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Despite advances in cardiovascular biology and medical therapy, heart disorders are the leading cause of death
worldwide. Cell-based regenerative therapies become a promising treatment for patients affected by heart fail-
ure, but also underline the need for reproducible results in preclinical and clinical studies for safety and efficacy.
Enthusiasm has been tempered by poor engraftment, survival and differentiation of the injected adult stem cells.
The crucial challenge is identification and selection of the most suitable stem cell type for cardiac regenerative
medicine. Human pluripotent stem cells (PSCs) have emerged as attractive cell source to obtain cardiomyocytes
(CMs), with potential applications, including drug discovery and toxicity screening, disease modelling and inno-
vative cell therapies. Lessons from embryology offered important insights into the development of stem cell-de-
rived CMs. However, the generation of a CM population, uniform in cardiac subtype, adult maturation and
functional properties, is highly recommended. Moreover, hurdles regarding tumorigenesis, graft cell death, im-
mune rejection and arrhythmogenesis need to be overcome in clinical practice. Herewe highlight the recent pro-
gression in PSC technologies for the regeneration of injured heart. We review novel strategies that might
overcome current obstacles in heart regenerative medicine, aiming at improving cell survival and functional in-
tegration after cell transplantation.
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1. Introduction

Cardiovascular disorders remain the major cause of morbidity and
mortality throughout the world. Over the last decades, death rates
have even increased significantly (Nichols et al., 2014; Go et al., 2014).
The heart, previously considered as a terminally differentiated organ
with no regenerative capacity in post-natal life, has been documented
to exhibit a limited degree of regeneration. As a consequence, the
human heart regeneration capacity is unable to counteract the severe
loss of heart muscle tissue during myocardial infarction (MI) or other
myocardial disorders. Heart transplantation is the standard therapy to
replace the injured heart. Several experimental studies and recent clin-
ical trials assumed that stem cell-based transplantation might be indi-
cated as an alternative and promising therapeutic strategy for heart
failure. Multiple candidate stem cell types, including pluripotent stem
cells (PSCs), have been evaluated in animal models and in clinical
human studies for their ability to regenerate cardiac damage and recon-
stitute the cardiomyocyte (CM) loss.

This reviewdescribes the current research status on cell transplanta-
tion in animal models and humans. We discuss various stem cell types
with cardiac regenerative potential in a clinically relevant setting, such
as human embryonic (ESCs) and induced pluripotent stem cells
(iPSCs), as well as adult stem cells derived from the bonemarrow, mes-
enchymal tissues and the heart. In addition, we summarise some chal-
lenges that need to be overcome, and the future directions of stem
cell-based therapies for in vivo cardiac regeneration.

2. Lessons From Embryonic Cardiac Development: Translating Em-
bryology to PSCs

The formation of the three developmental germ layers, known as ec-
toderm, mesoderm and endoderm, is one of the most important hall-
marks in embryogenesis. In the mouse, the early phase of gastrulation
is characterised by the generation of the primitive streak (PS) in the epi-
blast that ultimatelywill form the posterior endof the embryo (Tamand
Behringer, 1997). Uncommitted epiblast cells undergo epithelial-mes-
enchymal transition (EMT) and migrate through the PS to contribute
to the embryonic structures and, finally, egress either as mesoderm or
definitive endoderm derivatives (Fig. 1). Patterning in the PS is defined
as anterior, mid and posterior regions with differential gene expression
profiles and developmental potential. The heart originates from the car-
diac mesoderm, which arises from the anterior PS. Brachyury (T)
Fig. 1. Mouse gastrulation. Early primitive streak (PS) formation at 6.5 days after fertilisation. T
coexpresses Brachyury and Foxa2/Goosecoid. Epiblast cells enter the anterior PS (black arrows o
(Herrmann and Kispert, 1994) and Mixl1 (Hart et al., 2002) are
expressed throughout the PS, while Foxa2 and Goosecoid are expressed
mainly in the anterior regions (Kinder et al., 2001) and HoxB1 and
Evx1 posterior (Forlani et al., 2003; Dush and Martin, 1992). The pat-
terning of distinct subpopulations of mesoderm and endoderm is not
random but seems to be a regulated temporal and spatial process.
Mobilised epiblast cells diffuse through the anterior parts of the PS
and generate cranial and cardiac mesoderm, and subsequently paraxial
and axialmesoderm. Epiblast cells,which cross themost anterior region
of the PS, derive definitive endoderm. Ectoderm develops also from the
epiblast anterior region, although without entering the PS.

During gastrulation, the temporal and spatial determination of cell
fates in different PS regions towards specific developmental lineages de-
pends on the signalling cues in the surrounding environment. Members
of the Transforming Growth Factor Beta (TGFβ) family (including BMP4
andNodal) (Hogan, 1996; Conlon et al., 1994) andWnt familymembers
(Yamaguchi, 2001) play an essential role. Moreover, germ layer forma-
tion is a dynamic process that is tightly regulated by the coordinated ac-
tivation and inhibition of BMP4, Activin/Nodal and Wnt signalling
pathways (Gadue et al., 2005).

