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Stem cell therapies for myocardial infarction in clinical
trials: bioengineering and biomaterial aspects
Akon Higuchi1,2,3,4, Nien-Ju Ku1, Yeh-Chia Tseng1, Chih-Hsien Pan1, Hsing-Fen Li1, S Suresh Kumar5, Qing-Dong Ling6,7,
Yung Chang4, Abdullah A Alarfaj3, Murugan A Munusamy3, Giovanni Benelli8,9 and Kadarkarai Murugan10,11

Cardiovascular disease remains the leading cause of death and disability in advanced countries. Stem cell transplantation
has emerged as a promising therapeutic strategy for acute and chronic ischemic cardiomyopathy. The current status of
stem cell therapies for patients with myocardial infarction is discussed from a bioengineering and biomaterial perspective
in this review. We describe (a) the current status of clinical trials of human pluripotent stem cells (hPSCs) compared with
clinical trials of human adult or fetal stem cells, (b) the gap between fundamental research and application of human stem
cells, (c) the use of biomaterials in clinical and pre-clinical studies of stem cells, and finally (d) trends in bioengineering to
promote stem cell therapies for patients with myocardial infarction. We explain why the number of clinical trials using
hPSCs is so limited compared with clinical trials using human adult and fetal stem cells such as bone marrow-derived
stem cells.
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INTRODUCTION
Human pluripotent stem cells (hPSCs), human induced
pluripotent stem cells (hiPSCs), and human embryonic stem
cells (hESCs) appear to be promising tools to regenerate
damaged tissues or organs because of their ability to
differentiate into most cells originating from the three
embryonic germ layers in our bodies.

Currently, clinical trials of stem cell therapies using hPSCs
have only been conducted for four conditions according to
the ClinicalTrial.gov database. These conditions are (1) spinal
cord injury, (2) diabetes, (3) acute myocardial infarction
(AMI), and (4) macular degeneration (namely Stargardt
macular dystrophy and age-related macular degeneration).
Recently, hPSC-based therapies in clinical trials have been
reported.1–5 There are some several review articles that
describe the current status of therapies using hESCs and
hiPSCs.1–5 However, these reviews do not discuss the
bioengineering aspects of these therapies, such as hPSC
culture and differentiation methods, transplantation method,
and conditions of hESCs and hiPSCs. In particular,

transplantation methods such as cell suspension injection or
cell monolayer transplantation with and without biomaterials
(scaffold and hydrogels) at sites of injected have not been
reviewed. Here, we have described the current status of stem
cell therapies using hPSCs for patients with myocardial
infarction (MI), focusing on the bioengineering aspects of
these therapies. Furthermore, we discuss clinical trials using
human fetal or adult stem cells such as human mesenchymal
stem cells (hMSCs), which have been developed to treat
patients with AMI. Cardiovascular disease remains the leading
cause of death and disability in the USA, claiming more lives
each year than cancer, diabetes mellitus, HIV, and accidents
combined.6 Ischemic heart disease is the predominant
contributor to cardiovascular morbidity and mortality; one
million MIs occur each year in the USA, while five million
patients suffer from chronic heart failure.7 Death rates have
improved dramatically over the last four decades. However,
new approaches are urgently needed for those patients who go
on to develop ventricular dysfunction.6,8 Over the past
decade, stem cell transplantation has emerged as a promising
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therapeutic strategy for acute or chronic ischemic cardiomyo-
pathy. In this review, we have compared the methods and
results of clinical trials of therapies for patients with AMI
based on hPSCs and hMSCs, including human fetal stem cells
(Figure 1).

The goal of this review was (a) to discuss the current status
of clinical trials of hPSC-based therapies compared with

clinical trials using hMSCs and human fetal stem cells, (b) to
discuss the gap between fundamental research and clinical
trials using human stem cells, (c) to discuss the use of
biomaterials in clinical and pre-clinical studies of hPSCs,
hMSCs, and human fetal stem cells, and finally (d) to discuss
the bioengineering trends to promote hPSC, hMSC, and
human fetal stem cell therapies in regenerative medicine.

Figure 1 Illustration of stem cell therapy for myocardial infarction disease. (a) hESCs (human embryonic stem cells) were derived from inner cell mass
of embryo and differentiated into cardiac progenitors. Cardiac progenitors were intracoronary infused or the patch containing hESC-derived cardiac
progenitors was prepared and transplanted into ischemic heart. (b) hiPSCs (human induced pluripotent stem cells) were prepared from transduction or
transfection of pluripotent genes or proteins into somatic cells and differentiated into cardiac progenitors. Cardiac progenitors were intracoronary
infused or the patch containing hiPSC-derived cardiac progenitors was prepared and transplanted into ischemic heart. (c) hADSCs (human adipose-
derived stem cells) were isolated from fat tissue and subsequently intracoronary infused. (d) hBMNCs (human bone marrow-derived mononuclear cells)
were isolated from bone marrow and subsequently intracoronary infused where bone marrow was isolated from posterior iliac crest. (e) hBMSCs were
isolated by cultivation of hBMNCs on TCPS dishes and subsequently intracoronary infused. Parts of Figure adapted, with permission from Nazari et al.,4

