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Owing to the rapid increase in the number of people with severe heart failure, regenerative medicine is
anticipated to play a role in overcoming the limitations inherent in existing surgical interventions. There
are essentially two types of cardiac regenerative therapies for a failing heart. Cellular regenerative
therapies using various stem cells improve the functional recovery of the heart mainly by cytokine
paracrine effects. The implantation of induced pluripotent stem cellederived cardiomyocytes can
contribute not only to the inhibition of adverse heart remodeling by paracrine effects but also to the
supply of newly born functional myocytes with the recipient myocardium as “mechanically working
cells.” Cell transplantation, including autologous myoblast transplantation, reduces heart failure exac-
erbations and benefits patients without the need for other treatment options. Although cellular therapy
is currently the mainstream approach, it requires an in-house cell-processing center with an aseptic
environment. In addition, these stem cells are usually introduced via several invasive delivery methods,
including intracoronary administration, and cellular sheet implantation. Simplifying the culture methods
for these cells is a crucial problem that needs to be resolved.

Drug-induced regenerative therapy is another option that enhances self-endogenous regenerative
systems in the human body and does not require invasive methods or cell cultures. Therefore, drug-
induced regenerative therapies may overcome the disadvantages of these cellular therapies. The pur-
pose of this report is to summarize cell transplantation therapy in the cardiovascular system and
regenerative therapy for heart failure using an autologous endogenous regenerative system.

© 2024 The Author(s). Published by Elsevier BV on behalf of The Japanese Society for Regenerative
Medicine. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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MI myocardial infarction
LVAD left ventricular assist device
iPSC induced pluripotent stem cell
BM bone marrow
BM-MSC BM-derived mesenchymal stem cell
BM-MNC bone marrow mononuclear cell
ICM ischemic cardiomyopathy
DCM dilated cardiomyopathy
LVEF left ventricular ejection fraction
NYHA New York Hear Association
ESC embryonic stem cell
hiPSC human iPSC
EHT engineered heart tissue

HLA human leukocyte antigen
CRISPR clustered regularly interspaced short palindromic

repeats
NK natural killer
MSC mesenchymal stem cell
HMGB1 high-mobility group box 1 protein
LV left ventricle
CXCR4 C-X-C chemokine receptor 4
SDF1 stromal cellederived factor 1
PDGFRa platelet-derived growth factor receptor alpha
GFP green fluorescent protein
VEGF vascular endothelial growth factor
HGF hepatocyte growth factor
LAD left anterior descending artery
1. Introduction

Heart failure is a life-threatening disorder that is typically
caused by various cardiac diseases, including myocardial infarction
(MI), valvular heart disease, and cardiomyopathies [1e3]. Mild
heart failure can be effectively treated with medications, including
beta-blockers, angiotensin-converting enzyme inhibitors, and di-
uretics. The efficacy of pharmacological interventions is limited in
patients with more severe heart failure resulting from adverse left
ventricular remodeling. Consequently, surgical interventions such
as left ventricular assist device (LVAD) implantation and heart
transplantation are required [4,5]. However, these surgical options
have limitations. Heart transplantation is the most effective treat-
ment for severe heart failure but faces an extremely serious donor
shortage worldwide. Complications associated with LVAD, such as
infection and cerebral thrombosis, have a significant effect on pa-
tient outcomes. Consequently, there is an urgent need to develop
new therapies to assist heart transplantation and LVAD.

Over the past two decades, cell therapies using myoblasts [6,7],
bone marrow (BM) cells [8], and other stem cells [9] have emerged
as promising alternatives to conventional therapies for heart fail-
ure. These therapies are thought to improve the functional recovery
of failing hearts primarily through paracrine effects [6e12]. Addi-
tionally, the implantation of induced pluripotent stem cell (iPSC)e
derived cardiomyocytes can contribute to the inhibition of adverse
heart remodeling through paracrine effects and the supply of newly
born functional myocytes to the recipient myocardium as “me-
chanically working cells” [10e12]. Nevertheless, concerns persist
regarding cellular engraftment because these are allogeneic cell
transplants. Therefore, it is necessary to consider methods that
control immune rejection.