The BMP4, Activin/Nodal andWnt signalling pathways are required
in establishing the cardiovascular system. Mouse and human PSCs rep-
resent distinct development stages, although the signalling pathways
regulating human PSC differentiation are comparable to pathways con-
trolling differentiation in mice. Knowledge, obtained from mouse em-
bryonic development studies, has been translated to in vitro
differentiation of human PSCs to improve their differentiation efficiency
towards CMs (Sumi et al., 2008). The Wnt/β-catenin pathway has a
stage-specific biphasic role in cardiomyogenesis. It is required formeso-
derm induction, whereas inhibition occurs during the specification of
the cardiac progenitor phase (Naito et al., 2006). Stimulating mouse
and human PSCs with BMP4 alone or in combination with Activin/
Nodal induces BRACHYURY and MIXL1 expression and the subsequent
formation of KDR+ and PDGFR+ cardiac mesoderm (Laflamme et al.,
2007; Kattman et al., 2011). The heart originates from the lateral plate
mesoderm and develops in two distinct cardiomyogenesis waves from
the primary (PHF) and secondary heart field (SHF). Both heart fields ex-
press KDR and the transcription factor NKX2.5, whereas the SHF is
marked selectively by the transcription factor ISL1. These markers are
useful to identify cardiac progenitor cells (CPCs) from PSCs. Finally,
the PHF gives rise to the left ventricle and both atria, while the SHF de-
velops into the right ventricle and outflow tract (Wu et al., 2006).
he posterior region of the PS coexpresses Brachyury and HoxB1/Evx1. The anterior region
n top of the embryo) and generate cardiac mesoderm.
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3. Candidate Stem Cell Sources in Heart Regeneration

Adult stem cells have cardiogenic differentiation capacity, and there-
fore present cardiac regenerative research focuses on developing stem
cell sources to repair injured heart muscles. Several preclinical and clin-
ical studies have been conducted, providing the pros and cons of various
adult stem cell types for therapeutic approaches, including skeletal
myoblasts, bone marrow-derived mononuclear cells (BMMNCs), mes-
enchymal stem cells (MSCs), haematopoietic stem cells (HSCs), endo-
thelial progenitor cells (EPCs) and CPCs (Fig. 2). However, the ideal
stem cell has not yet emerged and a limited number of studies have
compared different stem cell types (Wollert and Drexler, 2005). Until
now, all of these cell types have been thoroughly tested in clinical trials
in the heart, except human ESCs and iPSCs.
3.1. Human PSCs: ESCs and iPSCs

In 1998, Thomson and colleagues succeeded to isolate human ESCs
from the inner cell mass of blastocysts (Thomson et al., 1998). ESCs
are considered as a promising cell source to achieve cardiac regenera-
tion through CM replacement. They exhibit unlimited self-renewal
and can differentiate into any cell type present in the adult organism, in-
cluding CMs or CPCs (Hartman et al., 2016). The first transplantation re-
ports of human ESC-derived CMs (ESC-CMs) into pigs and guinea pigs
have shown their potential to function as biological pacemakers in elec-
trophysiologically silenced or atrioventricular (AV) blocked hearts
(Kehat et al., 2004). One of the initial technical challenges in ESC differ-
entiation towards the cardiovascular lineages was to obtain a high puri-
ty and large yield of differentiated cells. However, as knowledge of the
mouse embryonic heart development increased, mouse and human
ESC-CM differentiation became more efficient and reproducible by ma-
nipulating the cardiac specific signalling pathways (Sumi et al., 2008).
Various strategies, like specialised culturingmethods, genetic modifica-
tions or treatmentswith biological and chemical factors, have been con-
ducted to enrich and purify homogeneous and functional ESC-CMs
(Schwach and Passier, 2016). Recently, human ESC-CMs, successfully
generated on a large scale, were able to engraft and repair damaged
heart tissue in a primate MI model (Chong et al., 2014). These results
seemed hopeful since only a few different cell types showed efficacy
in large animal models. However, the clinical use of human ESC-CMs
has been hampered by crucial limitations, like potential tumorigenic
and immunogenic properties, genetic instability, aswell as ethical issues
(Robertson, 2001).
Fig. 2. Potential cell sources for heart regeneration therapy. Embryonic (ESC) and induced plu
improve cardiac morphological and functional characteristics via differentiation towards car
paracrine effects.
Because human ESCs are derived from the inner cell mass of pre-im-
plantation stage blastocysts, the ethical and legislative debate arose sur-
rounding the use of ESCs for research purposes (Thomson et al., 1998).
As a consequence, in 2006, Yamanaka and Takahashi developed a novel
method to induce a pluripotent state in mouse somatic cells, referred as
iPSCs, by introducing a defined set of transcription factors through ret-
roviral transduction. The combination of transcription factors used for
cellular reprogramming is Krüppel-Like Factor 4 (Klf4), Sex Determin-
ing Region Y-Box 2 (Sox2), V-Myc Avian Myelocytomatosis Viral Onco-
gene Homolog (cMyc) and POU Class 5 Homeobox 1 (Oct3/4)
(Takahashi and Yamanaka, 2006). In 2007, iPSCs were generated from
human origin, using the same cocktail of transcription factors (KLF4,
SOX2, cMYC and OCT3/4) (Takahashi et al., 2007) or mediated via
SOX2, OCT3/4, Lin-28 Homolog A (LIN28) and Nanog Homeobox
(NANOG) (Yu et al., 2007). Like ESCs, iPSCs have wide differentiation
ability, giving rise to all the cell types of the three germ layers (Lee et
al., 2014). The cardiogenic potential of the iPSC population has been ex-
tensively studied with iPSCs derived from mice (Mauritz et al., 2008)
and human (Zhang et al., 2009). IPSCs have been found to differentiate
in vitro in CMs and other cardiovascular cells, such as smooth muscle
cells and endothelial cells. More interestingly, iPSCs administered to
the injured heart of mice differentiated and resembled a cardiac pheno-
type (Mauritz et al., 2011). Although iPSCs have several characteristics
in commonwith ESCs (Gherghiceanu et al., 2011), genome-wide analy-
ses revealed significant differences between both cell types regarding
gene expression profiles, methylation signatures and microRNA pat-
terns (Chin et al., 2009). Moreover, iPSCs circumvent the ethical and al-
logeneic transplantation problems in cardiac regenerative therapy
(Table 1) (Takahashi et al., 2007; Yu et al., 2007).