Bartunek et al.,42 and Yang et al.79
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CLINICAL THERAPY FOR MYOCARDIAL INFARCTION
USING HESCS
Fibrin Patch Containing hESCs-Derived Cardiac
Progenitors
hPSCs hold excellent promise for regenerative medicine and
drug discovery because of their high capacity to differentiate
into many cell types in human tissues.9–11 hESC-derived
cardiac progenitors have been used for the improvement
of the function of infarcted hearts (NCT02057900). In this
case, the differentiated cells from hESCs were not directly
transplanted into damaged tissue; whereas the cells were
directly transplanted into subretinal sites for patients with
macular degeneration,12–14 a fibrin patch containing hESC-
derived cardiac progenitors was transplanted into the patient
with AMI (Figure 2).15,16

Menasche et al. prepared the fibrin patch as follows
(Figure 2):15,16 (a) hESCs were induced to differentiate into
cardiac progenitors on clinical-grade fibroblast feeder layers for
4 days. Of the differentiated cells, 44–64% expressed stage-
specific embryonic antigen (SSEA)-1. (b) The cardiac progeni-
tors were purified using MACS (magnetic-activated cell
sorting) targeting SSEA-1-expressing cells. The 95–99% of
cardiac progenitors expressing SSEA-1 surface marker were
obtained after purification by MACS. (c) The cardiac
progenitors were evaluated for safety, especially the loss of
tumor-generating (teratoma formation) capacity. No teratoma
formation was observed when 100 times the highest clinical
dose of cardiac progenitors was injected into immunodeficient
mice.15,16 Cytogenetic abnormalities were not observed in the
cardiac progenitors. (d) The fibrin patch containing cardiac
progenitors was prepared as follows: 10 million cardiac

progenitor cells were introduced into 1.1 ml of cell culture
medium containing fibrinogen and poured into agarose-coated
dishes (2.5 cm diameter). Four units of thrombin in 1.1ml of
cell culture medium was added to the agarose-coated dishes
containing cardiac progenitors and fibrinogen to generate 25-μl
droplets. The solution in the agarose-coated dishes was gently
agitated to induce gel polymerization. (e) The fibrin patch was
applied to the epicardium, followed by covering the patch with
a pericardial flap to provide trophic support to the underlying
cellular graft (Figure 2).

The efficacy of the fibrin patch containing cardiac
progenitors (1-cm2 fibrin patch loaded with 700 000 cardiac
progenitor cells) was assessed echocardiographically in a rat
model of MI in a pre-clinical study. The left ventricular (LV)
ejection fractions of the rats treated with the fibrin patch with
or without cardiac progenitors and without treatment (sham)
are shown in Figure 2.15 The LV ejection fraction was found
to improve after 2 months in the rats treated with the fibrin
patch containing cardiac progenitors, in comparison with a
normal (reference) LV ejection fraction of approximately 55%
and an abnormal LV ejection fraction of less than 50%.15

Clinical Trial with Fibrin Patch Containing hESCs-Derived
Cardiac Progenitors
In a human clinical trial, a 20-cm2 area of autologous
pericardium was harvested, and the posterior half was sutured
to the epicardium along the borders of the infarct area of a
patient with severe ischemic LV dysfunction. This created a
pocket between the epicardium and the pericardial flap.16 The
fibrin patch containing hESC-derived cardiac progenitors was
then slipped into the pocket (Figure 2b), and sutures were

Figure 2 Transplantation of a fibrin patch containing human embryonic stem cells (hESC)-derived cardiac progenitors into rat (a) and human (b) of
myocardial infarction. (a) Left ventricular ejection fraction (LVEF) change between baseline and 2 months post transplantation. The LVEF of rats treated
with the cell-loaded fibrin patch increased relative to that of untreated rats.15 Copyright 2015. Adapted with permission from Oxford University Press. (b)
Photo of transplantation of the fibrin patch containing hESC-derived cardiac progenitors into the infarcted site of a patient heart, followed by covering
the patch with a pericardial flap to introduce trophic factors into the infarcted heart.16 Copyright 2015. Adapted with permission from Oxford
University Press.
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used to anchor the anterior half of the pericardial flap to the
peri-infarct-affected epicardium, which secured the ‘sand-
wiched’ cell-laden patch to the diseased area. Cyclosporine
(immunosuppressive drug) as part of an immunosuppressive
regime was administered for 2 months. Following transplan-
tation, the patient’s serum was found to be negative for Class
II antigens, with limited reactivity against non-donor-specific
Class I antigens. Three months after the operation, the cardiac
functional status of the patient had greatly improved. The
patient showed an increased LV ejection fraction (36% from
an initial 26%), and results of a 6-min walking test showed an
increase from 350 to 467 m. The akinetic infarct zone where
the fibrin patch containing hESC-derived cardiac progenitors
was attached became moderately hypokinetic.16