On the other hand, a number of stem cells, including BM-
derived mesenchymal stem cells (BM-MSCs) and tissue stem
cells, play a pivotal role in the repair of damaged tissues [13,14]. In
particular, BM-MSCs can repair damaged organs by recruiting other
host cells, secreting effective growth factors, or differentiating into
various cells, including endothelial cells [15], thereby promoting
angiogenesis and inhibiting adverse fibrosis in various injuries and
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diseases, including MI [8,16], injured muscles [17], and cerebral
infarction [8,16e18]. By enhancing endogenous repair mechanisms
with stem cells or pharmacological agents or by accelerating
endogenous regenerative function, a less-invasive regenerative
treatment could be offered rather than conventional cellular ther-
apy in the future.

This article reviews the field of cardiovascular medicine with a
focus on regenerative medicine. It introduces the concept of heart
failure treatment using somatic cells or iPSC-derived car-
diomyocytes and introduces a novel concept of regenerative med-
icine, namely: in vivo regenerative therapy.

2. Regenerative medicine in the cardiovascular field

Initially, regenerative therapy in the field of cardiovascular
medicine was applied to arteriosclerotic obliterans, in which BM
mononuclear cells (BM-MNCs) were transplanted into the affected
limb by using a syringe. Angiography revealed new blood vessels,
indicating an improved blood flow [19]. The therapeutic mecha-
nismwas found to involve angiogenesis via the cytokines produced
by the cells, which were then applied to ischemic heart disease. In
addition to BM-MNCs, autologous myoblasts have been trans-
planted using a syringe for ischemic cardiomyopathy (ICM)
simultaneously with coronary artery bypass surgery. However, no
improvement in cardiac function has been reported, and lethal
arrhythmias have occurred. It has been demonstrated that reentry
occurs because of myocardial tissue damage caused by the injector
as a cause of arrhythmia [20]. Consequently, a methodology that
does not cause myocardial tissue damage at the time of trans-
plantationwas proposed: myoblasts are cultured in vitro, processed
into sheets in a temperature-responsive culture dish, and trans-
planted onto the heart surface [6,21]. This method was applied to
patients with dilated cardiomyopathy (DCM) fitted with an LVAD,
with two of four cases demonstrating improved cardiac function
and LVAD weaning [22]. The sheet was also transplanted into pa-
tients with ICM, and the transplanted patients were divided into
two groups: one group responded to the same treatment, whereas
the other group did not respond [23,24]. Furthermore, patients
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with heart failure transplanted with this tissue were shown to have
a significantly prolonged life expectancy compared with a control
cohort [25]. Recently, iPSC-derived cardiomyocytes have been
employed to treat ICM, not only with cytokines but also to me-
chanically support the failing heart [26,27].

In a more recent study, the POSEIDON-DCM Trial was conducted
on patients with DCMwho had undergone allogeneic or autologous
BM-MSC transplantation [28]. Both groups were safe, did not elicit
an immune response, and demonstrated consistent therapeutic
efficacy. Furthermore, the allogeneic group exhibited superior im-
provements in left ventricular ejection fraction (LVEF), New York
Heart Association (NYHA) classification, and other parameters
compared with the autologous group. This indicates that the
discrepancy in cellular functionality is attributable to the fact that
autologous cells are mesenchymal stem cells (MSCs) of patients
with DCM themselves, whereas allogeneic cells are derived from
healthy donors. Additionally, the anti-inflammatory properties of
MSCs are diminished in patients with DCM. Furthermore, genetic
analysis of the patients enrolled in this clinical study and compar-
ison of prognoses revealed that patients with pathogenic genetic
abnormalities, such as titin, exhibited a less favorable response to
MSC transplantation therapy than patients without such abnor-
malities [29].

These studies indicate that cell-based regenerative medicine is
not an effective treatment for all patients with heart failure.
Therefore, it is essential to identify patients who will benefit from
this approach by analyzing their genetic and clinical data.

