
REGENERATIVE MEDICINE (SM WU, SECTION EDITOR)

Pluripotent Stem Cell-Derived Cardiomyocyte Transplantation
for Heart Disease Treatment

Shin Kadota1 & Yuji Shiba1

Published online: 21 June 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose of Review Cardiovascular disease is the leading cause of mortality worldwide. Pluripotent stem cell-derived
cardiomyocytes (PSC-CMs) have great potential to treat heart disease, owing to their capacity of engraftment and
remuscularization in the host heart after transplantation. In the current review, we provide an overview of PSC-CMs for clinical
transplantation.
Recent Findings Studies have shown that PSC-CMs can survive, engraft, and form gap junctions after transplantation, with
functional benefit. Engrafted PSC-CMs matured gradually in host hearts. Only in a large animal model, transient ventricular
arrhythmias were detected, mainly because of the ectopic pacing from the grafted PSC-CMs. Although intense immunosuppres-
sion is unavoidable in xenotransplantation, immunosuppression remains necessary for MHC-matched allogenic non-human
primate PSC-CMs transplantation.
Summary This review offers insights on how PSC-CMs contribute to functional benefit after transplantation to injured non-
human primate hearts. We believe that PSC-CM transplantation represents a potentially novel treatment for ischemic heart
diseases, provided that several technological and biological limitations can be overcome.
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Introduction

Cardiovascular disease, which can lead to heart failure, is the
leading cause of mortality and morbidity in the world [1].
Conventional therapy with pharmacological or surgical treat-
ments can delay the progression of heart failure but cannot
cure the disease. Heart transplantation is the only durable
treatment to cure advanced heart failure at present; however,
there is an insufficient supply of donor hearts worldwide. Over
the past two decades, substantial studies have been carried out
to regenerate the heart, such as cell therapy to replace injured
cardiomyocytes. Following preclinical studies with animal

models, clinical transplantation studies were performed with
adult stem cells, such as bone marrow-derived cells [2–4],
skeletal myoblasts [5], and resident cardiac stem cells [6, 7].
However, stem cell therapies using these cells have failed to
become standard therapy for heart failure. This is mainly be-
cause transplanted adult stem cells can neither survive long-
term nor differentiate into cardiomyocytes in the host tissue
[8]. Usually, in the failing hearts from patients with ischemic
heart disease, a substantial number of cardiomyocytes are lost
and replaced by non-contractile fibroblasts. To regenerate the
failing heart, a large number of cardiomyocytes are needed
that survive long term and replace dead cardiomyocytes.

Pluripotent stem cells (PSCs: ESCs and iPSCs, embryonic
and induced pluripotent stem cells) are promising cell sources
because of their unlimited self-renewing ability and unequiv-
ocal cardiomyogenic potential [9–13]. Indeed, accumulating
evidence suggests that PSC-CMs can survive, engraft, and
form gap junctions between the host and graft [14, 15, 16••].
Most of the studies have shown functional benefits; however,
several controversial points have been noted. In this review,
we summarize the current progress and future perspectives of
using PSC-CMs for treating heart failure.
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Approaches for Cardiac Regeneration

Zebrafish, newt, and neonatal mice show heart regeneration
after injury [17–19]. However, adult mammalian cardiomyo-
cyte (CM) are terminally differentiated and have limited pro-
liferative capacity. Thus, injured heart tissue is replaced by
fibrous scar tissue, which causes contraction reduction and
heart failure [20, 21]. The strategy to rescue the failing heart
highlighted in this review involves replacing dead CMs with
new CMs derived from PSCs. Human CMs are known to
continue to proliferate postnatally but with a meager turnover
rate (< 1% per year) in the adult heart [22]. Therefore, en-
hancement of proliferation in adult CMs is another attractive
strategy for cardiac regeneration, as the mechanisms of prolif-
eration are actively being investigated [23–28]. Strategy to
induce endogenous CM-proliferation has been described in
detail in other reviews [29–31].