Mechanism of Improved Function by Fibrin Patch
The mechanism of improved function of infarcted hearts is
believed to be based on a paracrine effect. The functional
benefits of embryonic stem cell-derived cardiac progenitors
are maintained over time, despite rapid loss of the
transplanted cells.17 The cardiac progenitors secrete several
growth factors and extracellular vesicles (EV) in the infarcted
hearts, with EVs including exosomes and microparticles that
orchestrate paracrine therapeutic effects. In this clinical
trial,9,16 mature cardiomyocytes were not used, but cardiac
progenitors expressing the SSEA-1 surface marker and the
cardiac genes Isl-1 and Mef2c were used. The cell source
(ie, cardiac progenitors or mature cardiomyocytes) that is
more effective in improving infarcted heart function should
be a point of discussion. Only 16 hESC lines with various
human leukocyte antigen (HLA) types were prepared and
immunosuppressive treatment was used in this study. It
might be necessary to use more hESCs with different HLA
(MHC class I and class II) types to treat diverse recipients of
this therapy.

Currently, no other clinical trials using hPSCs have been
reported for patients with MI, although there have been
several animal studies on hESC-based therapies to improve
cardiac function in infarcted animals.18–20

CLINICAL THERAPIES FOR MI USING ADULT AND FETAL
STEM CELLS
MI Therapies Using Adult and Fetal Stem Cells
AMI is a common cause of disability and death, although
several medical approaches, such as coronary artery bypass
grafting (CABG) and percutaneous coronary interven-
tion (PCI), have been developed to ameliorate these
effects. Myocardial ischemia results in the loss of contractile
tissue, which disrupts the mechanical performance of the
LV of patients with AMI.21 In this case, human adult stem
cell (hASC) treatment, which involves (a) inhibition cardio-
myocyte apoptosis, (b) growth factor secretion from hASCs,
and (c) cardiomyocyte generation and angiogenesis by hASCs,
has emerged as a novel alternative therapy to regenerate
damaged myocardium. Typically, autologous bone marrow

mononuclear cells were administered via intracoronary
injection into an MI site 4–8 days after PCI procedures in
patients with AMI. Other cell sources, namely autologous or
allogenic MSCs from bone marrow, cardiopoietic stem cells,
mononuclear cells from peripheral blood, and Wharton’s
jelly-derived MSCs, have also been used for AMI therapy
(Table 1). No trial of human adipose-derived stem cells
(hADSCs) for AMI therapy was found in our database
research (Table 1).

MI Therapies Using hBMNCs
Since Orlic et al. reported the first clinical trial of an
intracoronary infusion of autologous human mononuclear
cells derived from bone marrow (hBMNCs) for patients with
MI and found improvement of LV function,22 a number
of clinical trials on hBMNCs and other adult or fetal
cell sources for patients with MI have been reported,
including ASTAMI,23 BOOST,24–26 REPAIR-AMI,27–31

STEMI,32 REGENT,33 TAC-HFT,34 PROCHYMAL,35

SCIPIO,36 TIME,37 LATE TIME,38 HEBE,39 BONAMI,40

CADUCEUS,41 C-CURE,42 SCAMI,43 CHINA-AMI,44

REGERATION-AMI,45 and other trials22,46–48 (Table 1).
A typical treatment is as follows: (1) Patients with a recent

MI and left ventricular dysfunction (typically with a left
ventricular ejection fraction (LVEF) of o50%) who had
undergone successful PCI with stent placement are selected,
after approval by the relevant institutional review boards and
with informed consent of the patients. (2) Bone marrow (23–
128 ml, and typically 50 ml) is aspirated from the posterior
iliac crest, and hBMNCs are separated from the bone marrow
by density gradient centrifugation, which may be compared
with the 400–1000 ml of bone marrow that is aspirated for the
treatment of hematopoietic diseases with bone marrow
transplantation. (3) hBMNCs (typically 100–300 × 106 cells)
are resuspended into a small amount of solution (typically
10 ml), and an intracoronary infusion of the hBMNC solution
is introduced into the MI site of the patient at a few hours to
2 weeks after PCI treatment (typically 3–8 days after PCI).
hBMNCs contain 2–4% hematopoietic stem cells/endothelial
progenitor cells and 0.01% MSCs, and most hBMNCs are
composed of hematopoietic mononuclear cells at various
stages of maturation.6,49

In early trials, such as the BOOST24–27,50 and REPAIR-AMI
trials,29 intracoronary autologous hBMNC transfer improved
several parameters of diastolic function in patients with AMI.
This improved cardiac function can be explained by the role
of CD34+ hematopoietic stem cells/endothelial progenitor
cells in (a) angiogenesis, (b) transdifferentiation into smooth
muscle cells, endothelial cells, and cardiomyocytes in vivo,
and (c) growth factor secretion.6,51,52 However, transplanta-
tion of hematopoietic stem cells (CD34+CD133+ cells) was
found to improve LVEF only minimally (1.8%), whereas
hBMNC transplantation led to excellent improvement of
LVEF (4.41%).53
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Table 1 Clinical trial results of stem cell transplantation (intracoronary transfer) on patients with acute myocardial infarction, which have been reported in references

Clinical trial

name

Cell type Cell no. (BM volume) Time for

injection

Patient no.

