cytes [73–76]. When transplanted in a hepatic failure model animal, these cells lead to 
reversal of liver failure, boost regeneration, and enhance the health status of diseased 
mice, affected by CCl4 injury [77], NOD/SCID [76], and fumarylacetoacetate hydrolase 
deficiency [78]. When injected intrahepatically along with carboxymethyl-hexanoyl 
chitosan hydrogel with sustained HGF release, the injected complex rescued the liver 
function of the recipient animal, presumably due to increased antiapoptotic and 
 antioxidant activity that reduced hepatic necrotic areas [79]. It appears that iPSCs 
provide engineered donor grafts, including recellularized biomatrix [80] and liver 
buds [81], that might act as “autologous” organs for liver transplantation. Evidently, 
therefore, IPSCs offer enormous repair potential for the treatment of liver failure 
[65]. By combining ex vivo gene correction and cell transplantation, iPSCs offer tre-
mendous potential to correct inherited liver disorders [82, 83] in addition to acquired 
liver diseases. 

7.7 Liver bioengineering/scaffold-assisted liver regeneration

Besides cell therapies, extracorporeal devices and scaffolds are being studied in the 
quest of attaining increased therapeutic outcome. Scaffolds support cell engraft-
ment and differentiation in diseased tissue microenvironment (invaded with reactive 
oxygen species), nonconducive for survival of transplanted cells. Hence, multiple 
liver tissue engineering strategies employing scaffold materials, synthetic polymers, 
nanotechnology-based microchip devices, and ultimately whole organ engineering 
approaches are being used in pursuit of beneficial effects [84]. 

Bioactive scaffolds are superior as they mimic the natural ECM environment of the 
liver. These include collagen, hyaluronic acid, chitosan, alginate, silk, and Matrigel. 
Hydrogels containing hyaluronic acid increase the adhesion of hepatocytes and, in 
turn, their viability. Mixtures of various scaffold materials are also being studied 
with the aim of attaining improved therapeutic outcome of cell therapies. Hydrogels 
constituted by alginate and Matrigel also improve hepatocyte adhesion. However, 
Matrigel may have toxicogenic and tumorigenic effects. In addition to promoting cell-
to-cell and cell-to-matrix interactions, the variable mechanical and physicochemical 
properties of natural polymers prevent their clinical uses. To overcome these draw-
backs, the possibility of using synthetic polymers such as polylacticacid, polyglycolic 
acid, polyurethanes, polyanhydrides, poly-fumarates, poly-ortho-esters, polycaprol-
actones, and polycarbonates is being investigated.

Tissue engineering is being applied to build functional liver organ in order to 
overcome the shortage of donors for liver transplantation. In this context, porcine/
murine‐based scaffolds are the most widely studied scaffolds. Complete decellulari-
zation of the liver while maintaining the integrity of ECM is performed, followed by 
recellularization of xenogenic scaffold with highly functional hepatocytes. In this 
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regard, the use of human bone marrow cells gave promising results in vitro. However, 
further research to determine ideal cell type, optimal cell seeding techniques, and cell 
volume is needed [84, 85].

7.8  Future prospects of cellular therapies for the repair of 
damaged livers

The use of different types of MSCs offers various associated advantages and disadvan-
tages in treating a variety of diseased tissues. BM-MSCs have been more thoroughly 
studied and used in stem cell therapy as opposed to ADSCs and WJMSCs. However, 
both BM-MSCs and ADSCs are obtained through invasive surgical procedures, making 
WJMSCs the most favorable for clinical therapies. The umbilical cord is just a  discarded 
tissue; therefore, it is the most conveniently obtainable source material. Needless to 
mention, WJMSCs also overcome the difficulty of procuring the high number of stem 
cells that is required, more so if additional transplantations are required, based on 
the patient’s condition. Furthermore, MSCs obtained from umbilical cords  possess 
additional advantageous characteristics, such as having low immunogenicity, which 
renders them the most desirable and feasible therapeutic clinical option.
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8  Patient-specific induced pluripotent stem cells  
for cardiac disease modeling

Abstract: Reprogramming of human somatic cells to induced pluripotent stem cells 
(iPSCs) via induction of pluripotency genes is one of the most influential scientific 
breakthroughs during the last decade. Behind this breakthrough is the capacity of iPSCs 
to self-renew and differentiate into derivatives of all the three germ layers, similar to 
human embryonic stem cells. Importantly, iPSCs can be generated using somatic cells 
from healthy donors or patients retaining the genetic and epigenetic make-up of the 
donor and can be used for regenerative applications without provoking immune rejec-
tion. Given their potential use in basic and translational research, iPSCs have become 
an attractive cell type to create “disease-on-a-dish” models to investigate disease phe-
notype in vitro, to assess drug response and evaluate cardiac toxicity for drug discovery, 
and to develop personalized cell therapy for various diseases. Among these diseases, 
inherited or acquired forms of cardiovascular diseases are the most common reason of 
mortality worldwide. Cardiac arrhythmias and channelopathies are a distinct group 
of disorders caused by abnormal ion homeostasis and action potential of cardiomyo-
cytes, accounting for a large subset of hospitalization and sudden cardiac death. Phar-
macological, catheter, or medical device implants and surgical approaches have been 
largely applied in the clinical perspective for symptomatic treatment and to improve 
the quality of life for patients with arrhythmias and other heart diseases. Recently, 
stem-cell-based regenerative approaches have been vigorously assessed in clinical 
trials, and novel stem-cell-based treatments are being evaluated for their potential use 
to provide lasting recovery. In this book chapter, we focus on the recent progress in the 
application of iPSC-related research in selected channelopathies and cardiac arrhyth-
mia modeling in vitro and their potential application in the clinical perspective.

Key Words: Action potential, Cardiac, Cardiomyocytes, Channelopathy, Electrophysi-
ology, Heart, iPSCs, Models.

8.1 Introduction

Understanding the genetic, molecular, and electrophysiological basis underlying 
cardiac pathologies is essential for the diagnosis, treatment, and prevention of cardio-
vascular disease. Nevertheless, it is difficult to obtain patient-derived primary cells for 
research due to the invasive surgical procedures involved and limited availability of the 

https://doi.org/10.1515/9783110587043-008
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cell source. Hence, murine, guinea pig, and non-human-primate-based experimental 
animal models have been employed as the most popular and relevant models to study 
the pathological and molecular mechanisms underlying the cardiac pathologies. Despite 
the advantages associated with the development of transgenic experimental models in 
mice due to their considerable genetic similarity with humans, the developmental and 
physiological differences between the two in terms of heart size, beating rate, and hormo-
nal regulation should be taken into account. Although a variety of transgenic mice carry-
ing mutations in disease-associated genes show disease-like phenotype, for arrhythmias 
and some other relevant channelopathies, murine models have shown limited disease 
phenotype. Given these limitations, noninvasive derivation of patient-derived stem cells 
in vitro, human embryonic stem cells (hESCs), and studies in “disease-on-a-dish” models 
have gained popularity due to ease, convenience, and substantial source availability to 
study disease mechanisms at the developmental, cellular, and molecular levels.

The first hESC lines were derived and established in 1998, providing a novel 
approach to investigating cardiac lineage specification and disease process [1]. 
However, due to the inefficient gene targeting technologies in hESCs, the associated 
ethical concerns, and the risk of immune rejection in designing embryonic stem cell 
(ESC)-based therapy, scientists have explored ways to artificially generate surrogate 
ESCs that share ESC-like properties. The pioneering work of Takahashi and Yamanaka 
led to the successful reprogramming of adult mouse and human fibroblasts, respec-
tively, to induced pluripotent stem cells (iPSCs) by using lentiviral delivery of the 
quartet of pluripotency transcription factors including Sox2, Klf4, Oct4, and c-Myc 
for providing proliferative advantage [2, 3]. Since the publication of these studies, 
there has been immense progress in the field of somatic cell reprogramming [4]. Sub-
sequently, researchers generated different reprogramming strategies to induce iPSCs 
from various somatic cells, i.e., skeletal myoblasts, bone marrow cells, neural stem 
cells, etc. [5–7], that were transduced by variety of transcription factors [5, 8] and 
by using nonintegrating viral or nonviral vectors, i.e., episomal vectors, small mol-
ecules, adenoviruses, synthetic mRNAs, and proteins [9–12]. Human iPSCs (hiPSCs) 
show close resemblance to hESCs in terms of pluripotency, self-renewal capacity, gene 
expression profile, and developmental potential. Since iPSCs can be derived from dif-
ferent somatic cell types obtained directly from the patients, the derivative cells carry 
genetic and epigenetic memory resembling the donor-derived parent cells. Therefore, 
differentiation of patient-derived iPSCs to mature cell types of the tissues that display 
abnormal physiology may provide valuable and continuous source of cells for in vitro 
disease models. Consequently, iPSC technology offers opportunities to dissect and 
understand disease mechanisms, to screen drugs in healthy or patient-derived cell 
types displaying disease phenotype, and to develop novel treatment strategies.

By mimicking the in vivo developmental processes in vitro, various mature and 
functional cell types, including cardiomyocytes (CMs), could be generated from 
hESCs and iPSCs. Recently, direct reprogramming strategies have been developed 
for direct conversion of somatic cells to cardiac phenotype by the delivery of specific 

 EBSCOhost - printed on 2/11/2023 5:42 AM via . All use subject to https://www.ebsco.com/terms-of-use



148   8  Patient-specific induced pluripotent stem cells for cardiac disease modeling

cardiac transcription factors, either alone or in combination with small molecules to 
enhance the efficiency of reprogramming. Thus, hiPSCs provide an optimal source 
for derivation of CMs and other cardiac cell types for basic research and translational 
purposes (Fig. 8.1.1). Conventionally, iPSCs can be differentiated into CMs by differ-
ent methodologies that either implement embryoid body formation or a monolayer of 
stem cells to induce cardiac lineage differentiation by manipulating Wingless related 
integration site (Wnt), Bone morphogenetic protein (BMP), and Hedgehog pathways. 
Functionally, hiPSC-CMs show strong cellular, molecular, and electrophysiological 
similarities to human primary CMs by contraction, sarcomeric structures, and action 
potential (AP) kinetics [13, 14].

Heart diseases may be classified under coronary heart disease, arrhythmia, heart 
failure, heart valve disease, cardiomyopathy, pericarditis, aortic diseases, etc. Here, 
we focus on iPSC-derived models of cardiac channelopathies in general and arrhyth-
mias in particular at the structural, morphological, electrophysiological, and molecu-
lar levels. Throughout the chapter, iPSC-derived CMs will be abbreviated as iPSC-CMs.