3.2. Mesodermal iPSC-derived Progenitors

Several potential therapeutic applications of stem cells have been
advised or are already under investigation in clinical trials. Stem cells,
including PSCs, could be used to generate in vitro tissues or artificial or-
gans for transplantation and to regenerate damaged tissue in vivo per se.
However, stem cell-derived artificial and functional organs are still far
from being realistic, the stem cell-based therapeutic approaches in re-
generative medicine and in hereditary diseases have already reached a
more advanced stage (Kimbrel and Lanza, 2015). Nowadays, several
groups are focusing on the development of strategies to target simulta-
neously multiple tissues to improve the treatment of hereditary disor-
ders. For example, muscular dystrophies (MDs) are monogenetic
disorders, in which chronic degeneration of both the skeletal and
ripotent stem cell (iPSC) populations as well as adult stem cell types have been shown to
diomyocytes (CMs), smooth muscle cells (SMCs) and endothelial cells (ECs) or through



Table 1
Characteristics of human adult and pluripotent stem cells.

Characteristics Adult stem cells Embryonic stem cells Induced pluripotent stem cells

Origin Found in postnatal tissues and organs Derived from embryos (inner cell mass of
blastocysts)

Derived from adult somatic cells

Ethics No ethical issues Ethical and legislative issues No ethical issues
Teratoma
formation
propensity

No teratoma risk Potential tumorigenic properties;
Purification required before clinical use

Potential tumorigenic properties;
Purification required before clinical use

Genetics and
immunogenicity

Genetic identity to patient;
Genetic stability and mild immune rejection;
Accumulation of mutations due to ageing

No genetic identity to patient;
Genetic instability and immune rejection

Genetic identity to patient;
Genetic instability and mild immune rejection;
Viral-based reprogramming may trigger antiviral
and anti-DNA antibody-mediated immunity

Cell availability Hard to access and advanced purification
strategies needed;
Depends on differentiation efficiency

Depends on ethical issues;
Depends on differentiation efficiency

Depends on reprogramming efficiency;
Depends on differentiation efficiency

Differentiation
potential

Pluripotent or multipotent (depending of source
tissue);
Have restricted differentiation capacity

Pluripotent;
Give rise to derivatives of all three germ layers

Pluripotent;
Give rise to derivatives of all three germ layers;
“Epigenetic memory”

Cardiac
maturation

More mature ultrastructural phenotype,
electrophysiological functionality and
sarcoplasmic reticulum

Immature ultrastructural phenotype, immature
electrophysiological functionality and sarcoplasmic
reticulum

Immature ultrastructural phenotype and
electrophysiological functionality;
Evidence of more mature sarcoplasmic reticulum

Cardiac subtype
heterogeneity

Heterogeneous population of cardiomyocytes
with unclear paracrine or direct effects

Heterogeneous population of cardiomyocytes with
nodal-, atrial- and ventricular-like action potentials

Heterogeneous population of cardiomyocytes
with nodal-, atrial- and ventricular-like action
potentials
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cardiac muscles could occur (Emery, 2002). Therefore, strategies to tar-
get at the same time both striated muscle types would be a highly ap-
preciated and much-needed improvement for the treatment of MDs.
In this content, a novel iPSC-derived cell pool from mouse and human
origin was described, called mesodermal iPSC-derived progenitors
(MiPs), which were able to engraft into both skeletal and cardiac mus-
cles (Quattrocelli et al., 2015). MiPs were generated from fibroblast-
and mesoangioblast (MAB)-derived iPSCs, showing a significant higher
myogenic propensity compared to their fibroblast-derived counterpart
due to their “epigenetic memory”. MiPs were amenable to gene correc-
tions and could restore muscle function in murine dystrophic models.
The in vivo regenerative potential of humanMiPs and their translational
applications for striated muscle repair were not yet fully addressed.
However, these preliminary results could pave the way for a combined
therapy for skeletal and cardiac muscles to treat MD patients.

4. Current Obstacles Towards Successful Therapeutic Applications

For optimal potential applications of human ESCs and iPSCs in car-
diovascular medicine, it is crucial to transplant highly pure human
PSC-CM populations, lacking undifferentiated PSCs. This circumvents
the PSC tumorigenicity and guarantees seamless integration of
transplanted cells for the uninterrupted cardiac function. It is also man-
datory to recapitulate the molecular, ultrastructural and electrophysio-
logical characteristics of these PSC-CMs in respect to CMs exhibiting an
adult phenotype (Table 1).