3. The current status of heart failure treatment using iPSCs
and ESCs

For patients with severe heart failure who have lost a significant
number of cardiomyocytes because of extensive fibrosis, it is
necessary to replace the lost healthy cardiomyocytes. One potential
treatment is cardiomyocyte transplantation, which involves
replacing healthy cardiomyocytes at the infarction site where car-
diomyocytes have been depleted. Recently, it was reported that
iPSCs can be induced from somatic cells and differentiated into
various cell types. It is now possible to induce high physiological
and anatomical homology in cardiomyocytes from these cells [30].

Cardiomyocyte sheets can be created using iPSC-derived car-
diomyocytes. A proof of concept for the same tissue was obtained
using a large animalmodel of heart failure [10,31]. The transplanted
iPSC-derived cardiomyocyte cell sheet can repeatedly contract and
relax in the recipient heart and may function as the working
myocardium, as the iPSC-derived cardiomyocyte sheet behaved
synchronously with the recipient heart, thus indicating that tissue
beating may directly affect the recipient heart [32]. iPSC-derived
cardiomyocyte sheets not only function as working tissue but also
secrete cytokines, including hepatocyte growth factor (HGF), which
induces angiogenesis in the transplanted organ and improves blood
flow [31].

To improve the efficiency of in vivo engraftment, it is necessary
to suppress the immunogenicity of iPSCs and construct trophic
vessels for the transplanted tissue. Neovascularization, which is the
formation of new blood vessels, requires functional blood vessels
with smooth muscle cells lining vascular endothelial cells.
Nonclinical studies have demonstrated that the simultaneous
transplantation of a large mesh with a rich vascular network and
iPSC-derived cardiomyocyte sheets can maintain the viability of
cardiomyocytes [33].

Prior to the application of these cells in heart failure, it is essential
to examine their safety and to develop a method for their mass cul-
ture. The fundamental technology for the mass culture method has
already been developed, and a clinical application of this technology
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is alreadyunderway [34]. Therefore, verifying their safety is crucial. A
safety verification system for undifferentiated cell markers and
tumorigenesis thatusesnon-obesediabetic/Shi-scid/IL-2Rgnullmice
has already been established [35]. Furthermore, a system has been
established to verify the safety of tumorigenesis and the occurrence
of genetic abnormalities that promote tumorigenesis after differen-
tiation induction [35]. The aforementioned system validated the
nonclinical safety and efficacy of iPSC-derived cardiomyocyte sheets.
A clinical trial led by a doctor for the transplantation of iPSC-derived
cardiomyocyte sheets in patients with ICM has commenced, with
reports of improvement in cardiac function at the site of trans-
plantation [26,27].

In addition to sheet transplantation, clinical studies on the
transplantation of “human iPSC (hiPSC)ederived cardiac spheroids”
[36]. To further enhance clinical efficacy, research is being con-
ducted on “iPSC-derived cardiovascular cell multilayers,”which are
sheets of three types of cells (cardiomyocytes, vascular endothelial
cells, and vascular mural cells) layered with gelatin hydrogel mi-
crospheres and transplanted into a rat MI model. In a preclinical
safety study, no tumor formation or arrhythmia was observed, thus
confirming the safety of the graft [37]. Zimmermann et al. devel-
oped engineered heart tissue (EHT) by seeding cardiomyocytes in a
collagen hydrogel. The EHT is a rubber bandelike tissue that con-
tracts autonomously in response to mechanical stretching stimu-
lation. EHTs were implanted to cover the heart, and a significant
improvement in cardiac functionwas observed in anMImodel [38].

In addition to iPSCs, ESCs have been used as a source of car-
diomyocytes. A clinical study of the transplantation of cardiac
progenitor cells produced by differentiation induction from ESCs
was conducted in 2013 for six patients with heart failure with LVEF
of 35% or less and NYHA class III or IV. The transplantation of cells
embedded in a fibrin patch inserted between the epicardium and
the anterior wall of the heart demonstrated the absence of tumor
development until six months after the procedure. Additionally, the
NYHA and 6-min walk performance improved, thus indicating a
certain level of efficacy [39].