8.2 Methods for electrophysiological analysis

The rhythmicity and strength of cardiac contractions are controlled by the electrical  
conduction system of the heart, which includes the sinoatrial node (SAN), the atrio-
ventricular node, and His-purkinje fibers. The sympathetic and parasympathetic 
nerves innervate the cardiac plexus and initiate heart beat by stimulating the SAN. 
The impulse then propagates through the atrioventricular node, reaching the ven-
tricles, and dissipates via His-Purkinje fibers. The electrical activity in the heart is 
analyzed by electrocardiogram (ECG) in vivo (Fig. 8.2.1a).

Atrial and ventricular myocytes have a resting membrane potential around  
−85 mV. To exceed the threshold required to generate AP, myocardial cells need an 
impulse from an electrical conduction system [15]. As the impulse reaches the myo-
cardial cells, voltage-gated Na+ channels (NaV) open, and a fast positive rise in the 
resting potential occurs [15, 16]. This rapid and short increase is called fast AP (phase 0, 
Fig. 8.2.1b). After exceeding the threshold, transient potassium channels allow  
K+ flow out of the cell, making the AP to rise to −15 mV (phase 1). Depolarization of the 

Fig. 8.1.1: Schematic representation of the derivation of cardiomyocytes from iPSCs and their 
potential applications.
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membrane activates L-type Ca2+ channels and slows the delayed rectifier K+ channels  
conducting influx of Ca2+ and outflux of K+, respectively. The opposite flow of the 
positively charged ions creates a plateau in the AP, called phase 2. Inward Ca2+ current 
induces the Ca2+ activated channels located in the sarcoplasmic reticulum (SR) to 
release internal Ca2+ stores. During phase 3, rapid rectifier K+ channels open and 
conduct K+ ions into the cell repolarizing the membrane. The Na+/K+ pump, sarcolem-
mal Na+/Ca2+ exchanger, and SR Ca2+/ATPase restore intracellular ion concentrations 
to the resting state at phase 4. The interval between the onset of the resting point and 
the end-point of the AP is named as action potential duration (APD), which is a criti-
cal evaluation criteria for rhythm disorders in vitro (Fig. 8.2.1b) [16]. 

Pacemaker cells at the SAN produce spontaneous APs and regulate the heart 
beat. Different from atrial and ventricular CMs, pacemaker cells produce AP at only 
three stages, i.e., phase 0, 3, and 4. Pacemaker cells have around −60 mV resting 
membrane potential at phase 4. Hyperpolarization activated cyclic nucleotide-gated 
channels located along the pacemaker cell membrane open in response to the hyper-
polarization of the previous AP and regulate Na+/K+ ion concentrations in the nodal 
CMs. The Na+/K+ discharge slowly depolarizes the pacemaker membrane potential, 
reaching −40 mV, resulting in voltage-gated Ca2+ channels (Cav) to open and the 
membrane potential rising up to −10 mV (phase 0). Then, voltage-gated Ca2+ chan-
nels close and voltage-gated K+ channels (Kv) open (phase 3), enabling the membrane 
to return to the resting stage.

The electrical activity in the heart is recorded and analyzed in vivo by ECG and in 
vitro by several tools such as multielectrode array (MEA), impedance and field poten-
tial (FP) recorders, patch clamp, and voltage-sensitive or Ca2+ sensitive dyes. These 
tools are briefly described here with their relevance to cardiac disease phenotype 
characterization. 

8.2.1 Electrocardiogram

ECG is a technique used for monitoring and diagnosing heart disease in the 
clinical practice. The electrical signals of the heart are recorded from the skin via 
surface electrodes during ECG [15]. The signals obtained from various leads in ECG 
characteristically show P-, QRS-, and T-waves (Fig. 8.2.1a). The P-wave represents 
atrial depolarization, the QRS complex represents ventricular depolarization during 
systole, and the lasting T-wave indicates ventricular repolarization at diastole [15]. 
Normal QT interval, which is defined as the time between the onset of QRS-complex 
and the end point of T-wave, is below 440 ms for men and below 460 ms for women 
in healthy individuals. The PQRST wave complex is measured to diagnose several 
cardiac abnormalities from myocardial infarcts to arrhythmias. In particular, the 
QT interval is measured, and prolongation of the QT interval above 500 ms in ECG 
signifies a risk of long QT syndrome (LQTS) (Fig. 8.2.1a). 
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8.2.2 Patch clamp analysis

Patch clamp electrophysiology is a technique for measuring voltage and current 
changes on the cell membrane due to ion channel activity in a single cell (Fig. 
8.2.1b). Various CM subtypes originated from the ventricle, atrium, and SAN, and 
the conduction system can be defined by electrical characteristics recorded by using 
the patch clamp technique. For instance, ventricular-like CMs have a higher AP 
amplitude, while the AP of nodal CMs have a higher frequency compared to other 
CM subtypes [17]. In addition to examining voltage changes on the cell membrane, 

Fig. 8.2.1: Schematic illustration of (a) QRS complex from the heart recorded by ECG, (b) representative 
action potential, (c) FP, and (d) calcium transients in the cardiac cells. WT= wild type, LQTS= long QT 
syndrome, EAD= early afterdepolarization, DAD= delayed afterdepolarization.
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channel behavior, conductance to ions, or response to drugs can be explored with 
patch clamp analysis. In case of channelopathy chracterization, the patch clamp 
method could reveal an abnormality in conductance with the associated ion channel 
current and voltage ratio that would otherwise be challenging or impossible to study 
in depth (Fig. 8.2.1b).

8.2.3 Multielectrode array (MEA)

The electrophysiological characteristics of CMs can be measured by MEA platforms 
in vitro [18]. In the MEA system, field potential (FP) produced by CM clusters, that are 
positioned over metal or conductive electrodes can be recorded (Fig. 8.2.1c). The inter-
val between the start and the end-point of FP is defined as FP duration (FPD). Similar to 
the electrophysiological pattern observed in ECG, CMs carrying ion channel mutations 
could show changes in the duration and/or the amplitude of FP, as well as emergence 
of early afterdepolarization (EAD) or delayed afterdepolarization (DAD) [18]. Hence,  
the MEA system could be used to monitor CM electrical activity carrying the LQTS 
disease phenotype, which distinctively demonstrates longer FPD compared to healthy 
ones in the MEA platform (Fig. 8.2.1c).

8.2.4 Impedance and field potential (FP) recorders

Recording devices that enable simultaneous examination of both CM contractility by 
impedance and extracellular potential by FP measurements are becoming widely used 
for characterization of cardiac electrophysiology. Cardio xCELLigence ExtraCellular 
Recording (ECR) or CardioExcyte96 are such tools to record cardiac FP (Fig. 8.2.1c) [19, 
20]. These systems work similar to MEA but with some functional divergences. First, the 
main difference between the two techniques is that these hybrid systems are integrated 
with impedance electrodes that detect cell attachment and mechanical changes that are 
observed during contraction of the CMs. Generally, 32 or 64 electrodes are located over 
the MEA surface, whereas xCELLigence ECR has two FP electrodes to capture cardiac 
electrical activity. The electrophysiological features of cardiac arrhythmias could be 
evaluated by beating irregularity, beating rate, and FP parameters in patient-derived 
iPSC-CMs under physiological conditions or in response to drug candidates [19, 20].

8.2.5 Voltage-sensitive and Ca2+-sensitive dyes

Commercially available voltage-sensitive dyes are preferred to detect changes in the 
membrane potential of electrically active CMs. Bis-(1, 3-Dibutylbarbituric Acid) Trime-
thine Oxonol (DiBAC4(3)) and aminonaphthylethenylpyridinium (ANEP) dyes reside on 
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the cell membrane and show differing fluorescence intensities in response to voltage 
changes in the membrane potential. On the other hand, intracellular Ca2+ transients in 
CMs can be detected by using Ca2+-sensitive dyes. Rhod-2-, Fura-2-, Fluo-4-, and similar 
Ca2+-sensitive ratiometric dyes show altered fluorescence intensity in response to an 
increase or a decrease in intracellular Ca2+. Besides the synthetic dyes, genetically 
encoded Ca2+ indicators such Genetically Ca2+ Modified Protein (GCaMP) GCaMP2, 
GCaMP3, GCaMP6, and GCaMP8 are also used commonly to monitor Ca2+ changes in 
the cell (Fig. 8.2.1d). The genetically encoded indicators constitute a fusion product of 
green fluorescence protein, calmodulin (CaM), and myosin light chain kinase peptide 
M13, which can be used in living organisms for Ca2+ relevant cardiac studies [21]. 

8.3 Channelopathies

Channelopathies are a heterogeneous group of disorders that are caused by inherited 
genetic changes in the ion channel coding genes. Channelopathies generally show 
clinically abnormal physiological symptoms in the nervous system, cardiovascular 
system, endocrine system, urinary system, and/or immune system. As described 
earlier, ion channel activity is responsible for generating APs in the cardiac muscle 
cells. Any genetic abnormality affecting the ion channels may have life-threatening 
consequences in terms of arrhythmias and sudden cardiac death that accounts  
for approximately 1 million deaths worldwide every year. Various genetic mutations 
in the ion channel encoding genes could result in the loss-of-function or gain-of- 
function of channel activity. The genetic mutations associated with ion channels and 
the mutation hot spots have been largely identified by complex genome analysis. 
With the recent advancements in the genome analysis techniques, genetic testing has 
turned out to be a routine diagnostic tool in the clinic to identify cardiac channelo-
pathies such as LQTS, short QT syndrome, catecholaminergic polymorphic ventricu-
lar tachycardia (CPVT), and Brugada syndrome (BrS) [15]. To this end, generation of 
patient-specific and disease-specific iPSC-derived cellular models and platforms with 
genetically inherited forms of cardiac arrhythmias serve as valuable tools to model 
these diseases in vitro, study the molecular mechanisms underlying the pathogenesis 
of the disease process, elucidate new drug targets, accelerate drug screening, and pave 
the way for regenerative therapies as part of the personalized medicine (Tab. 8.3.1).