(control/cell

transfer)

LVEF baseline

(control/cell

transfer)

LVEF increase (%)

(control)

LVEF increase (%)

(cell transfer)

Overall effectiveness Clinical trial

number

Ref (year)

BOOST Autologous BMNCs 25 × 108 cells

(128 ml BM)

4.8 days after

PCI

30/30 51.3%/50.0% 0.7% after

6 months

6.7% after

6 months

LVEF increased in BMNC

group

NCT00224536 24 (2004)

ASTAMI Autologous BMNCs (50 ml BM) 5–8 days 25/24 No data available No data available No data available Not specified NCT00199823 23 (2005)

- Autologous BMNCs 68 × 106 cells

(50 ml BM)

6 days after

AMI

50/50 41.9%/41.9% 7.6% after

6 months

7.6% after

6 months

No effect on BMNC

transplantation

NCT00199823 46 (2006)

(REPAIR-AMI) Autologous BMNCs 236 × 106 (50 ml BM) 3–6 days after

PCI

103/101 46.9%/48.3% 3.0% after

4 months

5.5% After

4 months

Contractile function

improvement in BMNC group

NCT00279175 27 (2006)

REPAIR-AMI Autologous BMNCs Unknown 3–6 days after

PCI

103/101 No data available No data available No data available Effective NCT00279175 28 (2006)

BOOST Autologous BMNCs 25 × 108 cells

(128 ml BM)

4.8 days after

PCI

22/20 51.3%/50.0% 3.1% after

18 months

5.9% after

18 months

No statistical difference

after 18 months

NCT00224536 25 (2006)

STEMI Autologus BMNCs 304 × 106 cells

(130 ml BM)

1 day after PCI 34/33 46.9%/49.1% 2.6% after

4 months

2.7% after

4 months

Significant reduction of MI

size in BMNC group

NCT00264316 32 (2006)

REPAIR-AMI Autologous BMNCs (50 ml BM) 3–6 days after

PCI

28/30 45.6%/47.8% by

Doppler study

Not analyzed N.A. after

4 months

Improvement in maximal

vascular conductance capacity

NCT00279175 29 (2007)

BOOST Autologous BMNCs 25 × 108 cells

(128 ml BM)

4.8 days after

PCI

30/30 51.3%/50.0% − 3.2% after

61 months

− 2.5% after

61 months

No improvement of LVEF by

single dose BMNCs

transplantation

NCT00224536 26 (2009)

REGENT Autologus BMNCs

or CD34-CXCR cells

1.8 × 108 for BMNCs,

1.9 × 106 cells for

CD34-CXCR cells

3–12 days after

AMI

40/160 0% after

6 months

3% after 6 months No significant difference

between cell-treated group and

placebo group

NCT00316381 33 (2009)

REPAIR-AMI Autologous BMNCs 50 ml BM 3–6 days after

AMI

28/30 40.1%/38.8% − 0.4% after

12 months

7.7% after

12 months

Effective if EFo48.9% on

basekine

NCT00279175 30 (2009)

PROCYMAL Allogeneic BMSCs 0.5, 1.6, and

5 million/kG

3–10 days after

AMI

21/39 45.1%/47.3% 5.2% after

12 months

1.8% after

12 months

hMSC treatment, but not

placebo, increased LVEF.

NCT00114452 35 (2009)

REPAIR-AMI Autologus BMNCs (50 ml BM) 3–6 days after

AMI

101/100 48.7%/45.4% − 1.8% after 2

year

4.7% after 2 year Infarct size and regional

contractility were improved

in BMNC treated group.

NCT00279175 31 (2010)

TAC-HFT Autologus BMSCs

or BMNCs

200 ×106 cells Unknown 20/40 No data available No data available No data available No data available NCT00768066 34 (2011)

BM, bone marrow; BMNCs, bone marrow-derived mononuclear cells; BMSCs, bone marro-derived mesenchymal stem cells; CABG, coronary artery bypass grafting; CD34-CXCR, CD34+CXCR4+ bone marrow
cells; CDCs, cardiosphere-derived cells; CSCs, c-kit-positive cardiac stem cells; EBT, endomyocardial biopsy tissue; PNMCs, pheripheral blood mononuclear cells; PBLs, periphera blood leucocytes; PCI, percuta-
neous coronary intervention; WJ-MSCs, Wharton’s jelly-derived mesenchymal stem cells.
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Granulocyte colony-stimulating factor (G-CSF) is known
to mobilize hematopoietic stem cells from bone marrow to
peripheral blood. Therefore, several trials on the treatment of
patients with AMI using G-CSF instead of intracoronary
transfusion of hBMNCs were performed to determine
whether hematopoietic stem cells in hBMNCs have a major
role in improvements in patients with AMI. However, G-CSF
treatment showed almost no effect in patients with AMI in
several clinical trials.51,54,55