4.1. Teratomas and Karyotypic Abnormalities

A major concern that has to be taken into account in every clinical
therapy based on PSCs is their tendency to form tumours or teratomas.
Inefficient differentiation or purification techniques of undifferentiated
PSCs can cause undesirable tumours or teratomas after transplantation.
Still, several cardiac differentiation protocols deal with an unacceptable
amount of residual PSCs. Methods have been developed inwhich highly
purified CMs were generated from human PSCs (Xu et al., 2008). How-
ever, those methods are less clinically relevant because they introduce
genetic modifications in the cells. Last decades, various nongenetic CM
enrichment and isolation methods have been developed. Fluorescent-
activated cell sorting (FACS) based techniques, including mitochon-
dria-specific fluorescent dyes (Hattori et al., 2010) or cardiac-specific
cell surface markers (like signal-regulatory protein alpha, SIRPA)
(Dubois et al., 2011), are widely applied. Another nongenetic purifica-
tionmethod for CMs derived fromPSCs is based on a differential glucose
and lactate metabolism among CMs and other cells, including undiffer-
entiated cells (Tohyama et al., 2013). These approaches yielded CMs of
99% purity and, more importantly, did not induce tumorigenesis after
transplantation. Nevertheless, none of these techniques is ideal for ther-
apeutic applications of human PSC-CMs because of insufficient purity
and large-scale production for clinical use.

PSCs can show karyotypic instability with long-term culturing in
vitro, raising concerns about potential neoplastic transformation and
dysregulation of gene expression. Chromosomal abnormalities are high-
ly variable and depending on the cell line and culturing conditions
(Taapken et al., 2011).

4.2. Genetics and Immune Rejection

Autologous stem cell populations have a major advantage in cardio-
vascular medicine. Transplantation of (allogeneic) human ESC-CMs can
be identified as foreign, triggering an immune response. Therefore in
preclinical models, immunodeficient or immunosuppressed animals
are used. Human iPSCs could have an important clinical advantage
over human ESCs because they can be created from the patient, leading
to genomematching iPSC-CMs. Surprisingly, studies reported that iPSCs
can still trigger an immune response, ascribed to the pluripotency
reprogramming procedure that induces both genetic and epigenetic de-
fects in iPSCs (Zhao et al., 2011; Lister et al., 2011).Most reprogramming
methods use viral components, which increase the risk of altering the
genome of the target cells, and triggering antiviral and anti-DNA anti-
body-mediated immunity (Kaneko and Yamanaka, 2013). Innovative
iPSC reprogramming techniques using nonviral vectors have been de-
veloped, such as microRNAs (Anokye-Danso et al., 2011; Miyoshi et
al., 2011) and small molecules accompanied with chemical compounds
(Zhu et al., 2010). In conclusion, nonviral and non-integrating
reprogramming techniques offer a better option for PSC-based therapy,
although mild immunogenicity can still occur due to culturing and dif-
ferentiation conditions, as well as epigenetic modifications.

4.3. Immature Phenotype

Molecular, ultrastructural and functional analyses of human PSC-
CMs revealed features of an early and immature phenotype. In terms
of morphology, spontaneous pacemaker activity, contractile apparatus
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elements, gap junction expression, electrophysiology and calcium han-
dling properties, human PSCs have characteristics resembling fetal rath-
er than adult CMs (Karakikes et al., 2015). Before their clinical
application in cell-based therapies, the maturation phenotype of
human PSC-CMs must be addressed, since these de novo generated
CMs should replace the damaged heart tissue. In case the CM matura-
tion issue cannot be solved using the current available cardiac differen-
tiation protocols, alternative methods should be developed to enhance
maturation. Research groups are exploring the beneficial effect on the
maturation of CMs mediated by electrical stimulation (Heidi Au et al.,
2009), cyclic stretch-induced mechanisms (Tulloch et al., 2011), chem-
ical manipulation (Pillekamp et al., 2012) and three-dimensional (3D)
tissue engineering techniques (Yang et al., 2014). Nowadays, robust
protocols to increase thematuration of human PSC-CMs are still lacking
and therefore, functional maturation is one of the critical obstacles to
overcome before PSC-CMs can be used for clinical applications.

4.4. Cardiomyocyte Subtype Heterogeneity

Currently available cardiac differentiation protocols from human
PSCs result usually in a heterogeneous pool of atrial-, ventricular- and
nodal-like CMs (Mummery et al., 2012). Recently published papers
have reported the importance of the exogenous addition of retinoic
acid (RA) (Zhang et al., 2011) and Wnt during human PSC differentia-
tion for cardiac chamber cell specification. The administration of a
high percentage of nodal cells to a damaged heart increases the risk of
graft-associated arrhythmias. Treating differentiating human PSCs
with theWnt inhibitors, IWP and IWR-1, resulted in CMswith divergent
atrial and ventricular expression levels of respectivelyMLC-2a andMLC-
2v (Parikh et al., 2015). Inhibition of the Wnt signalling pathway by
using IWR-1 has been shown to differentiate human PSC-CMs towards
CM populations with mainly an atrial-like phenotype (Hudson et al.,
2012). However, conflicting data exists (Karakikes et al., 2014). Indeed,
human PSCs, subjected to an embryoid body (EB) based cardiac differ-
entiation protocol mediated by the Wnt inhibitor IWR-1, generated
more than 60% atrial-like CMs. By modulating the Activin signalling
pathway, the differentiation of human PSC-CMs was potentially
enriched in a ventricular-like adult phenotype (Duelen et al., 2017).