The first report on the creation of BioHeart using the
decellularizationerecellularization method with rat hearts was
published in 2008 [40]. Subsequently, in 2013, hiPSC-derived
mesoderm progenitor cells were recellularized in a decellularized
mouse matrix and cultured to differentiate into cardiomyocytes
and other cells [41]. Furthermore, it has been reported that hiPSC-
derived cardiomyocytes were transplanted into a decellularized
heart of a deceased human patient [42]. To date, no human-sized
decellularized cardiac matrices have been produced. There are
still many issues to be addressed, such as the number of cells, cell
quality, and culture system.

4. Immunological examination of iPSCs transplantation

When transplanting iPSC-derived products, it is essential to
prevent immune rejection after transplantation to ensure the long-
term viability of the transplanted cells. The expression pattern of
cell surface glycans, such as N-glycans, expressed on iPSCs has been
demonstrated to be similar to that of mature cardiomyocytes dur-
ing their differentiation into cardiomyocytes; this finding may be
crucial in verifying the immunogenicity of iPSC-derived car-
diomyocytes [43,44]. Currently, owing to the cost of iPSC estab-
lishment and safety concerns, such as tumorigenicity, it is assumed
that other established iPSCs will be used for clinical applications
[45]. Human leukocyte antigen (HLA) compatibility is crucial for
preventing rejection after allogeneic transplantation because HLA
is a molecule that distinguishes between self and non-self in the
body. HLA compatibility is correlated with organ survival after
transplantation [46,47]. Therefore, it is essential to match the HLA
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haplotypes during the transplantation of iPSC-derived products
[45]. iPSC-derived cardiomyocytes suppress immunogenicity in
allogeneic transplantation experiments in cynomolgus monkeys
[48]. With the advent of gene editing technology, such as clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9
[49e51], attempts have been made to establish universal iPSC lines
that can avoid immune rejection after allogeneic transplantation by
adjusting HLA expression on the iPSC surface with CRISPR/Cas9.
Therefore, it is anticipated that the transplantation of HLA-
homologous iPSCs established by the Center for iPS Cell Research
and Application of Kyoto University to HLA-matched patients will
be immunologically effective in clinical applications. HLA can be
broadly divided into class I (HLA-A, HLA-B, HLA-C, HLA-E, HLA-F,
and HLA-G) and class II (HLA-DP, HLA-DQ, and HLA-DR). These
functions can be classified into two major categories. The first is to
trigger an immune response by CD8þ and CD4þ T cells via antigen
peptides. The second is to function as a ligand for T cells or natural
killer (NK) cells to recognize non-self and self [52,53]. In the latter
function, T cells recognize HLA haplotypes that are different from
the self and consider them as non-self. Conversely, NK cells cannot
recognize HLA, which is identical to the self; therefore, these cells
are excluded from the body [54,55]. To suppress immunogenicity, it
is essential to conduct basic research to elucidate the mechanism of
immune response when iPSC-derived cardiomyocytes are
transplanted.