The timing of infusion of the intracoronary hBMNCs
following PCI in patients with AMI seems to be important.
Early infusion of hBMNCs (less than 24 h, REGENERATE-
AMI trial45) or late infusion (2–3 weeks after AMI, Late TIME
trial38) was not shown to improve global or regional function
when the patients were evaluated at 6–12 months after AMI.
Infusion of intracoronary hBMNCs at 4–7 days after PCI or
AMI seems to be the best interval for improvements in LVEF,
LV end-systolic dimension, and incidence of revascularization
with this treatment.56 However, Traverse et al. reported that
patients with AMI who underwent infusion of intracoronary
hBMNCs following PCI at 3 or 7 days after PCI showed
recovery of regional and global LV function similar to patients
in the placebo group (Time trial), and no effect of infusion of
intracoronary hBMNCs in patients with AMI was reported in
this trial.37

Dill et al.30 reported that the intracoronary administration
of hBMNCs in AMI patients improved LVEF and entirely
abrogated progressive end-systolic volume (ESV) expansion.

Although numerous experimental and clinical
trials24–27,29,31,32,40,50,57 and meta-analyses53,56 have demon-
strated the benefits of hBMNCs on myocardial ischemia, the
mechanisms by which multiple cells derived from the
bone marrow function in cardiac repair remain unclear,
and some reports have indicated that the intracoronary
infusion of hBMNCs did not enhance cardiac function.32,46,58

In summary, intracoronary transfusion of hBMNCs in
patients with AMI seems to induce a small increase in LVEF
and have a limited impact on left ventricular remodeling.
However, infarct size is typically decreased by hBMNC
transplantation.24–27,29,31,32,40,50,57

Several other sources of cells have been used to treat
patients with AMI. Hirsch et al. performed a randomized
controlled trial to investigate the effects of intracoronary
infusion of mononuclear cells from peripheral blood and
bone marrow in patients with AMI.39 The patients treated
with PCI received an intracoronary infusion of mononuclear
peripheral blood cells (66 patients) or hBMNCs (69 patients)
at 3–8 days after AMI. The standard therapy (no infusion of
mononuclear cells) was also included in this HEBE trial.
Global and regional LV volumes and myocardial function
were evaluated by magnetic resonance imaging (MRI) before
randomization and 4 months following treatment.39 There
found no significant difference in infarct size or LVEF in these
three groups.

MI Therapies Using CD34+CXCR4+ Progenitor Cells
hBMNCs contain heterogeneous populations of cells, con-
sisting of committed monocyte, lymphocyte, and granulocyte
lineages, as well as subpopulations of progenitor cells and
multipotent stem cells. These cells are all expected to have
important roles in functional and structural recovery of the
myocardium. However, the effect of intracoronary infusion of
hBMNCs is still unclear after several clinical trials. Therefore,
Tendera et al. conducted a clinical trial (REGENT) using
specific populations of hBMNCs to investigate whether
specific types of cells could improve the recovery of patients
with AMI.33 They selected CD34 and CXCR4 (chemokine
receptor type 4)-expressing cells (CD34+CXCR4+ progenitor
cells) using MACS after isolation of hBMNCs, because
CXCR4 binds to stromal cell-derived factor 1 (SDF-1) in
the myocardium. Since patients with AMI show upregulated
SDF-1 expression in the ischemic myocardium, CXCR4+

cells are expected to mobilize, home, and engraft to the
ischemic myocardium.59 In contrast, CD34+ cells are known
to be hematopoietic/endothelial progenitor cells. Two million
CD34+CXCR4+ progenitor cells were introduced in an
intracoronary infusion into patients 7 days after PCI. They
evaluated the cardiac function in three groups of patients: (a)
an unselected hBMNC-treated group (80 patients), a CD34+

CXCR4+ progenitor cell-treated group (80 patients), and a
control group that did not receive cell therapy (40 patients).33

LVEF increased by 3% in patients treated with hBMNCs
and CD34+CXCR4+ progenitor cells, whereas no change in
LVEF was observed in patients in the control group after
6 months. A significant increase in LVEF was only found in
patients treated with hBMNCs or CD34+CXCR4+ progenitor
cells who had an LVEF of o37% before cell treatment.33

There was no clinical difference between hBMNC-treated
group and the CD34+CXCR4+ progenitor cell-treated group
in this study. However, the hBMNC-treated group had only
50–70 ml of bone marrow harvested, whereas the CD34+

CXCR4+ progenitor cell-treated group had 100–120 ml of
bone marrow harvested in this study.33 These results, along
with the laborious isolation of specific cells using MACS,
suggests that CD34+CXCR4+ cell treatment is not preferable
to conventional hBMNC treatment.

MI Therapies Using Autologous and Allogeneic hMSCs
Autologous bone marrow-derived hMSCs were also used to
treat patients with AMI. Lee et al. performed a randomized
pilot clinical trial to investigate the safety and efficacy of
autologous hMSCs in patients with AMI.47 Autologous
hMSCs were derived as follows: Twenty-five microliter of
bone marrow was aspirated from each patient. hBMNCs were
prepared from bone marrow by the density gradient centri-
fugation method using Histopaque-1077. hBMNCs were
cultured on tissue culture polystyrene (TCPS) dishes to
remove non-adherent cells and expanded for 4–5 passages;
most of the cells remaining in the TCPS dishes were hMSCs.
The patients treated with autologous hMSCs showed an LVEF
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improvement of 5.9%, whereas patients in the control group
showed only a 1.6% improvement in LVEF, which was
determined by single-photon emission computed tomogra-
phy (SPECT) 6 months after treatment.47 Therefore, this
study suggests that intracoronary infusion of bone marrow-
derived hMSCs is safe, with modest improvements in LVEF at
a 6-month follow-up visit.