4.5. Scalability and Clinical Grade Production

The human adult heart consists of approximately 4 billion CMs, and
cardiovascular insults can lead to loss of cardiac tissue. For example,
after a typical MI up to 25% of CMs are lost, initiating progressive heart
failure (Caulfield et al., 1976). Human PSC-CMs proliferate in vitro and
are highly expandable, making it reasonable to reconstitute the dam-
aged heart tissue, although significantly high cell amounts are needed
for therapeutic goals. Recently, the feasibility to produce CMs and trans-
plant them on a large-scale has been demonstrated in a preclinical non-
human primate model (Chong et al., 2014). However, in this proof-of-
concept study the CM differentiation from PSCs was very labor-inten-
sive, expensive and clinically irrelevant (one-dozen 150 cm2 flasks of
human PSC-CMs for each primate). Therefore, several groups use sus-
pension bioreactor-based culture systems to expand human PSCs and
differentiate towards very high quantities of CMs at purities up to 85%
(Kempf et al., 2014). Noteworthy, a decade ago it seemed unrealistic
to obtain such high quantities of human PSC-CMs.

5. Novel Strategies for Stem Cell-Based Therapies

Since the aforementioned obstacles are not yet completely over-
come, the development of novel strategies for stem cell therapies in car-
diac regeneration purposes remains the main focus. A successful stem
cell therapy for cardiac diseases depends on cell delivery routes. Deriv-
atives of PSCs can be systemically (intravenously or intracoronary) or
locally (intramyocardial injection) administered. Intravenous cell
delivery is particularly appealing because of the ease of administration.
However, the major problem is the entrapment of the delivered cells in
the pulmonary microcirculation. Intravenous cell injections require ap-
propriate homing to the site of heart damage (Garbern and Lee, 2013).
In 2003, a pioneer study, in which radioactively labelled EPCs were in-
travenously delivered into a ratMImodel, showed a small portion of ra-
dioactivity (about 2%) in the heart after 24–96 h (Aicher et al., 2003).
Afterwards, these results have been confirmed with the use of other
cells (Brenner et al., 2004; Nagaya et al., 2004). Intracoronary and
intramyocardial routes are relatively more complex compared to intra-
venous injections. The most common delivery route for cell therapy
after acute MI is the intracoronary route (Table 2). Main advantages in-
clude selective administration in the infarcted region and better uni-
form cell distribution in the target region. Intramyocardial injections
have been shown to be superior to intravenous and intracoronary injec-
tions regarding cell retention. There is no need for homing signals be-
cause cells are administered directly in the myocardium. Both delivery
routes have their limitations. The intracoronary injection demands a
transient ischemic period, detrimental for the heart, to get the optimal
distribution of the injected cells. While in an acute MI, the
intramyocardial injection could increase the risk for perforation due to
ischemia and necrosis (Hou et al., 2005). A comparative study of these
three delivery routes in a porcine MI model demonstrated that the en-
graftment of the transplanted cells within the infarct zone 14 days
after delivery was significantly higher after intracoronary and
intramyocardial injections than intravenous administration, respective-
ly 106,000 ± 43,000 and 51,000 ± 24,000 cells/g in respect to the ab-
sence of MSCs in the infarct zone after intravenous injection (Freyman
et al., 2006). In the near future, the advance of transplantation tech-
niques might provide a more efficient method for injected stem cells
to retain and survive in the damaged heart.

5.1. Combined Gene- and Cell-based Therapeutic Approaches

Cell therapy in combinationwith gene therapy raises the hope to in-
crease survival of transplanted cells by providing a continuous local de-
livery of targeted bioactivemediators. The growth of new blood vessels,
called angiogenesis, has become the main target of promoting long-
standing survival of injected cells. In addition, induced angiogenesis
could lead towards a better cardiac repair since functional regeneration
of the heart tissue requires a high metabolic activity, demanding suffi-
cient blood supply (Fig. 3).

Cytokines and growth factors, known to induce angiogenesis, were
co-delivered into stem cells to increase the possibility for successful
and long-term engraftment in the heart. HGF- and VEGF-overexpress-
ing MSCs have been shown to promote revascularization and support
cardiac recovery after MI (Deuse et al., 2009). Furthermore, human
CD34+ haematopoietic stem cells genetically modified for the angio-
genic morphogen sonic hedgehog (Shh) protein showed preservation
of cardiac function after MI (Mackie et al., 2012). Recently, the oxy-
gen-sensitive transcription factor hypoxia-inducible factor-1 (HIF1)
co-delivered with injected CPCs into the ischemic myocardium has
been demonstrated to improve their survival (Ong and Hausenloy,
2012). Although the precise therapeutic mechanism of the co-delivered
angiogenic genes and proteins are not yet completely elucidated, it is
believed that they might improve survival or in vivo reprogramming
and proliferation of transplanted cells.