4.1. Regulation of posttransplantation immune responses by T cells

To control immune rejection by Tcells, iPSCs with a homozygous
tridentate HLA haplotype are banked, and iPSC lines established
from these iPSC lines are used for allogeneic transplantation in
clinical settings [45]. However, only approximately 40% of the
Japanese population can be covered by the banked iPSC lines [56].
Furthermore, although HLA-compatible dopaminergic neuron
transplantation in monkeys has been demonstrated to suppress
immune rejection by T cells without the use of immunosuppressive
agents [57], it has been reported that immunosuppressive agents
must be employed in HLA-compatible cardiomyocyte trans-
plantation [48]. In HLA-compatible allogeneic transplantation,
immunogenicity varies depending on the differentiation products.
Although methods to suppress posttransplantation immune re-
sponses by T cells are being established by combining HLA
matching with immunosuppressive agents as needed, it has been
reported that HLA expression is poor in some differentiation
products such as iPSC-derived cardiomyocytes and dopamine cells
[57,58]. Furthermore, HLA-matched transplants have been reported
to cause immune rejection by NK cells [48,57,58]. Immune re-
sponses using HLA-negative iPSCs generated using CRISPR/Cas9
have been investigated to avoid T cellemediated immune re-
sponses. HLA class 1 expression can be suppressed by the deletion
of its subunit, namely, the B2M gene [59], and HLA class 2 expres-
sion can be suppressed by the deletion of its transcription factor,
namely, the CIITA gene [60]. Despite the ability of iPSC-derived
cardiomyocytes and vascular endothelial cells lacking the B2M
and CIITA genes to suppress immune responses to other Tcells, they
do not express HLA class 1 or 2, thus resulting in NK cell activation
[61,62]. Therefore, immune rejection by T and NK cells should be
avoided after transplantation by editing HLA expression on iPSC
surfaces, and universal cell lines that can be used for trans-
plantation regardless of HLA haplotypes or differentiation products
should be established. Two approaches were proposed. The first is
the complete suppression of HLA expression on the cell surface,
which suppresses the immune response of T cells. The second
mechanism involves the expression of ligands that suppress NK cell
cytotoxicity.
862
4.2. Regulation of the posttransplant immune response by NK cells

Reports on immune responses by NK cells include iPSC-derived
cardiomyocytes and dopamine cells with low HLA expression
[48,57,58]. NK celleactivating ligands, such as CD112 and CD155,
are expressed in iPSC-derived cardiomyocytes [58]. Regardless of
HLA expression, activating ligands such as major histocompatibility
complex class I chain-related protein A, nectin cell adhesion
molecule 2, and poliovirus receptor are present in iPSC-derived
fibroblasts, and immune responses by autologous NK cells have
also been observed. Additionally, iPSC-derived cardiomyocytes or
vascular endothelial cells without HLA expression have been
established as universal cell lines that are targets of NK cells [61,62].
Some reports have indicated that certain ligands may be required
for NK cells to evade posttransplant immune responses. For
example, Gornalusse et al. reported that ESCs selectively expressing
only HLA-E could evade the immune response of CD45þ NK cells
[63]. Additionally, iPSC-derived cardiomyocytes and vascular
endothelial cells overexpressing CD47, which is the inhibitory
ligand of NK cells, evaded rejection by NK cells after trans-
plantation, and long-term engraftment was achieved [64].
Furthermore, in a study using iPSC-derived CD43þ blood cells in
which only HLA-A/B was deleted by CRISPR/CAS9 while retaining
HLA-E/F/G in addition to HLA-C, immune responses associated with
NK cells and Tcells were avoided bymatching only HLA-C [65]. This
report suggests that matching only HLA-C may avoid immune re-
sponses associated with NK cells in addition to immune responses
associated with T cells. It has also been reported that the 12 HLA-C
haplotypes cover approximately 95% of the population, and iPSCs of
these 12 HLA-C prototypes are being investigated for use as semi-
universal iPSCs [66]. Numerous activating and inhibitory ligands
are involved in the immune response of NK cells, which is defined
by the balance of the signals mediated by these ligands. The
extensive variety of ligands makes it challenging to eliminate all
activating ligands or induce the expression of all inhibitory ligands
in cells. Therefore, it is essential to determine the combination of
ligands that most efficiently and effectively suppresses the immune
response of NK cells after transplantation.

4.3. Other reports of immune tolerance after transplantation

In addition to HLA matching with immunosuppressive agents
and the generation of universal iPSCs, several methods have been
reported to induce a state of posttransplant immunity and achieve
long-term engraftment. Autologous MSCs can be transplanted
simultaneously with iPSC-derived cardiomyocytes to induce post-
transplant immune tolerance [67]. There are also reports of a
method to induce specific immune tolerance to iPSC-derived car-
diomyocytes by establishing mixed chimerism in the recipient [68],
and a method to induce immune tolerance after organ trans-
plantation by inducing regulatory T cells from recipient-derived T
cells and reinjecting them [69,70].