Allogeneic but not autologous bone marrow-derived
hMSCs were also used to treat patients with AMI. Hare
et al. performed a double-blind, placebo-controlled, dose-
ranging (0.5, 1.6, and 5 million cells/kg) safety trial
(PROCYMAL) of intravenous allogeneic bone marrow-
derived hMSCs in reperfused patients with AMI, where
hMSCs were transplanted on days 1–10 after AMI (Supple-
mentary Figure 1A).35 The patients treated with hMSCs
showed less PVC (premature ventricular contraction) com-
pared with that of patients in the placebo control group on
day 10 following hMSC transplantation (Supplementary
Figure 1B). Furthermore, patients treated with hMSC showed
increased LVEF and reverse remodeling of the heart
(Supplementary Figure 1C), whereas patients in the placebo
group did not show any improvement in cardiac function
based on cardiac magnetic resonance imaging. Furthermore,
pulmonary function evaluation showed an improvement in
forced expiratory volume in 1 s, and ambulatory electro-
cardiogram monitoring indicated a reduction in ventricular
tachycardia episodes in hMSC-treated patients.47 This study
demonstrated the relatively good therapeutic effect of
allogenic hMSCs in patients with AMI, as well as the safety
of this treatment.

MI Therapies Using Autologous Cardiac Stem Cells and
Cardiosphere-Derived Cells
Autologous cardiac stem cells from bone marrow were also
used to treat patients with chronic heart disease. In the
C-CURE multicenter randomized trial, autologous bone
marrow-derived cardiopoietic stem cells were infused into
patients endoventricularly.42 The cardiopoietic stem cells
were prepared as follows: hBMNCs were derived from bone
marrow using the conventional centrifugation method. Then,
hBMNCs were cultured on TCPS dishes for one passage and
subsequently cultured in a medium containing a cardiogeneic
cocktail (transforming growth factor-β [TGF-β], bone
morphogenetic protein 4 [BMP 4], activin A, fibroblast
growth factor 2 [FGF 2], cardiotrophin, and α-thrombin) for
three passages. Of the differentiated cells, a minimum of 85%
of cells showed a more than 2-fold induction of MEF2c
(myocyte enhancer factor 2C), which is the gene involved in
cardiac morphogenesis, in the nucleus versus the cytosol.42

The cardiopoietic stem cells were injected into mapped area at
1 min per injection, with an average of 18 injections per
patient (brown spots in Figure 3), with the cells delivered into
an area of dysfunctional but viable myocardium characterized
by a voltage of 44 mV (green-colored region in the unipolar

map in Figure 3a) with reduced LLS (red color areas in
Figure 3b).42

In this study, LVEF improved from 27.5 to 34.5% with
infusion of autologous cardiopoietic stem cells, whereas
patients that were not treated with the cells showed no
improvement in LVEF.42 The reduction in LV end-systolic
volume was also found to be significant in the group treated
with autologous cardiac stem cells compared with the group
of patients that were not treated with cardiopoietic stem cells.
This demonstrated that cardiopoietic stem cell therapy is
feasible and safe, with signs of benefit for patients with
chronic heart failure.

Makkar et al. used cardiosphere-derived cells (CDCs) for
the treatment of patients 2–4 weeks after MI (CADUCEUS
clinical trial).41 CDCs were prepared as follows (Figure 4):
~ 275 mg of endomyocardial tissue was obtained by biopsy.
The tissue sample was minced into about 1-mm explants, and
the explants were cultured on TCPS dishes. This process was
similar to the general method for preparing hADSCs from fat
tissue samples.60,61 The adhered cells were harvested and
subsequently cultured in suspension to generate three-
dimensional (3D) cardiospheres. Then, the cardiospheres
were cultured on TCPS dishes to generate CDCs (41). CDCs
were cultured for 2–5 passages to obtain the expected dose of
CDCs within 36 days. Of the CDCs, 95% expressed CD105
(CD105+), whereas CD45+ cells were o5% of CDCs. Auto-
logous CDCs (12.5 million or 25 million) were administered
an intracoronary infusion into the infarct-related artery of the
patients 1.5–3 months after MI in patients showing a 39%
mean LVEF and 24% scar in their hearts. No major adverse
cardiac events occurred in patients in the control group or
CDC infusion group.41 Furthermore, no cardiac tumors
developed and no patients died in either group, suggesting
that CDC infusion is safe. Cardiac scar tissue was significantly
reduced and new healthy tissue was generated after treatment
with CDCs in this clinical trial (CADUCEUS) (Figure 5).41

However, this trial did not show an improvement in LVEF,
end-diastolic volume, or endo-systolic volume with CDC
infusion relative to that in the control group. This is probably
because of the relatively small numbers of cells infused and
extremely low survival rate of transfused cells in vivo. There
is the possibility that CDC infusion of injectable hydrogels
into the infarct-related artery of the patients could lead to
improved cardiac function after treatment.