8.3.1 Long QT Syndrome Type-1 (LQTS-1)

LQTS has 15 clinical subtypes, most of which stem from monogenic mutations. LQTS-1 
accounts for 40–50% of all the reported LQTS cases in the clinic and is genetically inher-
ited by mutations in the voltage-gated K+ channel gene encoding KCNQ1 protein (Fig. 
8.3.1a). To date, more than 300 missense mutations have been reported in KCNQ1 gene,  
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156   8  Patient-specific induced pluripotent stem cells for cardiac disease modeling

resulting in an LQTS-1 phenotype that follows a dominant inheritance pattern. Among 
the various relevant K+ channel genes, KCNQ1 encodes for six transmembrane helixes 
and acts as a slow rectifier channel (Ks) (Fig. 8.3.1a). Four of the KCNQ1 proteins form 
a complex with two KCNE1 and yotiao proteins and assemble together to form the 
Ks channel on the plasma membrane. The KCNQ1 protein forms the pore acting as 
a selective filter for K+ ions. Moreover, the KCNQ1 protein also has an intracellular 
carboxyl terminus associated with scaffolding, assembly, and trafficking proteins as 
well as signaling molecules. In the channel complex, the KCNE1 protein is respon-
sible for slow-activating kinetics of Ks channel by modulating the opening of the  
Ks channel (Fig. 8.3.1a). Yotiao protein, on the other hand, regulates Ks channel activ-
ity by anchoring to phosphatidylinositol 4,5-biphosphate (PIP2) and protein kinase  
A at the intracellular domain. While PIP2 stabilizes the open state of the channel, 
protein kinase A phosphorylates the channel, thus changing its electrical charge and 
increasing APD. KCNQ1 activity is responsible for CM repolarization (Fig. 8.2.1b). As 
the channel conducts K+ ions outside of the cell, Ca2+ channels open in response to 
Ca2+ influx. Thus, the channel plays a role not only during the resting phase but also 
during the plateau phase of AP. Consequently, dysregulation of Ks may lead to APD 
and QT interval prolongation in LQTS-1 patients [15]. 

The first report on an iPSC model derived from LQTS-1 patients was conducted 
by Moretti and colleagues [22]. In this study, patient-specific iPSC-CMs carrying 
a dominant missense mutation at R190Q in the KCNQ1 gene showed longer APD  
and a slower repolarization velocity as compared to the iPSC-CMs of healthy individ-
uals (Tab. 8.3.1). Electrophysiological characterization of patient-derived iPSC-CMs 
was conducted by administration of the specific inhibitors of IKs and IKr, chromanol 
293B and E4031, respectively. Chromanol 293B specifically affected only the iPSC-CMs 
derived from healthy individuals and did not affect the iPSC-CMs derived from LQTS-1 
patients. These data provide functional evidence that LQTS-1 derived CMs possessed 
dysfunctional IKs. To further characterize the LQTS-1 phenotype in vitro, administration 
of a common catecholamine and beta-adrenergic agonist, isoproterenol or adrenalin, 
in CM cultures resulted in an increase in the arrhythmic events and EAD, respectively. 
Similar to clinical practice, administration of a nonselective beta-blocker, propranolol, 
to patient-derived CMs attenuated catecholamine-induced arrhythmias and amelio-
rated the disease phenotype. Immunolabeling of KCNQ1 receptor in the LQTS-1 patient-
specific iPSC-CMs illustrated that this mutation did not alter protein expression but 
abrogated its cellular trafficking from endoplasmic reticulum to the cell membrane via a  
dominant-negative effect. Through this report, the LQTS-1 patient-specific iPSC-CMs 
were shown to represent disease phenotype in a petri dish [22]. 

To curtail the differences in the genetic background to the minimum, isogenic 
iPSC lines were generated with KCNQ1 gene mutations using genome-editing technol-
ogy [23]. Using zinc finger nucleases, iPSC lines with LQTS-1 phenotype were created 
by overexpression of the KCNQ1 gene carrying dominant negative G269S mutation. 
Comparison of the genome edited and patient-derived iPSC-CMs showed that both 
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8.3 Channelopathies   157

have similar electrophysiological characteristics such as prolonged APD or EAD. 
These abnormal electrophysiological phenotypes could be ameliorated by using Ca2+ 
channel blocker, nifedipine, or pinacidil, a KATP channel opener, resulting in short-
ened APD in LQTS-1 derived CMs. 

A novel heterozygous deletion mutation (c.922~1,032 del; p.308~344 del) at  
exon 7, which encodes a major part of the S6 transmembrane-spanning segment and 
the loop connecting S5 and S6 of the KCNQ1 protein (Fig. 8.3.1a), was reported to cause 
LQTS-1 [24]. In this study, immunocytochemical analysis of LQTS-1 derived iPSC-CMs 
revealed that the truncated KCNQ1 protein was localized in the perinuclear region 
instead of the perimembrane location, indicating haplo-insufficiency and trafficking 
defects. This genetic abnormality leads to reduced IKs, thus resulting in prolonged 
APD in LQTS-1 iPSC-derived CMs. Administration of IKs activator ML277 to the LQTS-1 
derived iPSC-CM cultures resulted in an increase in amplitude and ion conduction, 
suggestive of partial restoration of the disease phenotype [24]. 

In several studies, the iPSC-CMs derived from LQTS-1 patients have been used to 
screen novel drug candidate molecules or to investigate the mechanism of approved 
drugs whose effect on channelopathy not yet evaluated. In a similar study, iPSC-CMs 
were derived from clinically symptomatic and asymptomatic LQTS-1 patients carrying the 
G589D mutation in the KCNQ1 gene [25, 26]. The electrophysiological properties of wild-
type and patient-derived iPSC-CMs were studied by using the MEA system. Detrended 
fluctuation analysis was also used to investigate electrophysiological characteristics of 
cardiomyocytes at baseline and their responses to various drugs, including beta-blockers  
(bisoprolol and sotalol), IKs blocker (JNJ303), and IKs activator (ML277). At baseline, 
CMs modeling LQTS-1 showed significant prolongation of FPD without any difference in 
their beating rate as compared to healthy-donor-derived CMs. Moreover, both healthy-
donor- and patient-derived CMs showed similar phenotypes after drug administration. 
Healthy-donor-derived CMs demonstrated higher sensitivity to JNJ303, indicating that 
the IKs effect was diminished in the LQTS-1 derived CMs due to missense mutations. On 
the other hand, ML277 shortened FPD in all CM types without any significant electro-
physiological changes after treatment with bisoprolol. Detrended fluctuation analysis 
revealed acute beta-blocker effect on both healthy and LQTS-1 derived CMs [25]. 

Mechanical beating behavior of the iPSC-CMs was also analyzed to reveal the 
effect of KCNQ1 mutations. In one of the first reports related to contraction analysis, 
mechanical beating behavior and disease phenotypes were correlated using iPSC-CMs 
carrying KCNQ1 G589D (trafficking mutation) or ivs7-2ANG mutation (loss-of-function 
mutation) [27]. Patch clamp recordings illustrated prolonged duration in both muta-
tions and EAD in only G589D mutation. In addition, imaging of a Ca2+ transient fluo-
rescence indicator demonstrated an arrhythmic pattern in the mutant CMs. Moreo-
ver, iPSC-CMs carrying G589D mutation showed prolonged contractions, whereas 
iPSC-CMs with ivs7-2ANG mutation had abnormally extended relaxation period. 
This study showed that mechanical analysis of the CMs derived from LQTS patients 
or healthy individuals correlated directly with their genetic background given the  
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158   8  Patient-specific induced pluripotent stem cells for cardiac disease modeling

Ca2+ transients and electrophysiological findings. In another study, a novel muta-
tion at 1893delC (e631fs/33) in the KCNQ1 gene causing LQTS-1 was characterized [28].  
Treatment of iPSC-CMs with the K+ channel blocker E4031 induced prolongation in 
FPD of both control and LQTS CMs, whereas EAD was observed specifically in the 
LQTS CMs, similar to the clinical phenotype. On the same note, chromanol 293B 
administration caused FPD prolongation in the control CMs but not in the LQTS CMs, 
thus indicating that mutation in the KCNQ1 gene caused Ks channel dysfunction. Elec-
trophysiological data further revealed that in the event of functional deficiency of Ks, 
Kr channels substituted the Ks channels in LQTS-1 patient CMs. For further validation, 
immunocytochemistry analysis of 1893delC mutation in KCNQ1 showed a dominant-
negative effect via trafficking deficiency. Moreover, isoproterenol-induced arrhythmo-
genic phenotype in LQTS-1 CMs was reversed by propranolol [28]. 

Fig. 8.3.1: Schematic illustration of (a) KCNQ1 and KCNE1, (b) KCNH2, (c) SCN5A, (d) CACNA1C, and  
(e) RyR2 and Calsequestrin channels. ECM= extracellular matrix.

8.3.2 LQTS-2

Malfunctioning of rapid rectifier potassium channel (Kr) expressed by KCNH2 gene 
causes LQTS-2. The human ether-a-go-go-related gene (hERG, also known as KCNH2) 
encodes for Kv11.1, which constitutes the alpha subunit of the K+ channel (Fig. 8.3.1b), 
playing a significant role in the plateau (phase 2) and repolarization (phase 3) of CMs 
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(Fig. 8.2.1b). Kr is called rapid rectifier since its inactivation and recovery from inac-
tivation occur more rapidly than its opening and closing states. KCNH2 is the most 
widely studied K+ channel due to its significant role in cardiac function and off-target 
effects on this channel associated with various pharmacological agents. 

The first study illustrating the LQTS-2 phenotype in the iPSC-CM system was 
derived from patients carrying A614V missense mutation in the KCNH2 gene and was 
reported to represent a clinically relevant electrophysiological phenotype in vitro [29] 
(Tab. 8.3.1). Since this mutation site was associated with Kr channel pore formation, 
iPSC-CMs with LQTS-2 showed prolonged APD and EAD as compared to the control 
cells from healthy individuals. After recapitulating LQTS-2 phenotype in a culture 
platform, the cells were treated with IKr channel blockers: E4031 or cisapride. The 
pharmacological treatment with either drug resulted in an increased APD and emer-
gence of EAD. Since EADs are thought to result from late membrane-inward currents, 
treatment with nifedipine, an L-type Ca2+ blocker, abrogated APD and eliminated 
EAD. Another novel drug tested in this study was ranolazine, a known Na+ channel 
blocker, which eliminated EAD without any change in APD [29]. 

