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Introduction

Cardiovascular diseases are the leading cause of death and
disability worldwide. As adult cardiomyocytes have poor regener-
ative ability, dead cardiomyocytes are replaced by fibroblasts,
leading to the formation of fibrosis and myocardial remodeling.
Many therapeutic approaches have been developed, but the
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[7_TD$DIFF]A B S T R A C T

Cardiac muscle has limited proliferative capacity, and regenerative therapies are highly in demand as a
new treatment strategy. Pharmacological and non-pharmacological therapies have been developed, but
these medical therapies have limited effects to cure patients with severe heart failure. Moreover, heart
transplantation is limited due to the low number of donor organs. Thus, heart regeneration holds great
potential to offer innovative therapy to treat heart failure patients. Currently, there are several strategies
for heart regeneration. Transplantation of somatic stem cells was safe and modestly improved cardiac
function after myocardial infarction mainly through paracrine mechanisms. Alternatively, new
cardiomyocytes could be generated from induced pluripotent stem cells (iPSCs) to transplant into
injured hearts. However, several issues remain to be resolved prior to using iPSC-derived cardiomyocytes,
such as a potential risk of tumorigenesis and poor survival of transplanted cells in the injured heart. More
recently, direct cardiac reprogramming has emerged as a novel technology to regenerate damaged
myocardiumby directly converting endogenous cardiac fibroblasts into induced cardiomyocyte-like cells
to restore cardiac function. Following our first report of cardiac reprogramming, an improvement in
cardiac reprogramming efficiency, in vivo direct cardiac reprogramming, and cardiac reprogramming in
human cells were reported by many investigators. While these previous studies have advanced
regenerative research, many challenges remain. Here, we review the current status of cardiac
regenerative technology, a great hope to treat cardiovascular diseases.
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mortality of patients with severe heart failure remains high.
Fundamental treatment of end stage heart failure is heart
transplantation, which is limited by lack of donors, criteria of
selected patients, and risk of surgery. Cardiomyocytes are
considered to be in a terminally differentiated state in humans.
Unlike the mammalian heart, zebrafish hearts exhibit robust
regenerative responses upon injury; they can completely regener-
ate the lost myocardium following ventricular amputation.
Nevertheless, neonatal mice have the capacity to regenerate large
portions of their hearts after ventricular amputation [1]. Previous
studies revealed a cardiomyocyte renewal rate of 0.5–1% per year
in adult humans [2]. However, the regenerative capacity of human
cardiomyocytes is insufficient to regenerate the lost myocardium.
Therefore, cardiac regenerative therapy has attracted attention as a
novel therapeutic approach for patients with heart disease. Early
attempts of cardiac regeneration involved somatic stem cells to
stimulate regeneration and improve cardiac function. The first
clinical trial was transplantation of bone marrow-derived mono-
nuclear cells (BMMNCs). Although early clinical trials improved
cardiac function, other studies did not replicate these findings
[3]. In the next generation, researchers focused on cardiac
progenitor cells (CPCs). They have the ability to proliferate and
differentiate into cardiac lineage cells to replace the damaged and
lost cardiomyocytes [4]. Injection of autologous cultured CPCs
showed a potential positive improvement on cardiac function, and
appeared to be safe in small-scale trials. Nevertheless, engraftment
of transplanted cells remains low, and transplanted stem cells had
a limited capacity to differentiate into cardiomyocytes. Thus, the
benefits of cellular injections are probably due to paracrine effects
[5]. Another promising approach to repair heart disease is using
cardiomyocytes derived from allogeneic pluripotent stem cells
such as embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs). These cells differentiate into functional cardiomyo-
cytes, which can be transplanted into the injured heart. However,
pluripotent stem cell-based therapies have many obstacles before
their practical use in patients, including engraftment rate and
potential risk of tumorigenesis. To overcome these major issues
arising from the use of pluripotent stem cells, we discovered a
novel approach to repair hearts. We found direct cardiac
reprogramming, in which resident cardiac fibroblasts (CFs) are
converted to induced cardiomyocyte-like cells (iCMs) without
reverting to pluripotent stem cells by transduction of defined
cardiac-specific factors (Fig. 1). In this review, we summarize
advances in cardiac regeneration for the treatment of damaged
hearts, and discuss perspectives and challenges for future clinical
application.