Autologous cardiac stem cells (CSCs, c-kit+, lineage-
negative cells) were also used to treat patients with ischemic
cardiomyopathy (SCIPIO clinical trial).36 CSCs were prepared
as follows: The right atrial appendage was harvested during
coronary artery bypass grafting. CSCs were also isolated using
a method similar to that of purifying hADSCs from fat
tissues.61 Briefly, the atrial tissues were cut into small pieces
(o1 mm3) and suspended in medium. After collagenase
digestion of the tissues, the cells were plated on TCPS dishes
and cultured for several passages to isolate CSCs. Typically,
only stem cells can adhere and expand on TCPS dishes.

Stem cell therapies for myocardial infarction
A Higuchi et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 97 October 2017 1173

http://www.laboratoryinvestigation.org


Subsequently, the cells were sorted by MACS, which targets
c-kit-expressing cells (c-kit+ cells). One million CSCs were
infused into anterior wall infarcts, and 0.5 million cells were
infused into infarcts in the left circumflex or right coronary
artery.36

From 30.3% before CSC infusion, LVEFs recovered to
38.5% at 4 months after infusion of CSCs, whereas the LVEFs
of patients in the control group did not change (30.1%) at
4 months after coronary artery bypass grafting.36 This study
suggests that intracoronary infusion of autologous CSCs
is a promising approach to decrease infarct size and increase
recovery of LV systolic function after MI. However, the
effect of transplantation of CSCs (c-kit+ cells)36 as well as
cardiosphere-derived cells41 on the treatment of the patients
with myocardial infarction is currently considered to be
controversial. The effect of transplantation of c-kit+ cardiac

stem cells is generally considered to be due to a paracrine
effect of c-kit+ cardiac stem cells.62,63 Furthermore, it should
be noted that from a bioengineering point of view, the
isolation and collection of CSCs is difficult compared with the
isolation and collection of stem cells derived from bone
marrow or adipose tissue. It is necessary to develop much
sophisticated methods to isolate CSCs, cardiopoietic stem
cells, and CDCs from tissues in future.

MI Therapies Using Fetal Stem Cells
Human Wharton’s jelly-derived mesenchymal stem cells
(hWJ-MSCs) were purified from a continuum from the
sub-amnion to the perivascular region of umbilical cords.64,65

hWJ-MSCs express some typical markers of hESCs and hMSC
in early passages.65 Furthermore, hWJ-MSCs can be induced
to differentiate into endothelial cells and cardiomyocytes.66–68

Figure 3 Stem cell delivery assessed by intramyocardial mapping and navigation. (a,b) Endomyocardial delivery of bone marrow-derived cardiopoietic
stem cells using electromechanical guidance in a patient enrolled in the C-CURE trial. The upper color-coded illustrations show a right anterior oblique
projection of unipolar voltage (a(A)) and linear local shortening maps (LLS, b(A)). A bulls-eye view of electrical and mechanical maps with unipolar
voltage (a(B)) and linear local shortening (b(B)). Stem cells were transplanted (brown spots) into areas of dysfunctional yet viable myocardium
characterized by a voltage of 44 mV (green color on the unipolar map) with reduced LLS (red color on the LLS map).42 Copyright 2013. Adapted with
permission from the American College of Cardiology Foundation.
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Therefore, Gao et al. investigated the effect of intracoronary
infusion of hWJ-MSCs in patients with AMI. In this trial, 116
patients with AMI were randomly assigned to receive hWJ-
MSCs or a placebo in their infarct arteries at 5–7 days after
PCI.48 The absolute increase in myocardial viability deter-
mined by positron emission computed tomography (PET)
and perfusion within the infarcted region investigated by
single-photon emission computed tomography (SPECT)
showed significantly better outcomes in the patients infused
with hWJ-MSCs than in the patients that received the placebo

at 4 months after treatment. The increase in the LVEF of
patients infused with hWJ-MSCs (7.8%) was found to be
significantly higher than that of patients in the placebo group
(2.8%) after 18 months (Figure 6a). Furthermore, decreases
in end-diastolic volumes and LV end-systolic volumes of
patients treated with hWJ-MSCs relative to those of patients
in placebo group were observed after 18 months
(Figure 6b).48 This study suggests that the intracoronary
infusion of hWJ-MSCs is safe and presents another option in
the treatment of patients with AMI.