5. Current status and prospects of regenerative therapies in
the body

In the human body, several endogenous regenerative mecha-
nisms repair damaged organs. Several stem cells, including BM-
MSCs, have the potential to repair damaged organs by recruiting
other host cells [13e15]. The activation and augmentation of
endogenous repair mechanisms with pharmacological agents
harboring stem cells are promising because they are less invasive
than conventional cellular therapies.

Herein, we summarize several self-endogenous regenerative
therapies for heart failure.
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5.1. High-mobility group box 1 protein (HMGB1) recombinant
fragment

HMGB1, which is a non-histone nuclear protein that regulates
chromatin structure [71e73], has two opposing effects: HMGB1
released from necrotic cells activates macrophages and neutro-
phils, thereby accelerating inflammation in injured tissue [73]. By
contrast, HMGB1 also plays an important role as a regenerative
factor that enhances the mobilization of alpha platelet-derived
growth factor receptor-positive (PDGFRaþ) mesenchymal cells
from the BM to damaged organs [71e75]. PDGFRa is a represen-
tative marker of BM-MSCs [76]. The inflammatory responses
induced by HMGB1 are mediated by the binding of specific
HMGB1 domains to toll-like receptor-2/-4 or the receptor for
advanced glycation end products [77,78]. A novel HMGB1 frag-
ment was created by removing the previously reported functional
domains of HMGB1 associated with systemic inflammatory re-
sponses [71]. Several studies have demonstrated the potential of
this HMGB1 fragment to inhibit the deterioration of cardiac per-
formance in various models of heart failure [42,72]. Kido et al.
reported that an improvement in LVEF and a reduction in
myocardial fibrosis were achieved by the systemic injection of the
HMGB1 fragment in a DCM hamster model [72]. Similar results,
including an improvement in left ventricle (LV) contraction and
inhibition of adverse LV remodeling, have also been observed in a
rat MI model [72].

HMGB1 plays a role in the aggregation of PDGFRaþ BM-MSCs
around vessels in the BM and that these BM-MSCs migrate via
the blood circulatory system [75].With regard to themechanism by
which BM-MSC home to damaged tissue via HMGB1 fragment, C-X-
C chemokine receptor 4 (CXCR4), which is a receptor of stromal
cellederived factor 1 (SDF1), plays a pivotal role in the migration
and proliferation of various stem cells, including BM-MSCs [79,80].
In vivo and in vitro studies have demonstrated that HMGB1 can
induce the overexpression of CXCR4 on the surface of BM-MSCs
[13]. In ischemic lesions, the tumor microenvironment, fibro-
blasts, epithelial cells, and endothelial cells secrete SDF1
[75,79e81]. Indeed, significant elevations in SDF1 levels have been
observed in the hearts of rats with MI, particularly in the peri-
infarct region [71].

In the MI model, rats with green fluorescent protein (GFP)e
positive BM cells exhibited a significant recruitment of GFPþ/
PDGFRaþ BM cells to the peri-infarction area in response to
HMGB1 fragment administration [71]. Real-time polymerase chain
reaction analysis also demonstrated significant expression of
various growth factors, including vascular endothelial growth fac-
tor (VEGF) A, HGF, and tumor necrosis factorestimulated gene 6, in
the damaged heart following the injection of the HMGB1 fragment
[71,72]. Therefore, it can be concluded that the HMGB1 fragment
induces BM-MSC homing to damaged cardiac tissues via the SDF1-
CXCR4 signaling complex, which in turn promotes vasculogenesis
in ischemic lesions.

The differentiation ability of recruited BM-MSCs is also a crucial
factor associated with regenerative effects in damaged heart tissue.
Several in vitro and in vivo studies have revealed the multipotency
of BM-MSCs as endothelial cells, pericyte, and smooth muscle cells
[15]. The recruited GFPþ/PDGFRaþ cells may have differentiated
into vessel constituent cells, such as vascular endothelial cells or
pericytes, in the peri-infarcted area [71].