Somatic [8_TD$DIFF]stem cell-based cardiac regeneration

In an early stage of regenerative medical research, BMMNCs
have garnered considerable interest in cardiac regeneration,
because they showed cardiogenic potential in vitro, and BMMNCs
demonstrated beneficial contribution of cardiac regeneration in
rodent myocardial infarction (MI) models. Despite the beneficial
preclinical outcomes, there have been conflicting results in
several clinical trials based on BMMNCs. Although early small
randomized human clinical studies of injection of BMMNCs
demonstrated a modest increase in ejection fraction, multiple
well-randomized and double-blinded clinical trials did not
reproduce these promising results [3]. Bone marrow [9_TD$DIFF]-derived
mesenchymal stem cells (MSCs) are another adult stem cell
source thought to be suitable for cardiac regeneration; they also
showed cardiogenic potential in vitro and improvement in cardiac
function in animal MI models. However, clinical trials such as the
POSEIDON trials showed modest improvements in cardiac

function, and subsequent studies revealed that MSCs had no
ability to differentiate into cardiomyocytes [6,7] [10_TD$DIFF].

Next, our interests shifted to cardiac progenitor cells (CPCs),
which had ability to proliferate and differentiate into three cardiac
lineage cells, including cardiomyocytes, smooth muscle cells, and
endothelial cells. CPCs are characterized by different cell surface
markers such as hematopoietic progenitor marker c-kit. In several
preclinical trials, c-kit+ CPCs demonstrated positive results in
small and large animal models [8]. Subsequently, investigators
initiated first clinical trials, SCIPIO, inwhich autologous c-kit+ CPCs
isolated from cardiac tissues were injected into patients with
ischemic cardiomyopathy. This study reported slight increase in
ejection fraction and decrease in infarct size [9]. In the next study,
CADUCEUS trial used cardiosphere-derived cells, a mixed popula-
tion of CPCs, for intracoronary administration into the patients
with prior MI [5]. They showed intracoronary infusion of
autologous CPCs after myocardial infarction was safe, but the
effects of treatment were again modest. The results of these two
clinical trials have been amatter of controversy. Because of the low
engraftment rate in preclinical trials, potential benefits are
probably due to paracrine effects of CPCs. Recently, conflicting
findings on the c-kit+ CPCs were reported by using lineage-tracing
mice. The study showed that c-kit+ CPCs minimally contributed to
cardiomyocytes butmainly gave rise to endothelial cells, indicating
that c-kit+ CPCs are endothelial progenitors that are likely to be
involved in vascular repair in injured hearts [10].

Pluripotent [11_TD$DIFF]stem cell-derived cardiomyocytes for cardiac
regeneration

Another future therapeutic approach employs cardiomyocytes
derived from allogeneic ESCs or iPSCs. Both approaches tried to
generate functional cardiomyocytes in vitro, and used differentiat-
ed cardiomyocytes as a patch or direct injection into injured hearts
[11]. Although transplantation of ESC-derived cardiomyocytes into
animal MI model have shown improvements in cardiac function,
there is ethical opposition to use of human ESCs for clinical
translation [12]. Therefore, discovery of iPSCs solved the ethical
problems and have great potential for cardiac regeneration.
Yamanaka et al. reported that mouse and human fibroblasts could
be directly reprogrammed into cells with characteristic ESC
morphology using a combination of four transcription factors,
Oct4, Sox2, Klf4, and c-Myc (also known as the Yamanaka factors)
[13]. Recently, numerous attempts have beenmade to demonstrate
regenerative therapies using iPSCs, which extensively advanced
this field. Shiba et al. reported that transplanted allogenic iPSC-
derived cardiomyocytes improved cardiac contractile function, and
notably, the grafted cardiomyocytes survived for 12 weeks in
immunosuppressed macaques [14]. However, in this study
significant ventricular tachycardias were observed, which could
be attributed to immature cardiomyocytes. Heterogeneity of iPSC-
derived cardiomyocytesmay be one of the obstacles to develop this
approach to clinical trials. Many studies have improved generation
of more mature and pure cardiac cells from iPSCs, which may
increase the engraftment rate and solve issues related to
tumorigenesis and arrhythmias [15].