Figure 4 Preparation and characteristics of cardiosphere-derived cells (CDCs). (a) Preparation of CDCs. Biopsy samples were cut into small pieces of
explants (A) that spontaneously expanded the cell population. These explants were cultured in a suspension to generate three-dimensional (3D)
cardiospheres (B). Subsequently, the cardiospheres adhered to TCPS dishes and generated CDCs (C). (b) Histogram of the time required to obtain a
prespecified dose of 12.5 million or 25 million cells. (c) Expression of CD105 and CD45 CDCs analyzed by flow cytometry. Most CDCs expressed CD105
(98%), whereas less than 0.5% expressed CD45.41 Copyright 2012. Adapted with permission from Elsevier Ltd.
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Figure 6 Intracoronary infusion of Wharton’s jelly-derived mesenchymal stem cells in acute myocardial infarction. (a) Comparison of changes in global
LVEF (left ventricular ejection fraction) between the placebo group and the hWJ-MSC (Wharton’s jelly-derived MSC) treatment group evaluated by two-
dimensional echocardiography before infusion and after infusion at 4, 12, and 18 months. (b) Absolute changes in left ventricular end-diastolic volume
(LVEDV), left ventricular end-systolic volume (LVESV), and LVEF between the placebo group and the WJMSC group at 18 months determined by
echocardiograph.48 Adapted under a Creative Commons Attribution License.

Figure 5 Representative magnetic resonance images (MRIs) of hearts of patients with myocardial infarction (MI) and changes in scar size (CADUCEUS
clinical trial). (a) Short-axis MRI of the heart of a patient at baseline (82 days after MI, (A)) and 6 months after CDC transplantation (B). Short-axis MRI of
the heart of a patient at baseline (77 days after myocardial infarction, (C)) and after 6 months (D) in a control. Infarct scar tissue (arrows) appear as sites
of hyperintensity (white) and viable myocardium is indicated by dark spots. (b) Difference in scar size (LV%) from baseline to 6 months or 12 months
after treatment.41 Copyright 2012. Adapted with permission from Elsevier Ltd.
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MI Therapies Using Adipose-Derived Stromal Cells
Adipose tissue contains multipotent adipose-derived stromal
cells (ADSCs), representing an easily accessible and abundant
cell source. ADSCs were reported to differentiate into
cardiomyocytes and endothelial cells in vivo in an animal
study, which indicates that ADSCs may be another promising
source of cells to create new cardiomyocytes and blood vessels
in patients with chronic ischemic heart disease.69 There are
several clinical trials using freshly isolated human ADSCs
(PRECISE clinical trial [NCT00426868] and APOLLO clinical
trial [NCT00442806]) or cultured and expanded ADSCs
(MyStromalCell clinical trial [NCT01449032]) to treat
patients with AMI. However, to date, no results from these
clinical trials have been reported.

The randomized, double-blinded, placebo-controlled trials
of intracoronary infusions of several cell types, including (a)
human bone marrow-derived MSCs, (b) human adipose-
derived stem cells, (c) hPSC-derived human cardiac progeni-
tor cells, and (d) hPSC-derived cardiomyocytes to treat
patients with AMI should be investigated more and compared
with improve LV function in patients with AMI in the future.

CONCLUSION
Treatments using hPSCs are currently in clinical trials for the
following conditions: diabetes, spinal cord injury, acute
cardiac infarction disease, and macular degeneration disease.
In this review, we discussed the bioengineering aspect of
treatments using stem cells for patients with AMI. In current
clinical trials using hESCs, the differentiated cells into
progenitor cells (eg, cardiac progenitors) are commonly used,
whereas in most of fundamental research, hESCs or hiPSCs
are sophisticatedly induced to be differentiated into not
progenitor cells, but mature stages of specific lineages of the
cells.70–73 More efficient differentiation methods and/or
sophisticated purification (isolation) methods should be
developed for clinical usage of differentiated lineages of
hESCs and hiPSCs. On the other hand, hMSCs, non-purified
mononuclear cells from bone marrow or hMSCs not induced
to differentiate into cardiac lineages, are typically used in the
treatment of AMI,22–44,47,74 whereas most basic research has
been applied investigating the differentiation of hMSCs into
mature cardiomyocytes.75–79 Although purified hMSCs from
bone marrow and cardiac progenitor cells have been used in
clinical applications for patients with AMI, only a few trials
have been reported to date using hPSCs (ie, hESCs).16,17

Therefore, there seems to have a gap between clinical usage of
hPSCs or hMSCs and fundamental research on culture and
differentiation methods for stem cells. The authors recom-
mend that bioengineers attempt to decrease these gaps
between fundamental research and clinical application of
hMSCs and hESCs after consideration of this manuscript. The
development of efficient and simple purification and/or
differentiation methods to obtain specific lineages of cells
from stem cells (hESCs, hiPSCs, hMSCs, or fetal stem cells) or
tissue samples (bone marrow or adipose tissue) that maintain

their biological function and activity, should be prioritized
when differentiated cells from stem cells are clinically applied
in the future. It will be important to develop cell sorting plates
for the cultivation of cells on specific biomaterials for the
selection of target cells, which we are going to differentiate or
purify.80 Currently, in many instances, infused stem cells or
stem cell-derived cells are left in the transplantation site in
patients. The sophistication of methods for transplanting
stem cell-derived cells or stem cells into patients should be
increased with the use of injectable scaffolds or hydrogels for
better survival rates of transplanted cells in patients over a
long period of time. Developing these sophisticated delivery
methods should be another task of bioengineers in this field.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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