MicroRNAs, small (20–25 nucleotides) non-coding RNAs that regu-
late post-transcriptional gene expression, have become a new treat-
ment strategy with therapeutic evidence for MI. Several microRNAs
have been identified to improve CM survival. MicroRNA-126 overex-
pression in MSCs had beneficial effects on their survival and migration,
and enhanced angiogenesis in the infarcted area, possibly due to stimu-
lation of the AKT/ERK-related pathway (Chen and Zhou, 2011), para-
crine effects (Huang et al., 2013) or either due to a combination. In
addition, overexpressed microRNA-155 prevented necrotic cell death



Table 2
Clinical trials of cell-based therapy after acute myocardial infarction.

Study name Design Cell type/dose (×108)
Route of
injection

Imaging
modalities

Cell delivery
after MI (days) Time follow-up/results Reference(s)

BOOST RCT Nucleated BM cells
24.6 ± 0.94

IC CMR, Echo 4–6
(STEMI)

6 months: improved EF
18 months: no improved EF, LV volumes and
RWM
5 years: no improved EF, LV volumes, infarct size
and RWM

Wollert et al. (2004)
Meyer et al. (2006,
2009)

/ RDBCT Nucleated BM cells
3 ± 1.28 (containing
1.72 ± 0.72 BMMNCs)

IC CMR 1–2 4 months: no improved EF, decreased infarct size,
increased RWM
12 months: no improved EF, LV volumes and
infarct size, increased RWM

Janssens et al. (2006)

ASTAMI RCT BMMNCs
0.7 (0.54–1.3)

IC SPECT, CMR,
Echo

4–8 6 months: no improved EF, LV volumes and infarct
size
12 months: no improved EF, LV volumes and
RWM
3 years: no improved EF, LV volumes, LV mass,
infarct zone and RWM

Lunde et al. (2006)
Lunde, and Aakhus
(2008)
Beitnes et al. (2009)

REPAIR-AMI RDBCT BMMNCs
2.36 ± 1.74

IC CMR, LV
angiography

3–6
(STEMI)

4 months: improved EF, ESV and RWM
1 year: decreased MACE, increased RWM
2 years: no improved EF and LV volumes,
decreased MACE and infarct size, increased RWM
5 years: decreased MACE

Schächinger et al.
(2006)
Assmus et al. (2010,
2014)

FINCELL RDBCT BMMNCs
0.04 ± 0.02

IC Echo, LV
angiography

2–6 6 months: no improved EF, improvement in ΔEF Huikuri et al. (2008)

REGENT RCT BMMNCs
1.78
CD34+CXCR4+

0.019

IC CMR, LV
angiography

3–12 6 months: no improved EF and LV volumes Tendera et al. (2009)

/ RDBCT Allogeneic BM MSCs
0.005, 0.016, 0.05/kg

IV CMR, Echo 1–10 6 months: no improved EF Hare et al. (2009)

TOPCARE-AMI RT Circulating progenitors
BMMNCs

IC CMR 3–7
(STEMI)

5 years: improved EF and decreased infarct size Leistner et al. (2011)

SCIPIO RCT CDCs
0.005–0. 01

IC CMR 113
(after CABG)

4 months: improved EF and decreased infarct size
12 months: improved EF and decreased infarct
size

Bolli et al. (2011)

TIME RDBCT BMMNCs
1.5

IC CMR 3–7 6 months: no improved EF, LV volumes, infarct
size and RWM

Traverse et al. (2012)

LateTIME RDBCT BMMNCs
1.5

IC CMR 15–20 6 months: no improved EF, LV volumes, infarct
size and RWM

Traverse et al. (2011)

APOLLO RDBCT ADRCs
0.17 ± 0.04

IC SPECT, CMR,
Echo

STEMI 6 months: no improved EF Houtgraaf et al. (2012)

CADUCEUS RCT CDCs
0.125–0.25

IC CMR 45–90 6 months: no improved EF, decreased scar mass
and increased RWM
12 months: no improved EF

Makkar et al. (2012)

SWISS-AMI RCT BMMNCs
1.4–1.6

IC CMR 5–7
21–28

4 months: no improved EF, LV volumes and scar
mass

Surder et al. (2013)

CELLWAVE RCT Shock wave
Pretreatment + BMMNCs

IC CMR, Echo,
LV
angiography

NA 4 months: improved EF, decreased infarct size and
increased RWM

Assmus et al. (2013)

ADRCs, autologous adipose tissue-derived regenerative cells; BM, bone marrow; BMMNCs, bone marrowmononuclear cells; CABG, coronary artery bypass grafting; CDCs, cardiosphere-
derived cells; CMR, cardiac magnetic resonance imaging; echo, echocardiography; EF, ejection fraction; ESV, end-systolic volume; IC, intracoronary; IV, intravenous; LV, left ventricular;
MACE, major adverse cardiovascular events, MSCs, mesenchymal stromal/stem cells; RT, randomized trial; RCT, randomized controlled trial; RDBCT, randomized double-blind controlled
trial; RWM, regional wall motion; SPECT, single-photon emission computed tomography; STEMI, ST-segment elevation acute myocardial infarction.
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in CPCs via targeting receptor interacting protein 1 (RIP1) (Liu et al.,
2011). In contrast, several microRNAs, such as microRNA-15, -34, -140
and -320, negatively influenced CM survival and proliferation. As a con-
sequence, inhibiting these microRNAs promoted heart regeneration
(Boon and Dimmeler, 2015). Downregulation of microRNA-34 has
been determined to increase cell survival both in vitro and in vivo (Xu
et al., 2012). Overexpression of the cardiac enriched microRNA-133a
protected CPCs after MI by interfering with caspase 3 and proapoptotic
genes Bim and Bmf (Izarra et al., 2014). Interestingly, in vivomanipula-
tion of the microRNA machinery resulted in CM dedifferentiation and
improved heart functionality after injury (Eulalio et al., 2012; Aguirre
et al., 2014).