Proliferation of [12_TD$DIFF]endogenous adult cardiomyocytes to repair
hearts

Another approach to heart regeneration is activating endoge-
nous regeneration potentials. As cardiomyocytes are terminally
differentiated cells and mammalian cardiomyocytes already exit
from the cell-cycle, the regenerative capacity of cardiomyocytes is
limited. However, if we could control cardiac proliferative
capacity, it would be a potent technology to repair mammalian
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postnatal hearts. Mohamed et al. screened cell-cycle regulators in
fetal cardiomyocytes, and found the combination of several
cyclin-dependent kinases (CDKs) to promote cell division in vitro
and in vivo [16]. Overexpression of CDKs not only induced cell
proliferation but also reduced scar size after MI and improved
heart function in mice. Another approach for cardiomyocyte
proliferation is a modulation of oxidative stress. Tao et al.
demonstrated that scavenging reactive oxygen species (ROS) or
inhibiting DNA damage response (DDR) pathways induced
cardiomyocyte proliferation and repaired adult hearts [17]. Soon
after birth, energy metabolism switches from glycolytic to
oxidative metabolism due to a dramatic change in oxygenation
state. Increased ROS in mitochondria leads to activation of the
DDR pathway, which is responsible for cell-cycle arrest of
postnatal cardiomyocytes. Recently, Kimura et al. demonstrated
that gradual exposure to systemic hypoxia led to decreases in ROS
production and oxidative DNA damage, which reactivated
cardiomyocyte mitosis in adult mice. These regenerative
responses improved cardiac functions after MI [18]. Thus,
stimulation of endogenous regenerative capacity of adult
endogenous cardiomyocytes may be a promising approach for
heart regeneration.

Direct [13_TD$DIFF]cardiac reprogramming for heart regeneration

[14_TD$DIFF]Direct reprogramming of fibroblasts into cardiomyocytes by defined
factors

Besides cell-based transplantation therapy and induced
endogenous cardiomyocyte proliferation, direct reprogramming

approach, converting resident CFs to a cardiomyocyte, may be a
game changer for heart regeneration. Taking the concept of
innovative discovery of iPSCs reprogramming with the Yamanaka
factors, we hypothesized that combinations of multiple cardiac-
specific factors could directly convert resident CFs into iCMs
without needing to first become a stem cell that would bypass
concerns of tumor formation and the low engraftment rates of
transplanted cells. We found that a combination of three
transcription factors, Gata4, Mef2c, and Tbx5 (G, M, and T;
GMT), could directly convert CFs into iCMs [19]. The iCMs had
cardiomyocyte characteristics such as well-organized sarcomeric
structures, global gene expression profiles, action potentials, and
spontaneous contractions. To utilize the direct reprogramming
approach in clinical situations, it would be necessary to translate
the mouse system into humans. Unfortunately, GMT was not
sufficient for cardiac reprograming of human CFs. Human iCMs
reprogramming requires more factors with GMT [20,21]. Despite
low reprogramming efficiency and absence of spontaneous
beating, the cells matured to exhibit action potentials and
contract synchronously in coculture with murine cardiomyo-
cytes. Recently, Cao et al. demonstrated human fibroblasts were
converted into cardiomyocyte-like cells with a combination of
nine chemical compounds which were used for chemical
reprogramming to iPSCs [22]. Thus, human cardiac reprogram-
ming is more challenging than in mouse cells. The difficulty could
be owing to the difference in the cellular context, such as
chromatin, proteome, and metabolome, between mouse and
human fibroblasts. These findings of human cardiac reprogram-
ming represent an important step toward potential clinical
applications.

[(Fig._1)TD$FIG]

Fig [1_TD$DIFF].1. Strategy for heart regeneration. In stem cell therapies, several kinds of stem cells or cardiomyocytes derived from iPSCs are transplanted into patients with heart failure.
In direct cardiac reprogramming, reprogramming factors are injected into hearts and induce new cardiomyocytes [2_TD$DIFF]in situ. Abbreviations: MSCs, mesenchymal stem cells; CPCs,
cardiac progenitor cells; iPSCs, induced pluripotent stem cells; CMs, cardiomyocyte-like cells.
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Modification of signaling pathways and [15_TD$DIFF]epigenetics

During direct cardiac reprogramming, a variety of signaling
pathways, such as transforming growth factor-b (TGF-b), rho-
associated kinase (ROCK), WNT, Notch and Akt, interact with each
other, therefore modification of these pathways may affect
reprograming efficiency. Notably, the TGF-b pathway is one of
the active pathways in fibroblasts. Ifkovits et al. found that
inhibition of TGF-b increased cardiac reprogramming [23]. Subse-
quently, Mohamed et al. confirmed TGF-b and Wnt signaling
inhibition greatly enhanced cardiac reprogramming in adult
human CFs [24]. Thus, profibrotic signaling acted as a barrier to
cardiac reprogramming, which must be subsequently suppressed
for successful conversion.

In addition to profibrotic signaling, epigenetic barriers are other
hurdles to the direct reprogramming process. To achieve successful
reprogramming, reprogramming factors must be able to engage
genes that are developmentally silenced and inappropriate for
expression in the starting cell population. Epigenetic state controls
accessibility of transcription factors by marking with histone
methylation, acetylation, and ubiquitination [19]. Recently, Zhou
et al. identified Bmi1, polycomb complex protein, as a critical
epigenetic barrier to direct cardiac reprogramming [25]. The
authors demonstrated that Bmi1 regulated key cardiogenic genes
through direct binding at these loci in fibroblasts, and Bmi1
inhibition promoted an open chromatin status. Thus, modification
of signaling pathways and epigenetic state provably contribute to
improve iCM induction, but a large part of molecular mechanisms
during cardiac reprogramming is still elusive. It is intriguing to
compare the complex molecular path of direct reprogramming
with that of heart development.