HMGB1 also exerts a regenerative effect on adverse LV remod-
eling [82]. Takahashi et al. demonstrated that direct injection of
HMGB1 into the myocardium can attenuate local myocardial
inflammation, thus leading to the inhibition of cardiomyocyte hy-
pertrophy and the expansion of fibrosis [82].
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5.2. SDF1

The SDF1 or “SDF1 to CXCR4” (its receptor) complex is one of the
most representative regulators of endogenous tissue repair in the
human body [80e84]. Ischemic cardiac damage causes SDF1
overexpression in ischemic cells, which induces the recruitment of
both BM-MSCs and cardiac stem cells to the damaged heart tissue
[71,82e84]. In addition to the homing ability of these stem cells to
ischemic heart tissue, SDF1 inhibits cardiomyocyte cell death,
thereby promoting angiogenesis and preventing adverse fibrosis
[85e87].

This has led to the development of gene therapy using SDF1 at
various dosages. JVS100, which is a non-viral DNA plasmid
encoding human SDF1, is used in regenerative clinical trials with
SDF1 [84,87,88]. On the basis of the results of a preclinical study and
a subsequent phase I clinical trial with JVS-100 that assessed its
safety and potential efficacy [87,88], a randomized phase I clinical
trial using JVS-100 was initiated in patients with ICM [84].
Compared with the placebo group, there was an improvement in
LVEF and N-terminal pro-brain natriuretic peptide serum levels and
an increase in cardiac output at one year after a single adminis-
tration of JVS-100 [84]. Although no adverse events were observed,
the present study was performed using an endomyocardial injec-
tion of SDF1. This study aimed to facilitate progress in regenerative
drug discovery. Future studies should focus on developing methods
of drug administration in a more systematic and safer manner.

5.3. ONO1301: a synthetic prostacyclin agonist

Prostacyclin is an endogenous factor that facilitates the regen-
eration of damaged tissues and organs [89e91]. Although the
therapeutic effects of prostacyclin analogs could theoretically be
useful for adverse LV remodeling after ischemic heart damage, the
use of these agents in clinical practice has been limited by their
short half-lives [92e94].

ONO-1301 is a novel synthetic prostacyclin agonist that exhibits
prolonged prostacyclin activity and thromboxane synthase inhibi-
tory activity. Their chemical stability was attributed to the absence
of typical prostanoid structures [93,94]. ONO-1301 stimulates the
production of intracellular cyclic adenosine monophosphate by
binding to the prostaglandin I2 receptor in vascular endothelial
cells, smooth muscle cells, or fibroblasts. This leads to the release of
various growth factors, including VEGF, HGF, and SDF1, into
damaged heart tissue [92e97]. In our department, a slow-release
system for ONO-1301 was developed using the polylactic co-
glycolic acid polymerization technique. The sustained-release de-
livery of ONO-1301 (ONO-1301SR) demonstrated the robust inhi-
bition of LV fibrosis following MI and improved cardiac function
through neovascularization in the peri-infarction area [94,95,97].
Additionally, several preclinical studies employing ONO-1301SR
have demonstrated its therapeutic effects in various tissue injury
models, including aortic valve stenosis, pulmonary hypertension,
and critical limb ischemia [96,98,99].

ONO-1301 has also been shown to promote tissue repair by
inducing the migration of BM-MSCs into ischemic heart tissue [93].
An in vitro study demonstrated that BM cell migration was signif-
icantly enhanced by ONO-1301 and was inhibited by the use of BM
cells with CXCR4 antagonist (AMD3100) [93]. The intravenous
administration of ONO-1301 significantly enhanced the recruit-
ment of BM cells to the peri-infarction area. Although SDF1
expression is generally increased in ischemic tissues, including MI
[71], ONO-1301 can enhance SDF1 expression in fibroblasts,
endothelial cells, and smooth muscle cells in the infarct border
zone. ONO-1301 treatment improves cardiac function by inducing
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neovascularization and inhibiting fibrosis in damaged tissue in
acute or chronic MI models [93,95,97]. ONO-1301 has been
demonstrated to enhance the recruitment of BM cells to ischemic
heart lesions via the SDF1/7CXCR4 signaling pathway. This may
lead to tissue repair via paracrine effects or differentiation activity
of the recruited BM cells.