In an interesting study, patient-derived iPSC-CMs were generated from a female 
symptomatic patient with G1681A mutation in the KCNH2 gene and her mother car-
rying the same mutation without a clinical phenotype in ECG as an asymptomatic 
control [30]. It was observed that the CMs derived from asymptomatic LQTS-2 patients 
had no abnormality in vitro in line with the clinical examination. From MEA and 
patch clamp recordings, only patch clamping revealed APD prolongation in iPSC-CMs 
derived from symptomatic patients. These data implied that the patch clamp tech-
nique was more sensitive in the detection of electrophysiological differences as com-
pared to the MEA system. Treatment of iPSC-CMs with isoprenaline, which is generally 
used to pharmacologically treat LQTS patients in the clinic, alleviated APD in CMs 
from both patient-derived iPSCs, while EAD was observed only in the symptomatic 
LQTS-2 derived CMs. Treatment of LQTS-2 derived iPSC-CMs with nadolol and pro-
pranolol ameliorated EAD symptoms. Importantly, administration of E4031 induced 
prolongation of APD in all iPSC-CMs cultures; however, EAD changes were observed 
only in the CMs derived from LQTS-2 patients. Furthermore, treatment of the cells with 
K+-channel enhancers, including nicorandil (IKATP channel opener) and PD-118057 
(K+-channel activator), reversed the effects of E4031 on patient-derived CMs [30]. 

Bellin et al. (2013) highlighted the importance of the use of isogenic cell lines to 
eliminate the limitations of individual variability among independent controls [31]. 
They used iPSC-CMs with the KCNH2 gene mutated at N996I, c.A2987T T/A, and the 
corresponding A/T correction was carried out by gene editing with homologous recom-
bination technique. MEA analysis showed that E4031 prolonged APD in the mutated 
cells as compared to the control healthy cells. Immunocytochemical analysis revealed 
that proteasomes have a role in the degradation of N996I hERG protein, causing a 
KCNH2 trafficking defect. These findings demonstrated that the N996I hERG protein 
is haplo-insufficient rather than being a dominant negative form [31].
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Several LQTS-2 disease modeling studies have been conducted by using patient-
derived iPSC-CMs to compare CMs derived from symptomatic and asymptomatic 
patients (Tab. 8.3.1). In one report, iPSCs derived from asymptomatic LQTS-2 patients 
were differentiated into CMs to explore whether the same medical treatment for symp-
tomatic patients could be used for asymptomatic patients [32]. In contrast to the clini-
cal phenotype, iPSC-CMs from asymptomatic LQTS-2 patients carrying R176W muta-
tion in the KCNH2 gene showed prolonged APD at the baseline relative to the control 
CMs. The magnitude and density of IKr in LQTS-2 CMs decreased after administration 
of E4031, suggesting that a patient carrying LQTS-2 mutation without severe symptoms 
could exhibit arrhythmogenic characteristics in vitro [26]. In another study, membrane 
potential and intracellular Ca2+ currents of iPSC-CMs derived from patients inherit-
ing A422T mutation in the KCNH2 gene or N406K mutation in the SCN5A gene were 
evaluated [33]. The data from this study showed a significant correlation between Ca2+ 
changes in the microcluster and single cell electrical activity independent of LQTS 
types. Therefore, the authors proposed a common Ca2+-dependent arrhythmogenic 
mechanism in both LQTS-2 and LQTS-3 [33]. Moreover, N-[N-(N-acetyl-L-leucyl)-L-
leucyl]-L-norleucine) (ALLN), a pharmacological agent with protease inhibitory prop-
erties, was conducted to ameliorate LQTS-2 phenotype [34]. The iPSC-CMs used in 
this study carried A561V missense mutation in the KCNH2 gene, resulting in reduced 
membrane localization of glycosylated and mature hERG protein. ALLN is an inhibitor 
of calpain and proteasomes and successfully corrected the hERG trafficking defect. 

RNA interference technology has also been employed in iPSC-CMs carrying 
c.G1681A mutation in the KCNH2 gene to improve the LQTS-2 disease phenotype [35]. 
This mutation was localized in the IKr ion-channel pore regions and impaired glycosyla-
tion and channel transport to the plasma membrane. While the mutated KCNH2 mRNA 
was allele-specifically targeted and knocked down, the wild-type mRNA expression 
remained unaffected. Subsequent to adrenergic stimulation or K+ blockage, the mutant 
allele targeted iPSC-CMs showed normal APD without EAD as compared to iPSC-CMs 
with LQTS-2 mutated allele. In addition to genetic manipulation, treatment of corrected 
iPSC-CMs with K+ channel regulator nicorandil or PD-118057 shortened APD. This study 
illustrated that knockdown of mutated KCNH2 mRNA would attenuate dominant- 
negative effect and partially correct LQTS-2 phenotype [35]. 

In addition to blood and skin biopsy samples, urine has also been used as an alter-
native noninvasive source to generate iPSCs lines [36]. Patient urine derived iPSC-CMs 
demonstrated that A561P mutation in hERG protein causes a hERG trafficking defect. 
The urine-derived iPSC-CMs showed LQTS-2 phenotype, including prolonged APD 
and drug-induced abnormal electrophysiology similar to blood- or fibroblast-derived 
iPSC-CMs [36].

Sala and colleagues (2016) used LUF7346, a hERG allosteric modulator to rescue 
not only the congenital (N996I, c.A2987T) but also the Astemizole or 3H-labeled defe-
tilide (hERG blockers) drug-induced LQTS-2. MEA and patch clamp analysis revealed 
that LUF7346 ameliorated the pathological phenotype of the congenital as well as 
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drug-induced LQTS-2 in a dose-dependent manner by slowing IKr closing. In this 
study, LUF7346 was found to be a more effective hERG activator than NS1643 and 
rottlerin [37]. A recent study has shown that a novel mutation at KCNH2-IVS9-28A/G  
caused a significant reduction in the full-length ERG1a while upregulating the 
ERG1aUSO isoform [38]. This shift in selective expression of ERG1aUSO higher than 
ERG1a expression may result in impairment of hERG trafficking, causing prolonga-
tion in FPD. Moreover, the KCNH2 trafficking defect was reversed by using ALLN, thus 
making the cell regain the electrical properties akin to the wild-type CMs and reduc-
ing perinuclear accumulation while increasing membrane localization of KCNH2 
protein [38]. Jones and colleagues (2014) were the first to report the significance and 
function of hERG-1b in cardiac function. In human CMs, hERG is composed of both 
hERG-1a and hERG-1b. Knockdown of hERG-1a expression using short hairpin RNA or 
exogenous expression of PAS domain in the iPSC-CMs resulted in significant reduc-
tion in hERG-1b levels, lowering IKr amplitude, prolongation of APD, and appearance 
of EAD [39].

8.3.3 LQTS-3 (Gain-of-Function of Na+ Channel)

Mutations in the SCN5A gene expressing the alpha subunit of Nav1.5 have been associ-
ated with LQTS-3 [15]. Nav1.5 has four homologous asymmetric domains on the plasma 
membrane. Each domain has six helixes, in which S1 to S4 are responsible for voltage 
sensing and S5 and S6 form the pore (Fig. 8.3.1c). The isoleucine, phenylalaline, and 
methionine motif located between the third and the fourth domains plays a signif-
icant role in fast inactivation; hence, many mutations in this region impair Nav1.5 
channel inactivation. In addition, carboxylic terminal of Nav1.5 channel, where most 
mutations occur, stabilizes the inactivation state.

The voltage-gated Nav1.5 channels open at −50 mV membrane potential and 
permits the diffusion of Na+ into the cytoplasm. The following rapid increase in 
Na+ ion concentration in the cytoplasm activates Ca2+ and K+ channels, resulting in 
cardiac muscle contraction. Various gain-of-function mutations in the SCN5A gene 
result in the LQTS-3 phenotype in the clinic. Based on pathophysiological differences, 
the clinical phenotype of LQTS-3 is distinct from the previously described LQTS-1 and 
LQTS-2. While sudden cardiac arrest can occur in LQTS-3 patients during resting state, 
exercise- and adrenergic-stimulus-triggered fatal arrhythmias are often observed in 
LQTS-1 and LQTS-2 patients [15]. 

iPSC-CMs derived from LQTS-3 patients carrying mutations at two different amino 
acids, V240M and R535Q, in the SCN5A gene showed longer APD duration compared 
to the healthy control CMs [40] (Tab. 8.3.1). These iPSC-CMs with LQTS-3 phenotype 
showed low Na+ current density and slow inactivation tendency, resulting in persis-
tent Na+ current. In another study, iPSC-CMs were derived from a patient carrying 
both F1473C mutation in the SCN5A gene and a polymorphism K897T in the KCNH2 
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gene. The iPSC-CMs showed LQTS-3 phenotype without any effects from KCNH2 poly-
morphism. Moreover, administration of mexiletine inhibited the Na+ rapid recovery 
inactivation of iPSC-CMs derived from this LQTS-3 patients [41].

iPSC-CM derived from LQTS-3 patients carrying R1664H mutation at the SCN5A 
gene illustrated faster Na+ recovery from inactivation and EAD compared to healthy 
control cell lines [42]. The authors used several clinically relevant Na+ channel block-
ers, i.e., mexiletine, ranolazine, and phenytoin, to ameliorate LQTS-3 electrophysi-
ological phenotype. MEA and patch clamp analysis showed that treatment with Na+ 
channel blockers abolished EAD and reduced APD [42]. In another study, iPSC-CMs 
derived from an LQTS-3 patient carrying V1763M at the SCN5A gene and the patient’s 
healthy sibling showed similar levels of the SCN5A gene expression as well as similar 
Nav1.5 cellular distribution. Further characterization showed that the proportion of 
mutant SCN5A allele expression was higher and fast recovery from inactivation was 
also observed in the patient-specific iPSC-CMs. Treatment with mexiletine of iPSC-
CMs derived from LQTS-3 patients shortened the open state of the Na+ channel and 
thus reduced the late Na+ current and shortened APD, consistent with its clinical use 
in pharmacological treatment of LQTS-3 patients [43]. In addition, the effect of lido-
caine, a class I antiarrythmogenic drug, was evaluated on LQTS-3 derived iPSC-CMs, 
and it was found to inhibit Na+ currents in vitro, implying a potentially therapeutic 
effect on LQTS-3 phenotype [44].

8.3.4 Brugada syndrome 

BrS has an autosomal dominant inheritance patterns characterized by the loss of 
function of Na+ channels, resulting in ventricular fibrillations and sudden cardiac 
death. BrS is diagnosed by a negative T-wave and ST-segment elevation in ECG record-
ings. Although the majority of mutations leading to BrS is associated with SCN5A, 
several genes, i.e., SCN1B, SCN3B, CACNA1c, CACNB2b, KCNE3, KCNE5, and KCND3, 
have been implicated in BrS pathology (Fig. 8.3.1). Class I antiarrhythmic drugs, such 
as Flecainide, procainamide, disopyramide, ajmaline, propafenone, and pilsicainide, 
have been used to pharmacologically treat BrS symptoms in the clinic as well as in in 
vitro BrS disease models [45]. 