Generation of PSC-CMs

CMs can be differentiated from PSCs by many protocols,
mostly including two different culture methods; adherent [10,
11, 32, 33] and/or suspension culture [12, 13, 34]. In either
approach, treatment with growth factors and/or small mole-
cules, such as Wnt modulators, bone morphogenetic protein-4
(BMP-4), and activin A at precise time and dose is important
[35], for recapitulating cardiac development [36]. Usually, at
approximately 10 days after differentiation, cells start beating.
Although differentiation efficiency improved dramatically in
this 10 years, elimination of undifferentiated cells is essential
for clinical application. There are many surface markers avail-
able to purify CM [37], while antibody-labeling is necessary.
Glucose and/or glutamine depletion with lactate supplement
can also purify CMs metabolically [38, 39].

Characteristics of PSC-CMs

PSC-CMs can contract, generate force, and propagate excita-
tion; however, they show characteristics of fetal CMs in mor-
phological, functional, and transcriptional analyses [40, 41].
Researchers have been able to miniaturize cardiac diseases on
a dish, using patient-induced PSCs, such as channelopathy
[42–44], cardiomyopathy [45–47], and cardiometabolic disor-
ders [48]. Fetal phenotype is good enough to use for disease
modeling and drug testing; however, it should be noted that
human PSC-CMs are immature compared to adult phenotype.
Several methods have been reported to enhance the maturity
of PSC-CMs in vitro, for example, electrical [49] and mechan-
ical stimulation [50], chemical treatment [51], and long-term
culture [52–54]. The most advanced way to enhance the mat-
uration of the PSC-CMs is the combination of these stimula-
tions and three-dimensional tissue culture [55••]. However, to

our knowledge, no report has shown that human PSC-CMs
are identical to the adult phenotype in vitro.

PSC-CMs mature after transplantation morphologically in
cell size, cell-cell junctions, sarcomere, and mitochondrial
structures. They have many cues from the host tissue to ma-
ture [40]. They showed gradual time-dependent maturation
after transplantation. Interestingly, when human PSC-CMs
were transplanted to rat hearts, they did not mature even after
3 months [56]. On the other hand, mouse iPSC-CMs or rat
primary CMs matured completely in rat hearts after transplan-
tation [57]. Since the electrophysiological properties are quite
different between human and rodent CMs; there may be a
barrier to complete maturation of human CMs in rodent
hearts. Alternatively, it could be possible that 3 months was
too short for full mature to take place. Unlike transplant into
rodent hearts, when human PSC-CMs were transplanted to
non-human primates, the engrafted cells show evidence of
maturation after 3 months [14]. This suggests the salubrious
effects of heart environment in closely related species.

Preclinical Transplantation Studies of PSC-CMs

There are two different ways of transplantation method; dis-
persed cells or tissue-engineered cells. Both approaches have
their pros and cons. Cell suspension is easy to prepare, cryo-
preserve, and inject directly to the inner muscle layer of the
heart [14, 15, 16••, 58]. However, suspended cells leak out
from injected sites easily, and most of the injected cells cannot
sustain in the host heart, especially at the early stage after
transplantation [59]. In contrast, tissue-engineered cells are
easy to attach to the outer layer of the heart. Tissue-
engineered cells can retain and survive, thereby reducing cell
loss immediately after transplantation [60–62]. The most sig-
nificant difference between these two transplantation methods
is host-graft electrical integration. A study by Gerbin et al. has
shown host-graft electrical integration by dispersed cells or
micro-tissue particles, but not cardiac patches, and compared
these methods by transplanting Ca2+ indicator GCaMP-tagged
PSC-CMs to rat hearts [63]. Engineered PSC-CMs patch
engrafted onto the epicardial surface have shown electrical
coupling in guinea pig hearts; however, there is substantial
scar tissue in between host and graft [62]. Therefore, dispersed
cells or micro-tissue particles can contact directly to develop
gap junctions between host and graft (Fig. 1). In other words,
dispersed cells are easy to become a substrate of arrhythmia, if
injected cells have different electrophysiological phenotypes,
due to the direct contact between host and graft. Table 1 shows
a summary of recent preclinical animal studies.

So far, in most studies, approximately 20-day-old PSC-
CMs were transplanted to animal models. Funakoshi et al.
have revealed that 20 days is the optimal timing for transplan-
tation by comparing bioluminescent intensity from luciferase-
tagged PSC-CMs in mouse-infarcted hearts [68].
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Additionally, in rat hearts, graft size of 5-day-old cardiac
progenitors is almost the same as PSC-CMs [56], al-
though premature cells were thought to be more prolifer-
ative than 20-day-old CMs. These studies suggest that in
addition to the proliferative potential, cell adhesion, and
inflammatory response also determine engraftment of
PSC-CMs. Further research is required to unveil the mo-
lecular mechanism of interaction between host and graft
to enhance engraftment of PSC-CMs.