5.4. Large animal study of HMGB1 and ONO-1301

The purpose of large animal studies is to evaluate the efficacy
and safety of mechanisms demonstrated in vitro and in small ani-
mals in a manner that is similar to clinical practice. A major
advantage of large animal studies is the ability to perform multi-
modal imaging evaluations for efficacy assessment.

Our primary animal model used was porcine ICM. This model
was created by placing a special ring called an Ameroid Constrictor,
which gradually occluded the lumen by absorbing moisture at the
ostium of the porcine left anterior descending artery (LAD), thus
ultimately creating an ICM model because of LAD occlusion.

Yajima et al. have evaluated the efficacy of ONO-1301 in a
porcine ICM model [97]. This study demonstrated an improvement
in cardiac function compared with the control by applying an
omental flap to the surface of the heart, in addition to the admin-
istration of ONO-1301. Other than histological and molecular bio-
logical assessments, the following have been used as imaging
modalities to macroscopically demonstrate improvements in car-
diac function andmyocardial blood flow: echocardiography, cardiac
MRI to assess myocardial strain, 13N-ammonia positron emission
tomography to assess myocardial blood flow, and coronary cathe-
terization to assess myocardial blood flow reserve.

Ito et al. conducted a study evaluated the efficacy of the HMGB1
fragment in a porcine ICM model (submitted for publication).
This study demonstrated that systemic intravenous administration
of HMGB1 fragment improved cardiac function compared with
the control. In this study, echocardiography, histologic evaluation,
and molecular biological evaluation, as well as quantitative
assessment of damaged and fibrotic myocardial tissue using late
gadoliniumeenhanced cardiac MRI and coronary pressure wire
study to assess coronary flow reserve and resistive reserve ratio,
were performed to macroscopically demonstrate improvements in
myocardial blood flow, myocardial fibrosis suppression, and cardiac
function.

ONO-1301 and HMGB1 both activate the self-tissue repair ca-
pacity of MSCs via minimally invasive intravenous administration.
Large animal studies have shown an improvement in myocardial
blood flow reserve through angiogenesis, suppression of myocar-
dial fibrosis around the infarct site, inhibition of myocardial cell
hypertrophy, and reactivation of the hibernating myocardium. In
addition, the improvement in cardiac function appears to extend
beyond the LAD region, where the infarction occurs, which may
benefit multivessel ICM in clinical practice.

These data provide a more macroscopic understanding of the
mechanisms demonstrated in vitro and suggest potential clinical
efficacy. Given that similar imaging assessments can be performed
in clinical practice, these findings may support the mechanisms of
therapeutic effects in clinical settings. Additionally, regenerative
therapy achieves efficacy through the interaction of various factors,
and there are both responders and non-responders to treatment
[24,29]. When exploring responders and their predictive factors,
focusing on imaging modalities that have shown efficacy in large
animal studies may allow for a more efficient evaluation. Research
on the predictive factors for responders is crucial for expanding the
indications for regenerative therapies, and large animal studies
play an important role in this regard. On the basis of these studies,
the first human phase I/IIa clinical trial using ONO-1301SR for
864
patients with ICM was performed [100], and the use of HMGB1 has
been initiated and is ongoing.

Drug-induced regenerative therapy is a good alternative option
for heart failure, particularly in patients with refractory heart fail-
ure who are using conventional medication. It can easily be com-
bined not only with medication but also with surgical procedures
such as coronary artery bypass grafting or LVAD implantation.
Further clarification of the mechanism of cell-based regenerative
therapy will facilitate progress in regenerative drug discovery and
will lead to an increase in the use of drug-induced regenerative
therapy and minimally invasive therapy for patients with heart
failure.

6. Conclusion

This review discusses the fundamental clinical applications of
regenerative medicine in cardiovascular medicine. Regenerative
medicine covers a wide range of areas, including cell and tissue
transplantation, treatment based on regenerative mechanisms in
the body, and organ creation using regenerative medicine tech-
nology.We hope that these technologies will be applied clinically in
the future and become a goal for patients with intractable circu-
latory diseases.
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