The first iPSC models of BrS were derived from three unrelated BrS patients  
whose genetic analysis did not show a mutation in any BrS associated gene  
(Tab. 8.3.1) [46]. In this study, iPSC-CMs derived from BrS patients showed similar Na+ 
channel characteristics compared to the CMs generated from iPSCs of healthy indi-
viduals. In order to understand whether other mechanisms were involved in the BrS 
phenotype in these patients, BrS-related channels such as L-type Ca2+ channels and 
K+ channels were analyzed using patch clamp technique. Electrophysiological analy-
sis of cation channels showed normal activity in the CMs derived from BrS patients. 
Based on these findings, fibrosis in the right ventricle was hypothesized to decrease 

 EBSCOhost - printed on 2/11/2023 5:42 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.3 Channelopathies   163

CM coupling, and unknown epigenetic factors may play roles in BrS pathology. Addi-
tionally, the immature nature of hiPSC-CMs was speculated to potentially mask the 
BrS electrophysiological abnormalities in vitro [46].

BrS and LQTS-3 are considered to be associated with SCN5A gene mutations, 
and a distinct subclass of disorder termed as the overlap syndrome may show 
symptoms of both BrS and LQTS-3. It was reported that 179insD/+ mutation in the 
SCN5A gene caused the overlap syndrome [47]. Human- and mouse-derived iPSCs 
and ESC lines carrying 179insD/+ mutation in the SCN5A gene showed persistent  
INa, reduced upstroke velocity, and a prolonged APD, while channel opening and inacti-
vation kinetics remained unaffected [47]. Moreover, a recent study has investigated BrS 
using patient-specific iPSC-CMs derived from two patients at the single cell level [48]. 
The patients had two different Na+ gated channel alpha subunit variants showing 
a reduction in Na+ current density and AP upstroke velocity. While one patient had 
two missense mutations at R620H and R811H in the SCN5A gene, the other patient 
had a frame-shift mutation in the SCNA5 gene, leading to a nonfunctional truncated 
form. Both BrS patient-derived iPSC-CMs showed abnormal Ca2+ transients, varia-
tions in beating interval, and triggered activity in comparison with healthy controls. 
CRISPR/Cas9-mediated genome correction of the BrS-associated genetic variant 
in iPSC-CMs rescued the abnormal Ca2+ transients and channel activity observed  
in the patient CMs. Interestingly, iPSC-CMs from BrS patients showed downregula-
tion of not only the SCN5A gene expression but also of the KCNB3 related to Kv4.3 
and outward K+-channel and the KCNJ2 associated with Kv2.1 and inward K+ current. 
This study signifies the role of CRISPR/Cas9 gene editing approach to ameliorate 
the BrS phenotype similar to the healthy-donor-derived iPSC-CM phenotype and 
possible compensatory mechanisms in ion channel expression and activity in the 
diseased state [48]. 

8.3.5 Timothy syndrome (LQTS-8)

Timothy syndrome (TS), also known as LQTS-8, is a rare genetic disorder due to gain-
of-function mutations in the L-type cardiac voltage-gated Ca2+ channel (CACNA1C, 
Cav1.2) encoding gene (Fig. 8.3.1d). Among the different LQTS subtypes, TS patients 
show the longest prolongation of the QT interval in the clinical examination. The 
CACNA1C channels regulate Ca2+ influx into the cytoplasm, and the resultant elevated 
intracellular Ca2+ in turn triggers the inactivation of Ca2+ channels in the CMs. These 
ionic changes lead to membrane depolarization via voltage-dependent inactivation 
and Ca2+/CaM-dependent inactivation mechanisms [49]. Mutations in CACNA1C may 
cause abnormalities in Ca2+ exchange, prolonged APD, calcium overload, T-wave vari-
ance, polymorphic ventricular tachycardias, and an increased incidence of DADs. 
The first case of TS reported heart defects and syndactyly [50]. The best character-
ized mutation at CACNA1C is a de novo missense mutation at the position G406R  
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(Tab. 8.3.1) [51]. Most children affected by this mutation die early, around 2–3 years 
of age. G406R CACNA1C mutation causes a continuous open state of the channel, an 
increase in Ca2+ influx, and an impaired voltage-dependent inactivation, collectively 
resulting in myocardial APD prolongation [51]. In another report, a rare variant of TS 
was genetically associated with two point mutations at the G406R and G402S posi-
tions in the CACNA1C gene. The patients carrying these two mutations showed more 
severe cardiac defects, with longer QT intervals compared to single missense muta-
tion carriers [52, 53]. 

Verapamil and other L-type Ca2+ channel blocker analogs are useful in pharma-
cological treatment of frequent ventricular tachyarrhythmias observed in TS patients 
with mutations in the CACNA1C gene at G402S [54]. In this regard, ECG analysis of TS 
patients revealed an effective reduction in tachyarrhythmias after administration of 
verapamil, possibly by reducing the Ca2+ influx and shortening the QT interval [54]. 
The more complex form of TS associated with A1473G mutation was shown to result in 
the long QT interval, cortical blindness, and stroke [52]. Consistent with clinical case 
studies, iPSC-CMs generated from patients carrying G406R mutation demonstrated 
abnormal Ca2+ exchange and prolonged APD, which could be reversed by treatment 
with roscovitine, a compound that increases the VDI of CACNA1C [55]. In later studies, 
cell cycle regulators and other roscovitine analogs have been examined on iPSC-CMs 
derived from TS patients for their therapeutic potential based on mechanisms that 
have yet to be revealed [56].

8.3.6 LQTS-14

CaM is a Ca2+-dependent regulatory protein that is encoded by CALM1, CALM2, and 
CALM3 genes. CaM activity is essential for homeostasis of the heart function, immune 
system, and nervous system. Mutations in the CALM1 gene have been recently associ-
ated with LQTS-14 [57]. In this study, hiPSC-CMs derived from patients carrying F142L 
mutation in the CALM1 gene were shown to prolong CM repolarization, which could be 
recovered to normal phenotype by isoproterenol treatment (Tab. 8.3.1) [57]. Moreover, 
in CMs carrying the mutant CALM1 gene, Ca2+/CaM-dependent inactivation of ICaL was 
severely impaired, resulting in elevated and extended inward current potentially asso-
ciated with the prolonged CM repolarization. Interestingly, Ca2+ channel blocker vera-
pamil and amlodipine treatment abolished mutation-induced electrical abnormality 
and impaired Ca2+/CaM-dependent inactivation observed in LQTS-14 derived iPSC-CMs. 

8.3.7 LQTS-15

In a recent report, patient-specific iPSC-CMs carrying the D130G mutation in 
the CALM2 gene was associated with a newly defined subtype of LQTS-15 [58].  

 EBSCOhost - printed on 2/11/2023 5:42 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.4 Catecholaminergic polymorphic ventricular tachycardia   165

Electrophysiological analysis of iPSC-CMs derived from D130G-CALM2 patients 
showed prolonged APD and Ca2+/CaM-dependent inactivation of L-type Ca2+ channels  
(Tab. 8.3.1). By using CRISPR/Cas9 genome interference strategy, the mutated CALM2 
gene was silenced through allele-specific suppression. Suppressed mutant CALM2 
gene expression functionally rescued the consequent effect of the mutation by nor-
malizing the APD and recovering the Ca2+/CaM-dependent inactivation [58]. 

8.4 Catecholaminergic polymorphic ventricular tachycardia

CPVT is a form of genetic arrhythmogenic disorder that could be triggered by adren-
ergic stimulus increasing heart rate due to physical activity and emotional or meta-
bolic stress. CPVT has been categorized into two groups, CPVT-1 and CPVT-2. CPVT-1 
has an autosomal dominant inheritance and has a higher incidence than CPVT-2 does 
in the population. CPVT-1 is associated with mutations in the Ca2+ channel ryanodine 
receptor 2 (RyR2) gene, causing an abnormal flux of Ca2+ from the SR to the cytosol 
during muscle relaxation [59]. RyR2 mutations exert their effect as hyperactive chan-
nels, producing gain-of-function phenotype [60, 61], or hypoactive channels, result-
ing in loss-of-function phenotype [62, 63], resulting in abnormal channel sensitivity 
to Ca2+. 

CPVT-2 has an autosomal recessive inheritance pattern and is associated with 
the cardiac calsequestrin 2 (CASQ2) and triadin (TRDN) gene mutations (Fig. 8.3.1e) 
[64]. CASQ2 is a Ca2+ binding protein that has high capacity but low affinity to Ca2+ 
in the SR [65, 66]. RyR2, triadin, junctin, and CASQ2 form a complex at the SR per-
imembrane region (Fig. 8.3.1e); thus, mutations in triadin or cytoplasmic CaM could 
affect RyR2 activity in the SR. Clinical investigation by ECG analysis implied that 
CASQ2-mutation-induced DADs trigger arrhythmias in CPVT patients [67, 68]. It is 
pertinent to mention that both the RYR2 and CASQ2 genes encode for the proteins 
that are responsible for the maintenance of normal heartbeat under physiologi-
cal conditions. In almost 25% of CPVT patients, the commonly administered beta-
blockers for therapy are inefficient [69, 70]; therefore, iPSC-CMs derived from CPVT 
patients provide a valuable tool to investigate CPVT mechanism and more effective 
drug targets for therapy.

In one of the first in vitro disease models of CPVT-1, iPSCs were generated from 
patients carrying M4109R heterozygous mutation in the RyR2 gene (Tab. 8.3.1) [71]. 
Electrophysiological analysis of iPSC-CMs derived from CPVT-1 patients by whole-
cell patch clamp and MEA recordings showed DADs in patient CMs compared to the 
hiPSC-CMs derived from healthy individuals. To mimic the emergence of arrhyth-
mias in CPVT patients during exercise or emotional stress, iPSC-CMs derived from 
CPVT patients were stimulated with forskolin, a known direct activator of adenylate 
cyclase, and isoproterenol [71]. Both forskolin and isoproterenol increased the fre-
quency of DADs in in vitro disease models [71]. In order to investigate further the 
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CPVT disease mechanism, an SR Ca2+ ATPase pump inhibitor, thapsigargin, was used 
to deplete the intracellular Ca2+ stores that decreased the DAD incidences [71]. Moreo-
ver, administration of the Na+ channel blocker flecainide to iPSC-CMs derived from 
CPVT patients completely abolished DADs, implying flecainide as an effective sec-
ondary agent for CPVT treatment [71]. These findings collectively indicate the impor-
tant balance between Na+ and Ca2+ during cardiac muscle contraction and relaxa-
tion preserved by various ion pumps and channels on the plasma membrane and SR 
membrane. 