Despite a positive progression in the last years, it is still unclear
whether the myocardium regenerative ability of cytokines and growth
factors, and microRNAs could be translated to a clinical practice with a
comparable efficiency in human being as observed in experimental an-
imal models.
5.2. Combined Cell- and Tissue-based Therapeutic Approaches

To counteract poor cell engraftment and survival of transplanted
cells, diverse biomaterials and tissue engineering techniques have re-
vealed promising results over the past decade. Two major strategies
are described in cardiac regeneration, namely cardiac patches and in-
jectable scaffolds, which support either endogenous repair and regener-
ation or act as vehicles to encourage cell delivery (Fig. 3).

Cardiac patches are in vitro engineered scaffolds of biomaterials to
deliver cells into the myocardium and to attract cells for endogenous
healing or to support the ventricle wall, maintaining its geometry dur-
ing remodelling. Approaches, in which biomaterials deliver stem cells
into the myocardium, have been reported to improve therapeutic ef-
fects after MI. Embedding cardiac stem cells (CSCs) within matrix-
enriched hydrogel capsules positively affected long-term cell survival,
retention and cardiac function in post-ischemic events (Mayfield et al.,
2014). Natural biomaterials improve the mechanical strength of the



36 R. Duelen, M. Sampaolesi / EBioMedicine 16 (2017) 30–40
ventricular wall and promote cell survival, in the presence or absence of
growth factors. In a recent study, an IGF-1 microsphere-loaded fibrin
patch, administered onto the epicardial surface of a porcine heart
post-MI, in combination with human iPSC-CMs, significantly improved
survival and retention of the transplanted cells, and reduced ventricular
wall stress (Ye et al., 2014).

Engineered heart tissue (EHT) exhibits a potential cardiac restoration
function, demonstrating the integration of the implanted EHT with the
host heart and improving post-ischemic heart function. Zimmerman
and colleagues successfully developed large force-generating EHTs
from neonatal rat heart cells and, for the first time, proved that these
large contractile EHT grafts could survive after implantation and result-
ed in a better functional outcome after MI (Zimmermann et al., 2002,
2006). Despite these promising results, the optimal maturation status
of EHTs before transplantation is still undetermined, and obtaining suf-
ficient oxygen and nutrients supply through vascularization for CMs in
the EHTs is another remaining challenge.

Injectable scaffolds, another strategy combining biomaterials with
cells for transplantation, were examined in a ratMImodel by delivering
skeletal myoblasts with injectable fibrin glue (Christman et al., 2004).
Biomaterials are produced from protein-based materials (Matrigel) to
synthetic materials (polyethylene glycol; PEG). Recently, injectable
scaffolds are used as drug-releasing systems for localised and sustained
secretion of growth factors, genes or small RNAs to promote cardiac
function and cell survival (Radisic and Christman, 2013). To date, di-
verse growth factors, like bFGF, HGF, IGF-1, PDGF, SDF-1, TGFβ1 and
VEGF, have been delivered. An innovative vector for tissue engineering,
called pharmacologically active microcarriers (PAMs), combines stem
cell therapy with drug-releasing systems. PAMs consist of growth fac-
tors and non-cytotoxic poly(lactic-co-glycolic acid) (PLGA) micro-
spheres covered with extracellular matrix (ECM) molecules (Giteau et
al., 2008). Injecting stem cells with VEGF-releasing PAMs provide a bio-
mimetic 3D microenvironment for the transplanted cells and enhance
their survival, differentiation and angiogenesis (Madonna et al., 2015).

Tissue engineering methods, combining stem cells with biomate-
rials, show optimistic perspectives for heart repair. However, advanced
progression in the field demands a more multidisciplinary cooperation.

5.3. Stem Cell-derived Exosomes as Cell-free Alternative for Stem Cell-based
Cardiac Regeneration Therapy

Stem cell-conditioned medium has been documented to have bene-
ficial effects on the injured heart, supporting the paracrine hypothesis
that formulates a chemical and physical signal mediated mode-of-ac-
tion. Indeed, different studies have proved that stem cells produce and
release a wide range of cytokines, growth factors and chemokines in-
volved in heart repair (Gnecchi et al., 2005; Takahashi et al., 2006). Fur-
thermore, stem cells have also the capacity to secrete membranous
vesicles (like microparticles, microvesicles and exosomes) into the ex-
tracellular space, contributing to intercellular communication (Chen et
al., 2010; Ratajczak et al., 2006; Sahoo et al., 2011) (Fig. 3).