Most studies have used the acute or subacute model to treat
PSC-CMs. However, the acute phase in the clinical setting is
hard to treat by PSC-CMs, due to the time-consuming prepa-
ration of the cells. On the other hand, chronic ischemic heart

failure may represent the more likely clinical setting for ther-
apy using PSC-CMs. However, in a rat model of chronic heart
failure at 1 month after myocardial infarction, PSC-CMs
transplantation showed no functional benefit [65]. In a guinea
pig chronic model, no electrical coupling was observed be-
tween the host and graft tissue, while electrical coupling be-
tween PSC-CMs and endogenous CMs was detected in more
than half of acute model [67]. Scar tissue separated host and
graft by histological analysis in both studies; thus, inflamma-
tion and fibrosis could make different response between host
and graft in chronic heart disease.

Thus far, almost all previous reported studies discuss the
effect of PSC-CMs on ischemic heart disease. Similar to the
chronic model, the large animal non-ischemic model is chal-
lenging to develop, but the ischemic model is easy to repro-
duce by occluding coronary flow. Non-ischemic cardiomyop-
athy, such as dilated cardiomyopathy in advanced heart failure
patients, is quite common [69]. Several gene mutations, such
as TTN,MYH7, andMYBPC3, have been shown to cause non-
ischemic cardiomyopathy [70]. Therefore, we need to develop
large animal genetic models and show the feasibility of using
PSC-CMs for treating non-ischemic cardiomyopathy.

Remaining Hurdles for Clinical Application

Post-Transplant Arrhythmias

When PSC-CMs transplanted to small animals such as a
mouse, rat [64], and guinea pig [66], no post-transplant ar-
rhythmias were observed; however, in non-human primates,
post-transplant arrhythmias, such as ventricular tachycardia,
were noticed [14, 15]. In the small animal models, heart rates

Table 1 Summary of preclinical animal studies using PSC-CM

Year Animal Cell Cell number (× 106) Time point
days after MI

Method Duration
(week)

LV function Arrhythmia Reference

2007 Rat hESC-CM 10 4 Dispersed 4 Improved – [64]

2010 Rat hESC-CM 10 28 Dispersed 12 No change – [65]

2012 Guinea pig hESC-CM 100 10 Dispersed 4 Improved – [66]

2012 Swine hiPSC-CM 25 28 Tissue 8 Improved – [60]

2014 Rat hiPSC-CMa 2 7 Tissue 8 Improved – [61]

2014 Guinea pig hESC-CM 80 28 Dispersed 4 No change – [67]

2014 NHP hESC-CM 1000 14 Dispersed 12 No change + [14]

2014 Swine hiPSC-CMa 1.1 7 Dispersed 4 Improved – [58]

2016 NHP NHP iPSC-CM 400 14 Dispersed 12 Improved + [15]

2016 Guinea pig hiPSC-CMa 7 7 Tissue 4 Improved – [62]

2018 NHP hESC-CM 750 14 Dispersed 12 Improved + [16••]

NHP non-human primates, ESC-CM Embryonic stem cell-derived cardiomyocyte, iPSC-CM induced pluripotent stem cell-derived cardiomyocyte,MI
myocardial infarction
a Include non-cardiomyocytes such as endothelial cells

Fig. 1 Human iPSC-CMs graft in rat heart. Injected human induced
pluripotent stem cell-derived cardiomyocyte (iPSC-CM) survived,
engrafted, and formed gap junctions connecting with the host rat heart
(arrows). Connexin-43 in green, beta-myosin heavy chain in red and
DAPI in blue. Scale bar = 100 μm
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are much faster than transplanted PSC-CMs; therefore, ectop-
ic rhythms were masked. Recently Liu et al. showed that the
cause of arrhythmias is ectopic pacing from transplanted PSC-
CMs in hearts of non-human primates [16••]. Most of the
reported arrhythmias were transient; thus, electrophysiologi-
cal phenotype of engrafted PSC-CMs gradually matured to be
less focally excitable after transplantation. In-depth knowl-
edge of the methods is essential to enhance electrophysiolog-
ical maturation in vitro before transplantation to prevent post-
transplant arrhythmias.