Another CPVT-1 iPSC-CM model was established from patients inheriting S406L 
missense mutation in the RyR2 gene [72]. Treatment of CPVT-1-specific iPSC-CMs with 
dantrolene, a muscle relaxant that binds to the N-terminal of the cardiac RyR chan-
nels, showed relaxation of the cardiac cells and restored rhythmic behavior by abol-
ishing DADs [72]. Moreover, in hiPSC-CMs generated from a CPVT patient with F2483I 
mutation in the RyR2 gene, forskolin treatment abolished intracellular Ca2+ release by 
elevating cytosolic cAMP levels similar to previous studies [73]. Further Ca2+ current 
and Na+/Ca2+ exchanger current studies of RyR2 F2483I mutant iPSC-CMs showed 
higher ICa-gated Ca2+ release and sensitized adrenergic regulation correlating with 
the clinical phenotype of patients [74]. In vitro modeling CPVT-1 associated with RyR2 
gene mutation P2328S not only showed similar electrophysiological phenotype but 
also showed EADs similar to the clinical features [75]. 

In CPVT-1 hiPSC lines generated from I4587V mutation in the RyR2 gene, mRNA 
expression analysis revealed increased production of two Ca2+ homeostasis regula-
tors, inositol 1,4,5 triphosphate receptor-2 and calreticulin, and decreased expression 
of CASQ2 in patient-derived iPSC-CMs compared to adult human CMs, indicating 
immature Ca2+ handling in patient cells. Treatment of RyR2-deficient iPSC-CMs with 
S107, which stabilizes the closed state of the RyR2 receptor, significantly decreased 
DADs. These findings highlight the therapeutic potential of S107 and similar RyR2 
stabilizer CPVT-1 treatment [76].

A CPVT-1 model created from a 12-year-old individual inheriting a missense gene 
mutation at L3741P in RyR2 responded to a beta-blocker nadolol and flecainide [77]. 
Flecainide treatment was shown to decrease ventricular arrhythmias in the CPVT 
patient following the in vitro characterization. This study emphasizes the use of 
patient-specific iPSC-CMs for custom tailoring drugs in personalized medicine [77].

Various CPVT-2 disease models have been established by hiPSC-CMs (Tab. 8.3.1). 
In one such study, delivery of the wild-type CASQ2 gene using adeno-associated virus 
vectors to iPSC-CMs derived from CPVT-2 patients was shown to be effective in restor-
ing the normal CASQ2 function in cardiac cells and abolished the disease-associated 
DADs [78]. In another report, iPSC-CMs derived from CPVT-2 patients carrying the 
E2311D mutation in the RyR2 gene were obtained and the arrhythmic phenotype was 
induced by isoproterenol treatment [79]. Incubation of iPSC-CMs derived from CPVT-2 
patients with an antiarrhythmic drug, KN-93, reduced DADs by inhibiting Ca2+/CaM-
dependent serine-threonine protein kinase II [79]. These two studies underline both 
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gene therapy and pharmacological approaches to be effective in ameliorating CPVT-2 
phenotype in vitro. 

In-depth electron microsocopy analysis of hiPSC-CMs derived from patients car-
rying missense mutation D307H in the CASQ2 gene revealed unorganized sarcomeric 
structure reminiscent of immature fetal-like CM morphology [80]. In the same study, 
isoproterenol stimulation induced DADs were associated with a diastolic intracellular 
Ca2+ increase in CASQ2 mutation-dependent CPVT phenotype.

8.5 Conclusion

The emerging progress in iPSC technology offers opportunities to dissect the under-
lying molecular mechanisms propagating the cardiovascular disease process and 
the efficient screening of drug libraries to characterize novel drug candidates and to 
develop modern treatment strategies. IPSCs also provide a continuous and replenish-
able source of cells to establish disease-on-a-dish models to investigate channelo-
pathy disease phenotype in vitro to appraise drug response and evaluate the cardiac 
toxicity of novel compounds during drug discovery and development. Moreover, 
the strategy permits personalized cell therapy options for various cardiovascular 
pathologies. Patient-derived iPSC models are valuable tools to investigate molecular  
characterization of cardiac arrhythmias, are fast and reliable screens for drugs, elec-
trophysiologically mimic disease phenotype in vitro, and can be examined by using 
various techniques such as patch clamp, MEA, and Ca2+ imaging. Through reprogram-
ming technologies in combination with CRISPR/Cas9 genome editing and allele- 
specific suppression tools, the generation of isogenic cell lines became possible in 
order to eliminate the limitations of individual variability among independent con-
trols and to minimize the differences in the genetic background. Although the various 
selected channelopathies discussed here have a mostly monogenic basis associated 
with a single ion channel mutation, recent reports drew attention to the intricate 
balance between different ions in CMs, indicating a necessity for high-throughput 
drug screening strategies for various ion channel targets to explore therapeutic 
intervention. In one such example, effective functional recovery of the CPVT pheno-
type, that is, primarily emerging from Ca2+ channel mutations, could be achieved by 
treatment with flecainide to block accompanying Na+ channels. These findings col-
lectively indicate the important balance of ion homeostasis in healthy and diseased 
CMs. In-depth molecular, electrophysiological, and pharmacological evaluation of 
arrhythmia-associated phenotype in vitro became feasible with hiPSC disease-on-a-
dish models, which would otherwise be challenging or even impossible. 
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9 Role of stem cells on evolution: a hypothesis

Abstract: Life evolution is a fascinating theme. According to Lamarck, “creation” is 
in a constant state of advancement, a result of cumulative changes of unclear etiol-
ogy, although the potential role of stem cells has not been analyzed. Hierarchical and 
somatotopic development suggests that the whole organism’s cells are linked through 
complex hierarchical clustering network systems that provide several advantages 
to the organism cells, including cell feedback controls, which allow somatic cells to 
promote and/or repress gene behaviors of anybody’s cell, including germ stem cells 
(GSCs). Gene flexibility for accepting duplicated genetic elements is mandatory for 
evolution; thus, the updated selected epigenetic information of SC is transmitted to 
GSCs and consequent generations. However, we should consider the competition 
between the two parental chromosomes. This dual parental occurrence of an epige-
netic modification could create an “optimum selective peak”; therefore, life “sexu-
alization” was the first primordial step of evolution. The second primordial step was 
brain emergence, which was initiated by the development of motor, sensing, and 
sensorial functions. This has contributed, by successive cascades, to brain evolution 
across species. In mammals and primates, comport functions are imprinted as “fixed 
brain engrams” because genes have been fixed at the level of genomic organization, 
whereas in humans, the brain genome has escaped “fixation.” Consequently, the 
plasticity of brain gene regulatory mechanisms has reduced the genetically predeter-
mined gene expression of “brain engrams,” leading to the development of complex 
brain regions and brain functional diversification, with their complex interaction. 

Key Words: Evolution, Stem cells, Life sexualization, Brain, Human.

9.1 Introduction

The aim of any hypothesis is not to give an exact picture of reality but rather to give 
rise to more accurate concepts that could lead to reality [1, 2]. Consequently the prin-
ciples of any theory must be based on coherent sets of ideas to construct a fictive and 
provisional model of reality sustained by a large class of observations; no matter how 
much time results agree as any theory should evolve with our know ledge. Therefore, 
a theory is built to help solve problems, explain indefinite events, or guide further 
researches. One of the most fascinating themes of theory is life evolution, because 
several puzzling topics or set of concepts must be assembled to explain the origin 
of life and either species emergence or evolution. The universal thought, although  
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disputed [3], is that all life arise from a common ancestor, from which three primary 
lines of descents developed, including Archea, Bacteria, and Eucarya, with each line 
generating different subgroups of genetic organisms [3, 4]. The genetic system depends 
on genes used to transmit information and the epigenetic system that comprises the 
transmission of the on/off switching of genes during development. Although it is well 
admitted that the main driving force of evolution is competition and the main tool is 
genetic and epigenetic modifications, how such genetic phenomena is evolutionary is 
still matter of debate and several theories have been suggested [4–9].

According to Lamarck, “creation” is in a constant state of advancement; it was an 
innate characteristic of nature that organisms are constantly “improved” by succes-
sive generations, so an organism adapts to its environment at each stage of its evolu-
tion and large changes in population are the result of cumulative changes [10–12]. 
Although It has been stated that mutations within promoter regions constitute the 
most “relevant or important” source of genetic variations [13, 14], we agree that regu-
latory gene changes rather than gene mutations are responsible for the vast majority 
of observed biological differences [15], because spontaneous mutations, instead of 
gaining new functions, most often lead to deleterious functions [16–20]. 

9.2 Stem cells and evolution

Despite various theories, the potential role of stem cells in life evolution has not been 
considered. First, it is recognized that all cells are related to each other, following 
symmetrical or asymmetrical division, through a somatic cell (SC) tree, which starts 
from an embryonic toti-potential stem cell to adult differentiated SCs, with pluripo-
tential stem cells (PSCs) being progenitors or common ancestors of several clusters 
of multipotential stem cells (MSCs) and differentiated somatic cells (SCs). Second, 
although it is recognized that cell-cell communication is crucial to large multicellular 
organisms [21], little attention has been accorded to the possibility that stem cells may 
represent a component of “a biologically interconnected cellular complex system” 
even if the knowledge-based approach to constructing biological network models is 
recognized as one of the most promising advances in computational biology [22]. Bio-
logical systems can be modeled as complex hierarchical clustering network systems, 
with many interactions between the components [23]. This may help in understand-
ing the organization within organism cells and their dynamics as information from 
the cell state and the outside environment is translated into a correctly timed expres-
sion of genes [24]. Due to the high reliability of each relation, many network models, 
even those with large, complex structures, have been constructed for various bio-
logical phenomena by a knowledge-based approach [25]. However, the complexity 
of  biological systems does not reside solely in the number of components and inter-
actions or in their associated structural and physicochemical properties, but in the 
hierarchical network connections across space and time scales from gene level to cell 
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level to tissue level to organism level and finally to population level [26]. Although 
difficult to materialize, it could be deduced that organism cells, including the human 
cell pool, are linked by a complex dynamic physiological tree with several pathways 
including stem cell-SC interrelations in both directions and stem cell interconnec-
tions. These pathway trees have a spatial and temporal organization, and the same 
“cluster” of cells may have a privileged or facilitated way to communicate each other, 
allowing identical cells to coordinate their physiological behavior(s), create a coopera-
tive whole, perceive and correctly respond to their microenvironment, and regulate 
their metabolism; this communication type is the basis of development, tissue repair, 
and normal tissue homeostasis [21]. These communications provide several other 
advantages to the whole organs or organism cells, including stem cells:
1. They provide opportunities for cell feedback control.
2. Intercell communications allow stem cells to remain quiescent until they are acti-

vated by disease or tissue injury to repair the dependent tissue or to self-renew. 
The balance of self-renewal and differentiation is not likely being governed by 
single or few stem cell factors but rather by the integration of many interacting 
signal inputs [27] from somatic, multipotential, and pluripotential stem cells.