Exosomes, extracellular membrane-bound vesicles with a diameter
typically ranging between 30 and 100 nm and released through the fu-
sion of multivesicular bodies with the plasma membrane (Thery et al.,
2002b), have been documented for the first time in 2002 in dendritic
cells to be able to activate naïve CD4+ T cells (Thery et al., 2002a). An-
other landmark study validated exosomes as natural carriers of mRNA,
microRNA and proteins among cells (Valadi et al., 2007). Exosomes
have been demonstrated to exhibit cardioprotective functions by en-
hancing angiogenesis, decreasing fibrotic tissue formation or reducing
apoptosis (Ibrahim et al., 2014). Therefore, exosomes could be used as
cell-free therapeutic candidates for heart regeneration. Mouse ESC-de-
rived exosomes (ESC-Exos) could enhance endogenous repair and pre-
served heart function in amouseMImodelmediated at least partially by
microRNA-294. Preserved heart functionwas associated with increased
angiogenesis, decreased apoptosis and enhanced CM proliferation. In
addition, mouse ESC-Exos increased the number of proliferating CPCs
up to 4weeks post-MI (Khan et al., 2015). The Phase I completed CADU-
CEUS (CArdiosphere-Derived aUtologous Stem CElls to Reverse ventric-
Ular dySfunction; NCT00893360) trial have shown that it might be
possible that cardiosphere-derived cells (CDCs) regenerate damaged
heart muscles. The exact mechanism is unknown, although seemed to
be indirectly. Exosomes produced by CDCs were identified as keymedi-
ators of the CDC-induced regeneration. Moreover, CDC-derived
exosomes contained high amounts ofmicroRNA-146a, and selective ad-
ministration of microRNA-146a mimics some of the beneficial effects of
CDC exosomes (Ibrahim et al., 2014). Based on these studies, a currently
recruiting Phase I/II clinical trial calledHOPE-Duchenne (Halt cardiomy-
OPathy progrEssion in Duchenne; NCT02485938) will assess the safety
and efficacy of a multi-vessel intracoronary delivery of allogeneic CDCs
inMDpatientswith cardiomyopathy secondary to DuchenneMD. These
and other studies provided innovative insights for exosomes as cell-free
therapeutic candidates in heart regeneration instead of injected stem
cells, which were hampered by poor cell survival, teratomas formation,
as well as electric and mechanical coupling issues. Importantly, immu-
nogenicity concerns have to be addressed before exosomes will be
used in stem cell therapies. Although stem cell-derived exosomes are
less immunogenic than their parental cells, an inherent risk for an
exosome-triggered immune response in the infarcted myocardium
still exists. Exosome-mediated cardiac repair mechanisms are not yet
fully explored, but so far obtained results are encouraging.

6. Conclusions

Stem cell technology is undoubtedly the most attractive approach
for the generation of cardiac tissue and has been moved towards the
use of PSCs in the last few years. Adult stem cells, including skeletal
myoblasts,MSCs and cardiac stem cells were themost tested cell source
for cardiac regeneration in clinical trials as they have no ethical obstacle
and are non-tumorigenic. However, they exhibit limited self-renewal
and differentiation potential to become functional CMs. Experiments
in vitro but also in small and large animal models proved the
cardiomyogenic potential of PSC derivatives. SpecificmicroRNAs control
muscle progenitor proliferation and promote the differentiation of PSC-
derivedmuscle progenitors into CMs, wheremetabolic activity, survival
and remodelling process in response to stress are also fine-tuned by
miRNAs. In this context, microRNA cargo within exosome-like vesicle
transfer is an intriguing possibility to burst the cardiomyogenic poten-
tial of progenitor cells in the diseased heart. It is an emerging fact that
exosome-microRNA technologies combined to stem cells could build
up unexplored therapeutic strategies for cardiac disorders. However, it
is crucial to better understand the basic principles of cardiac differenti-
ation of PSCs, including transcription factors, microRNA networks and
molecular pathways that contribute to CM maturation. Several chal-
lenges, including tumour formation, ethical and immunological con-
cerns, the optimal cardiac differentiation protocol, timing and delivery
route of stem cells remain to be overcome.

In addition, leading laboratories are investing in gene editing,mainly
in CRISPR/Cas9 technology, to successfully correct disease-causing al-
leles and PSCs are preferred since they can be easily expanded. These
novel approaches are raising hope for therapeutic genome editing of
cardiac genetic diseases in the clinics. Consequently, it is reasonable to
expect more and more combinations of PSC- and gene editing-based
therapies for cardiac genetic diseases.

The actual enormous costs of GLP-GMP (good laboratory andmanu-
facture practice) in PSC technology limit the feasibility of cell therapy
treatment. Strategies to lower costs are desirable to make PSC-based
treatments available for large numbers of patients. Despite a decade of
numerous clinical trials based on adult stem cell treatments with limit-
ed positive outcomes and encouraging results with PSC derivatives in a
preclinical setting, we are still in the infancy of a propitious cruise in the
field of regenerative cardiac medicine.



Fig. 3. Stem cell-based strategies for cardiac regeneration after heart disease. Multiple techniques to improvemorphological and electromechanical properties of the diseased heart: (1) In
vitro cardiac differentiation of different stem cell types. (2) Tissue engineering approaches combining cells with biomaterials to design in vitro cardiac patches or injectable scaffolds for
transplantation into the infarcted heart area. (3) Cell- and gene-based strategies secreting cytokines, growth factors and microRNAs to promote cardiac regeneration. (4) Stem-cell
derived exosomes as an innovative cell-free therapy in heart regenerative medicine.
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