Automaticity

PSC-CMs display nodal, atrial, and ventricular subtypes by
the usual differentiation mechanism. Most reported studies
have used the mixture of these subtypes as PSC-CMs for
transplantation, although they show a different electrophysio-
logical phenotype. Monolayer culture and metabolic selection
induce the ventricular subtype [39, 71], whereas retinoic acid
treatment induces the atrial subtype [72, 73]. The nodal cell is
hardest to differentiate among the three subtypes, but pace-
maker purification could provide the development of biolog-
ical pacemaker. More than 15 years ago, Kehat et al. showed a
pacemaking capacity of ESC-CMs without purification after
transplantation to swine atrioventricular block model [74].
One of the hurdles preventing pacemaker cell differentiation
is the limited number of specific markers for nodal cells [37].
Protze et al. has shown that loss of NKX2–5 is a novel marker
to purify nodal cells, especially sinoatrial nodes [75]. They
clearly showed the pacemaking capacity of PSC-CMs after
transplantation to rat atrioventricular block model; however,
a proof-of-concept study in a large animal model is needed.
Recently, another group showed NKX2–5 negative TBX5 pos-
itive subpopulation become nodal cells once differentiated
into epicardial lineage [76].

Immune Rejection

Engraftment of human PSC-CMs in the primate heart requires
immune suppression with a drug regimen that includes meth-
ylprednisolone, cyclosporine, and CTLA4-immunoglobulin
[14, 16••]. MHC-matched primate PSC-CMs can engraft in
the primate heart with only methylprednisolone and tacroli-
mus without anti-CTLA4 antibody, while MHC-mismatched
PSC-CMs are rejected in primate heart with the same regimen
[15]. It appears that long-term immune suppression will be
necessary after transplantation even when HLA-matched
PSC-CMs are used. To avoid long-term immune suppression,
autologous or hypoimmunogenic PSC-CMswill be necessary.
Because of the excessive cost associated with the generation
and quality control of autologous iPSC-CMs, this approach
will unlikely be adopted widely as the therapeutic strategy for
the treatment of heart failure. On the other hand,

hypoimmunogenic PSC derivative would be applicable for
all patients [77–80], if the benefits were proved in a large
animal study.

Clinical Trial

In France, human ESC-derived cardiovascular progenitors
embedded in fibrin patch have been transplanted epicardially
at the same time as coronary artery bypass surgery [81].
Cardiovascular progenitor cells were differentiated by 4-day
exposure to BMP-2 and a fibroblast growth factor receptor-
specific tyrosine kinase inhibitor, SU-5402. Progenitors were
immunomagnetically sorted for a positive expression of
SSEA-1 (a marker for loss of pluripotency). Five to ten mil-
lion progenitor cells were introduced into each patch and su-
tured onto the epicardial surface over the infarct area. Six
patients with chronic ischemic heart disease were enrolled.
Since these were allogenic human ESC-derived cells, the pa-
tients were required to also receive immunosuppressive regi-
men including cyclosporine andmycophenolate mofetil for 1–
2 months after surgery. All patients had uneventful postoper-
ative course, except one patient died shortly after the opera-
tion. No tumor was detected, and none of the 5 operative
survivors has experienced ventricular arrhythmias. All pa-
tients were reported to have improved symptomatically, al-
though the relative contribution of cell therapy vs coronary
artery bypass grafting to the clinical benefit is unclear.
Furthermore, it is unclear whether how many, if any, of the
introduced cells have survived once the immunosuppressive
treatment has completed. Future studies will be needed to
clarify the engraftment efficiency and treatment effect of this
cardiovascular progenitor cell therapy.

Conclusions

In this review, we summarized the contemporary state and
potential of PSC-CMs for treating heart failure, from a regen-
erative point of view. It is quite encouraging that a large num-
ber of cardiac cells can be obtained from PSCs, and that PSC-
CMs can engraft and remuscularize infarcted non-human pri-
mate hearts. While these results are quite promising, more
studies will be needed to address the translational challenges
as discussed above. We anticipate phase I PSC-CMs clinical
trial to start in the near future and take us one step closer to the
emergence of the PSC-CM as durable therapy for ischemic
heart diseases.
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