3. They allow PSCs to modify their epigenetic registry in response to environmen-
tal “spike stress,” which could lead to the emergence of epigenetic “mutational” 
event [6]. PSCs may restructure the genome expression of the next generation 
of stem cells in response to environmental stressful conditions, by transposi-
tion of DNA elements or a change in heterochromatin, because the programmed 
pathway(s) by which inductive signals have controlled the identity, proliferation, 
and timing of differentiation of progenitor cells (in establishing spatial pattern of 
developing tissue) remains in stem cell memory and accessibility to the genome 
is not restricted to PSCs [28]. 

4. Cell communications allow PSCs to promote and/or repress the gene behaviors of 
any body cell, including germ stem cells (GSCs) [29–32]. Even if the mechanisms 
of gene regulation and evolution are complex and blurred, they do not occur 
without a definite and specific order. The rules that govern gene regulation and 
evolution are the primary controls “on what it is allowed to happen in the evolu-
tion” of the overall genotype-phenotype system, suggesting strong controls on the 
categories of developmental changes that might be associated with macroevolu-
tion [33]. Therefore, the short-term, clock-dependent, temporo-spatial embryonic 
network communication should be distinguished from the stable, dynamic, regu-
latory, stem cell network it has induced in achieved organism. Communications 
between PSCs (of the whole organism) and GSCs lead to GSCs’ epigenetic registry 
update, according to PSCs’ “acquired experience.” The epigenetic changes in a 
whole stem cell, induced by the environment, occur through a long period, by 
successive steps, which require a key period where the environmental stimulus 
persists and produces an effect on the organism before it becomes imprinted in 
the PSC genome and transmitted to GSCs. PSCs may act as an on-off molecular 
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switch to update epigenetic registry of GSCs, which is transmitted to gametocytes. 
Therefore, the updated embryological system gives the offspring organism new 
anatomical [34] and physiological [35] survival strategies and aids the new organ-
ism to develop the most adequate functions, according to its environment and/
or constraints. This genetic transmission allows short-term adaptation of each 
generation to its environment. This concept may explain intraspecies and inter-
species evolution.

9.3 Evolution stages

One should differentiate between the phenomena occurring at the beginning of life 
and those occurring at following stages when the core and fundamental components 
of life have led to species emergence, with each specific genome. Therefore, we should 
distinguish the epigenetic innovation of the phenotype and/or genotype (novelty) that 
was probably predominant at the initiating conditions of life from epigenetic and/
or genetic variation (or improvement). Although they could share the same mecha-
nisms, the line between them has moved from innovation toward variation with time 
and species emergence. While the morphological and functional effects of innovation 
are major, the effects of improvement (due to environment shift) are finite when con-
sidering the individual and should rather be quantified across generations and the 
whole life of the species because it represents the sum of epigenetic adaptations to the 
environment by the species. Environmental epigenetic modifications induce minor 
morphological and functional variations on which selection then acts; once a process 
of gradual genetic modification begins, it becomes directional and leads to organism 
(morphological and functional) adaptation over successive generations. The epige-
netically modified gene should generate an advantage (substantiated after a positive 
period) before the selection become fixed and maintained in the population, thus con-
firming the emergence of improved morphological and/or functional diversification, 
which could be related to environmental change. Adaptive evolution operates only 
at a few sites; thus, epigenetic selection is likely to represent a fine balance between 
positive and negative influences rather than a global and sudden change.

9.4 Evolution and update of genetic database

9.4.1 Evolution of genetic database

We believe that genes, loci, or nucleotide sequences, incriminated in organ structures 
or functions, can be duplicated and used to reproduce the same or similar “cellular 
mechanistic system” to achieve another organ or function. Furthermore, duplication 
and insertion of genes, loci, and nucleotide sequences are under the control of stem 
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cell nuclear machinery, which may duplicate those genetic elements that should be 
activated but which are localized in a timed or timeless silenced gene(s). It is well 
known that in a living organism, the entire phenotype diversity of specialized SCs 
obey the rule that only the set of expressing genes unique to a particular cell type is 
expressed [36]. Therefore, genes, loci, and nucleotide sequences necessary to develop 
or improve a new organ or function, but which cannot be activated without peril, 
are duplicated. The control of transcription mechanisms by PSCs allows them to 
activate different dynamic processes that analyze the cis-acting regulatory elements 
of a genome and identify the nature of genes that should be silenced, activated, or 
replicated according to organism needs. This requires nucleus chromatin from PSCs 
to be folded into higher-ordered structures [37], permitting PSC nuclear machinery 
to interact with those genes having an “additive effect” to duplicate elements local-
ized within silenced genes and to insert them (where and when necessary) on flexible 
genomic regions, which leads to positive changes.

Consequently, gene flexibility for accepting duplicated genetic elements is 
mandatory for evolution and suggests a progressive evolutionary model rather than 
mutational events. It is most likely that the use of duplicated genetic elements in the 
early phases of evolution was more frequent and related to structural and functional 
states to improve organism structures and functions, while in highly advanced stages, 
they probably involve a functional state rather than structural. The duplicated genes 
encode plausibly proteins of fundamentally important biological functions such as 
signal transduction, RNA metabolism, intercellular communication, transcription 
factors, etc., which are essential common parts of intricate and complex molecular cir-
cuits and mechanisms, which can be useful in different organs. In addition, evolution 
has also been improved by evolution of gene functionality starting from individual 
gene function at early phases of evolution toward gene coexpression and clustering at 
advanced stages. The grouping of genes into clusters allows coevolution, functional 
similitude, and interaction between genes. 

These assumptions are sustained by several lines of evidence. It has been pointed 
out that the primary molecular mechanisms underlying genome evolution are single-
nucleotide pleomorphism, gene segmental duplication, genome rearrangement [38], 
and perhaps loss of genetic material [39, 40]. Eukaryotic genome frequently includes 
repeat sequences that are scattered through it. It is well known that the function of 
nucleotide sequences in the DNA depends on the manner they are combined and 
a simple repeat may change the protein function by difference in length and base 
composition [41]. The human genome has undergone numerous segmental duplica-
tions [42], some of which contain genes and others contain no genes, and the extent 
of duplication shows great variation among chromosomal regions, suggesting that 
several duplications containing genes were maintained by selection after duplica-
tion [43]. Finally, coexpressions of neighboring genes is common in many eukaryotic 
species, which in humans [44] have preferential arrangements of specific subsets of 
genes in specific “gene networks” [44, 45], and the molecular machinery that regulates  
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gene expression can generate long-distance interchromosomal associations [45, 46] 
and formations of complex arrays of protein coding regulatory sequences that give 
rise to new combinations within the same genome [47]. Consequently, a single initiat-
ing step may lead, gradually, to remarkable effects in the long run in the same species 
or can give rise to new genes in the evolutionary lineage leading to new species.

9.4.2 Role of GSCs in genetic database update

GSCs are a unique lineage with many unusual features. They are the only cells in 
the normal life cycle of an organism that carry the genome onto the next generation 
and they are the only cells that are able to undergo the reductive meiotic division, 
which is fundamental for gametogenesis. Furthermore, GSCs play a primordial role in 
heredity and evolution because the epigenetic determination of gene expression can 
be reversed or reprogrammed in the germ line [48] and the newly established pattern 
of de novo methylation can be transmitted to the offspring and may remain stable 
for many generations [49]. Although there are extreme differences between instabil-
ity (of switches) in the gene expression of PSCs and GSCs in contrast to the stable 
gene pattern of SCs [48, 50], the remarkable stability and proliferative activity of GSCs 
suggest that they have a unique machinery to prevent the transmission of genetic 
and epigenetic damages to the offspring because stable genetic transmission to 
future generations is essential for life [51]. The updated selected epigenetic informa-
tion of PSCs is transmitted to GSCs and consequent generations. GSC line passage is 
needed for the initiation of some specific epigenetic modifications by erasing existing 
imprints that are inherited from the previous generation and establish the imprint of 
the updated imprint for the next generation. The RNA factors’ repression ensures that 
the existing “silenced” chromatin is not expressed in meiosis, and dynamic modifica-
tion by different mechanisms (i.e., transposition of some histones variants) induces 
epigenetic changes in nuclear gene expression, and consequently, the updated infor-
mation is incorporated in the genome of gametocytes. Therefore, as something new is 
added, something old is slipped away from the gene database, to compensate for the 
gain. The segmentation of the genome in topographically (in)dependent domains [37] 
suggests the possibility of “one-to-one correspondence” between genotype and phe-
notype, which might ensure the fidelity of epigenetic transmission of the chromatin 
structure and the control of epigenetic modifications of gene expression. Therefore, 
during evolution, new functions are acquired as a consequence of an accumulation 
of epigenetic substitutions that modify the coding of regulatory sequences of genes. 
In addition, we should consider the competition between the two parental chromo-
somes and their epigenetic marks during fecundation. Since the epigenetic change 
is not random, a meeting of male and female with the same epigenetic change is an 
event of sufficiently high probability, and therefore, this dual-parental occurrence 
of an epigenetic modification could create an “optimum selective peak,” which can 
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provoke its selection in offspring. While occurring in only one parental gene, the 
modification could not reach the “optimum peak” for its selection. Therefore, GSCs 
are able to add, to each germinal generation, some epigenetic information linked 
to the adaptive changes experienced by the previous SCs or organs and transmitted 
through the PSCs of both parents. It could be stated that life “sexualization” was the 
first primordial step of evolution. 