[16_TD$DIFF]In vivo cardiac repair and regeneration

The ultimate goal of direct reprogramming is to repair
damaged heart and improve cardiac function by converting
endogenous cardiac fibroblasts to CMs. Several studies reported [17_TD$DIFF]

in vivo direct reprogramming by delivery of reprogramming
factors (GMT, GMT and Hand2, miR combo) to ischemic hearts in
mice [26–28]. To demonstrate these iCMs were originated from
resident cardiac fibroblasts, some groups used lineage-tracing
experiments to confirm that resident CFs and non-cardiomyo-
cytes were the origin of iCMs, which were not derived from cell
fusion with resident CMs. Interestingly, these studies demon-
strated that in vivo iCMs more closely resemble endogenous
cardiomyocytes than those produced [18_TD$DIFF]in vitro. This may result
from factors within the native microenvironment, such as
extracellular matrix, secreted proteins, and tissue stiffness.
Although in vivo reprogramming can improve cardiac function
and fibrosis after MI, the use of retroviral and lentiviral vectors
leads to insertional mutagenesis. To achieve translation of direct
cardiac reprogramming to clinical applications, non-integrating
methods were demanded. Recently, we developed a polycistronic
Sendai virus vector expressing GMT (SeV-GMT), and demonstrat-
ed direct reprogramming in vitro and in vivo [29]. SeV, non-
segmented, negative-stranded RNA virus replicates only in the
cytoplasm and does not integrate into the host genome. Notably,
this new integration-free reprogramming vector promoted the
efficiency of cardiac reprogramming in vivo, which resulted in
improved cardiac function and reduced fibrosis of mice after MI
compared to conventional retroviral injection of GMT. Mechanis-
tically, robust transgene expression could achieve efficient
cardiac reprogramming with SeV-GMT. Although further refine-
ments are needed, cardiac reprogramming with SeV-GMT might
be a potential treatment for heart diseases in future.

Conclusions

The existing therapeutic approaches for heart failure are unable
to prevent remodeling process completely and to repair the injured
heart. Since heart has a limited self-renewing capacity, establish-
ment of a strategy for heart regeneration has been desired. Steady
progress has been made in the heart regeneration field over the
past years. The cell-based therapy has been suggested as a
promising approach for heart regeneration. However, the results
from clinical trials using somatic stemcells revealedmodest effects
on cardiac function. One of the reasons for this discouraging result
may be due to lowengraftment of transplanted cells. It is likely that
further examination of cell dose, delivery route and timing of
injection, and new technologies such as biomaterial-based
delivery system and tissue-engineering techniques may overcome
these problems. Notably, the progress of iPSC field has grown
enormously in past years, and a first-in-man clinical trial using
iPSC-derived cardiomyocytes has been planned by Dr Sawa and
colleagues in 2018, in which the iPSC-derived cardiomyocyte
sheets were transplanted into the patients with ischemic
cardiomyopathy.

Direct cardiac reprogramming has great potential to become
one of the main streams of regenerative medicine in heart failure.
Cardiac fibroblasts account for a large population of cells in the
heart, which become activated and turn to myofibroblasts,
contributing to fibrosis after cardiac injury such as MI. After the
discovery of three cardiac reprograming factors, technology of
direct reprogramming in hearts made dramatic progress toward
translation to clinical application. However, there are several
hurdles we must overcome prior to clinical trials. First, the
reprogramming efficiency remains low and the generated iCMs
show heterogeneous maturity, although the reprogramming
efficiency has been improved with identification of additional
transcription factors, microRNAs, chemical compounds, develop-
ment of techniques to modify epigenetic states, and conditioning
of culture medium. Second, we need to optimize the standard
protocol for generation of iCMs. Themolecularmechanisms during
cardiac reprogramming remain elusive. Understanding the molec-
ular mechanisms might provide a novel technology of cardiac
regeneration.

Finally, experiments in chronic heart failure models are
required. Although in vivo cardiac reprogramming has improved
cardiac function and fibrosis, all in vivo studies were performed in
the acute stage of MI. It remains unknown whether in vivo
reprogramming could be applied to chronic heart failuremodels, in
which regenerative medicine is in high demand.

Despite many challenges remaining, continuation of basic
research may offer a bright future for cardiac regeneration to treat
heart failure[19_TD$DIFF].
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