9.4.3 Memory box and update of genetic database

The development network that derives from one cell is finely orchestrated and 
governed by “embryonic central clocks” [52], which ensure organism homeostasis 
and dynamical changes with regulatory effects on chromatin structures and gene 
expression, allowing a chronological and a highly dynamic spatial and temporal 
development from embryo-organogenesis up to final behavior. The plan of organ-
ism formation and function of each individual is imprinted in its PSC genome, and 
the whole organism PSC genome could be considered as a “memory box” (MB), 
with each specimen of any species having its own MB. It could be speculated that 
gene evolution is continuously occurring by selective genetic element substitutions 
or additions involving those genes regulating the molecular features of organism 
functionality. However, some restrictions related to such replications and insertions 
merit emphasis; they are, in all probability, less frequent with advanced stages of 
evolution or when the species has reached the “summit” of its organization and 
functionality, except those modifications related to its environmental adaptation 
and survival. Therefore, each MB type could be considered as a genomic record of 
the positive events underlying species emergence and development, and genetic-
epigenetic modifications accumulated during the individual life are recorded in 
the MB and transmitted to offspring via updated germ cells. This implies that any 
species offspring has a genotype and a phenotype summarizing the entire posi-
tive epigenetic environmental and genotype changes experienced by its previous 
lineage ancestors. This may explain intraspecies differences. As humans were the 
latest species to differentiate, human stem cell genome embraces the entire selected 
common genetic and epigenetic phenomena shared by all species, deriving from its 
lineage through evolution, including its particular and specific genes. 

9.5 Evolution and human emergence

Human evolution is the part of the theory by which human beings have emerged as a 
distinct species. The validity of evolution and the origins of humanity have often been 
a subject of great controversies through scientific disciplines, although most authors 
believe that the brain is the cause of human emergence [47, 53–56]. This obvious  
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difference is believed to be both anatomical and physiological, although more 
recently, this view has moved toward genomic domain [57–59]. 

9.5.1 Brain evolution

It is not the content that mostly counts, but rather the functional organization. Brain 
evolution involves more than brain expansion; it involves reorganization [55] and an 
increased number of intercommunicating areas to support the specific human cogni-
tive functions.

It could be suggested that brain emergence-evolution was the second primordial 
step in evolution and it was initiated by the development of motor, sensing, and sen-
sorial functions (vision, smell, hear, taste, and tactile sensing). The progressive com-
binations of these individual subsystems induced the development of new signaling 
pathways or mechanisms that have set the stage for new brain functions. New affer-
ent inputs may serve to configure functional circuits through cell-cell and interarea 
connections and assign new functions and new cell signaling categories to the brain. 
These new brain connections may initiate interrelated functional gene connections 
through genetic and/or epigenetic modifications of PSC genome, which are transmit-
ted to the offspring. The neural network is subject to the process of tissue pattern-
ing, which is influenced by genetically encoded boundary conditions that determine 
which, where, how neurones take place in the course of brain development and how 
axonal guidance should occur [47]. This has contributed, through successive cas-
cades, to brain evolution across species directing brain development in offspring in 
that manner that less functional regions are reduced and the most functional regions 
are developed; such anatomical and functional organizations are genetically regu-
lated, and changes occur slowly over time. However, it is difficult to speculate if the 
complex network of neurons has induced specific modification in gene function from 
“individual gene function” to “gene cluster function,” with more and more compli-
cated functional relationships, or the inverse. 

If such statement is true, therefore, the marks of genetic variation in gene expres-
sion and gene expression clustering may exist within the brain and within the same 
functional region and should reflect functional or structural specialization by par-
ticular brain regions. Several reports have provided elegant analysis of gene expres-
sion in different brain regions [60–64], and it has been shown that the variation 
between brain regions appears to be greater than originally shown by anatomical 
and histological studies. Furthermore, transcriptome analyses have identified a large 
number of mRNAs expressed predominantly in different brain regions, of which some 
displayed a very specific expression profile, which provide a molecular confirmation 
for the anatomical boundaries between the subregions [65]. It has been suggested that 
a specific gene expression may traduce a very specific region and behavior [60–62, 
66, 67], while a differential gene expression may reflect associative regions or mixture 
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with gene groups of basic cellular maintenance and survival, as genes from diverse 
functional categories are represented in the nervous system [64]. 

9.5.2 Differences between human and mammal brains

It is now considered that brain development is one of the most significant biologi-
cal bases for human emergence, and there is a considerable amount of literature on 
the subject. Recently, discussion on brain evolution has moved from the traditional 
realms of anatomy, physiology, and behavior to the domain of genes and genome 
organization [58, 59, 68, 69]. However, as the genetic difference between humans and 
chimpanzees amounts to no more than about 1–6% of their genomes [70, 71], there 
is no reason to suppose that a gene important for brain evolution should exert its 
influence only in the human branch. This rather favors the possibility that positive 
modification was actually directed toward the brain activity and organization rather 
than morphology. 

In mammals and primates, the “comport functions” are probably imprinted as 
“fixed genetic engrams” in their brain through gene transcription with potential bio-
logical themes of survival associated with specific and particular brain regions. These 
engrams, genetically formed, contribute to the conditioned network response that 
results from the activation of related stimulus and could be activated under minim 
specific signals. They have an immediate effect on brain functions owing to the “facil-
itated” neural processes and result in specific stereotypical responses according to 
the nature of the signal and the species. This allows mammals to walk immediately 
after birth, to migrate, and to survive. These engrams have steady interconnections; 
although their brain pathways may evolve, their genetic simultaneous coevolution 
is less probable because genes have been fixed at the level of genomic organization 
or are under gene control, with a “restrictive regulatory function” that blocks brain 
gene reduplication and brain gene cluster reorganization or innovation. The plasticity 
of noncoding gene and regulatory mechanisms affect the dynamics of gene expres-
sion and are the major driving force in establishing species-specific gene expression 
 patterns [72]. 

Although little is known about the key events that made our brain unique related 
to other primates, it is likely that a new gene family or new functional gene is asso-
ciated with this human behavior. It has been hypothesized that the large diversity 
within and between species, including humans, has been driven mainly by changes 
in gene regulation rather than altered protein-coding gene sequences [15, 73]. Empiri-
cally, it could be deduced that the human branch of such new gene should show a 
high genomic acceleration, and its noncoding sequences should evolve significantly 
faster and exclusively in humans, owing to their rapid evolution. This new gene or 
function may occur as a result of loss of gene with a restrictive regulatory function or 
positive selection of gene with unrestricted regulatory function. It is well known that 
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there are multiple biological processes responsible for the creation of new gene fami-
lies [74–78], and several human genes show this fast genomic acceleration [79–83]. 

It could be suggested that in humans, the brain genome has escaped “fixation,” 
allowing brain gene duplication, reorganization, gene clustering, innovation, etc.; 
this has led to the breakdown of brain engrams and the development of new signal-
ing mechanisms due to the availability of new elements or pathways that have set the 
development of brain plasticity. Brain plasticity has, in turn, increased gene plasticity 
and so on. Pollard et al. identified brain genomic regions that are highly conserved over 
a large evolutionary distance between chicken and chimpanzee but have undergone 
accelerated evolution specifically in the human lineage [81]. Consequently, the plastic-
ity of brain gene regulatory mechanisms has reduced the genetically predetermined 
gene expression of brain engrams, leading to the development of complex brain regions 
and brain functional diversification, with their complex interaction. This has allowed 
more development of the human brain in comparison to mammals and primates. Evo-
lution encompasses several different network interplays between the genotype and 
phenotype determined by gain and loss of gene network components [84, 85]. Further-
more, in the evolutionary process, the conserved functional physiology may improve 
the anatomy by successive gene reorganization. The new functional noncoding gene 
may disrupt binding of transcription factors to their cognate DNA attachment regions 
by modifying DNA-binding affinity [86, 87] and an improved physiological function 
with different structures will develop [88]. Therefore, genes incriminated in organism 
anatomy move toward another equilibrium so that they may be more adaptive to envi-
ronmental changes in the evolutionary process and new genotype and phenotypes are 
more easily generated in order to be more adaptive to the new environment, including 
bipedalism in humans, consequent of a breakdown in brain motor engrams, which are 
the first to react in infants during their brain maturity before they acquire bipedalism. 

The origin of humans was accompanied by the emergence of new physical behav-
ior and cognitive functions, including bipedalism, structured language, abstract rep-
resentations, symbolic though, etc. [57]. The picture of the primary essence of human 
language was a combination of sounds uttered to show an object or animal, while 
the tone of the voice, the body movement, and the expression of the face expressed 
the state of the mind. The association of movement with sound, image, and mind 
established, in the brain, association pathways and areas between words, things, and 
primary minds and allowed the progressive competence and ability of the human 
brain to store, retrieve, and transform present experiences into future performance, 
because the elementary universal language, the roots of the different languages, has 
evolved. It is well known that in humans, recent functionality and ancestral ones 
have a hierarchical dependence. The recent cognitive functions control ancestral ones 
such as primary comport reactions in front of danger, fear, and pleasure, allowing 
humans to respond in qualitatively novel habits to such stimuli, although the control 
of their visceral component may escape such control. The emergence of hierarchy in 
the control and regulation layouts of brain areas allowed the most effective way to 
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transfer information and coordinate processes to break down “engrams codes” into 
pieces and reuse certain functions – functions that are called and used by many other 
brain areas – thus, it can reuse its tools more often and progressively require fewer 
new tools and pathways for novel tasks, including bipedalism and structured lan-
guage. This may explain the focus of language and that of most cognitive functions in 
one hemisphere according to the handedness of the individual, as most connections 
between cortical areas are between adjacent or nearly adjacent areas.

9.6 Conclusions

The complexity of the numerous active genetic information on species, including 
humans, shares several basic structures and mechanisms, some of which have a 
precise and steady determinism, while others may evolve. The core and fundamental 
components of life exist in every genome, and once a species has emerged, it usually 
escapes the (anatomical) evolutionary process or evolves very slowly with a low con-
tributory impact. In opposition, the functional noncoding DNA segments, includ-
ing gene regulatory regions, are vital to specie (functional) evolution and adaptive 
changes. The plasticity of brain gene remodeling and brain gene regulatory mecha-
nisms, which has occurred extensively in the human genome, is the major driving 
force of its emergence-evolution. Brain evolution is the main difference betwen 
human and others species. The human brain is charactrised by the lack of “engrams” 
and “blocked circuitries” relatively to other species. However, if mammals and pri-
mates brains may integrate minor “functional” skills improvements, Human brain 
has more ability and capacity to integrate more and complexes functional improve-
ments by creating new brain neuronal circuitries. This possibility is lesser in other 
species in which the new skill is integrated in a fixed engram circuitry. Life evolution 
is a global, dynamic, and complex temporo-spatial interaction of each specie whole 
genome and various environmental factors, via the complex SC-GSCs, suggesting that 
evolution is not random but curved by environment. 
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