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Prediction of therapeutic effects of human cardiomyocytes in
myocardial infarction using non-human primates model
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Cardiovascular disease (CVD) is a critical disease that
accounts for 34% of all deaths and consumes almost
$300 billion annually in the United States (1). Since
myocardial infarction (MI) is the most severe and serious
CVD with high lethality (2), attempts to overcome the
disease are highly demanded. Although the development
of pharmacological and intervention therapy enhances the
survival rates, there are clear limitations to preventing or
reversing the heart failure due to the massive muscle loss
after MI. Currently, heart transplantation is considered
to be the most fundamental treatment, but it also has
many issues to resolve such as, complex post-operative
management, very expensive strategies, and limited number
of organ donors. Indeed, development of additional
cardiovascular therapy is essential (3).

In spite of numerous therapeutic approaches that have
been attempted using stem cells to treat CVD, few positive
results and obvious limitations are reported in heart
regeneration. Thus, there are crucial checkpoints to be
confirmed before treating CVD through cell therapy. First,
the transplanted cells must be differentiated into cardiac
muscles. Second, the myotube formation with the cell graft
and implanted heart, and eventually the electromechanical
maturation of the graft with host myocardium must be
confirmed, resulting in the transplantation of external
cardiomyocytes which could restore the infarcted heart (3).
When these prerequisites are confirmed, human pluripotent
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stem cells (hPSCs)-derived cardiac cells are ready to be
engrafted into the injured heart and are expected to have a
spontaneous action potential from the cell therapy (4).

In this study, Liu et /. demonstrated that transplantation
of millions of cryopreserved human embryonic stem cell-
derived cardiomyocytes (hESC-CMs) successfully enhances
cardiac function in macaque monkeys with large MI. The
primate animal is the most suitable model for predictions
in a clinical study due to being evolutionary adjacent and
physiological similar to humans (5). After the hESC-
CMs injection in the macaque heart disease model, the
authors confirmed the functional recovery and described it
in two steps: (I) mechanical maturation without teratoma
formation, and (II) lower burden of ventricular arrhythmia.

The authors induced larger infarcts in macaque hearts
and showed the restoration effect of the transplanted
hESC-CMs by cardiac magnetic resonance imaging (MRI)
exclusively developed for macaque monkeys, which can
provide the information related to left ventricular ejection
fraction (LVEF), LV mass, the myocardial motion, as well
as general information, such as heart structure (6). The
results showed that hESC-CM transplantation improved
~10% and ~22% in LVEF and wall thickening, respectively.
The enhancement of LVEF indicates an increased amount
of blood released in each contraction and the enhanced
efficiency of the heartbeat for systemic circulation (7). In
addition, heart wall thickening could be interpreted as the
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loss of muscle due to the infarction being partially covered.
However, to explain the therapeutic effect of transplanted
cells in infarcted hearts, additional aspects of confirmation
in histology are needed: (I) successful transplantation
in infarcted region; (II) decreased scar formation; (III)
sufficient maturation to function in macaque infarction
model (8).

MI leads to massive loss of cardiomyocytes in the ischemic
region and fibrotic scar formation, resulting in re-expression
of heart failure (9). In regard to the success of transplantation
aspect, the authors observed large grafts of myocardium (5.7-
15.6% of the infarcted region) in the central infarcted region,
using cardiac troponin 1, and prevention of the wall thinning
after 4 weeks of transplantation in the hESC-CM-treated
group. Subsequently, the reduction of scar formation (from
25.2% t0 19.9% of the LV in the hRESC-CM-treated group
compared to from 25.9% to 23.6% in the sham group)
was histologically confirmed. Since the electromechanical
maturation of the graft cells is very important to keep its
beating regular and synchronized with the recipient’s cardiac
tissue (10), the authors confirmed the formation of mature
N-cadherin+ adherens junctions and Connexin 43+ gap
junctions with the host heart. However, a minor limitation
in the distribution of Connexin 43 remained. In addition,
the authors could show vascularization with host cells by the
graft using CD31+ in blood vessels, as well as proliferation
of the graft cells using pericentriolar material-1 (PCM-1)
and Ki67. Altogether, this data provided strong evidence
that the implantation of hESC-CM reduced the fibrotic
scar, filled up the muscle loss caused by the fibrosis process
and could recover structural stability of the left ventricular
wall. Meaningfully, the injected cardiomyocytes successfully
formed a considerable maturation with the macaque
infarcted heart.

The authors then investigated a new perspective on
the cause of arrhythmias. An arrhythmia is an abnormal
condition in which the heart contracts irregularly, and its
severity presumes the degree of myocardial dysfunction. It
has been known as a main limitation of cell-based therapy
in heart disease because it has occurred when the external
cells were implanted in an infarcted heart and has more
frequently occurred in large rather than small animals
(11,12). Although its mechanism is unclear, differences of
electrophysiologic maturity, gap junction isotypes, and
wave propagation between the host heart and the graft
are thought to be potential causes of arrhythmia (4,5).
Almeida ez al. raised the possibility that the newly formed
pacemaker from transplanted cells could be the cause of
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arrhythmia formation (13). From this point of view, Liu et a/.
performed an electronic mapping and determined that an
ectopic activation source generated in transplanted hESC-
CMs improved the pulse generated by ectopic pacemaker
cells. As mentioned above, since the stability is considered
as the first priority in stem cell-mediated therapy (14), the
authors excluded the chance of teratoma formation derived
from undifferentiated pluripotent cells. In order to do that,
the authors used cardiomyocytes fully differentiated by
well-known methods and ultimately confirmed 86-99% of
differentiation based on flow cytometry for cardiac troponin
T and then confirmed the occurrence of teratoma by
performing full necropsy on all animals with an experienced
pathologist. As a result, teratoma was not found in any of
the five hESC-CMs treated animals, except one macaque
that had an extremely small carcinoma, which originated
not from the grafted human cardiomyocytes but from the
host macaque. It is suggested that the treatment of hESC-
CM for infarction may not induce teratoma or cancer by
using almost fully differentiated cardiomyocytes.

In conclusion, the authors optimized the protocol on
the cell type and dose, and the application time for hESC-
CMs and injected the cells into the macaque infarction
model in order to introduce stem cells for cell therapy in
further preclinical experiments and human clinical trials.
Additionally, this study confirmed the therapeutic effects
of hESC-CMs transplantation through electromechanical
maturation and safety by showing the result without
teratoma formation of transplanted cells. However, there
is still a lot of room for improvement of cell therapy in
heart disease. If the cell therapy taken in this study is tested
with additional comprehensive treatments used in diverse
heart diseases, it might improve the therapeutic effect.
Additionally, tissue engineering with growth factors could
be an alternative multidiscipline method, which could
give an appropriate microenvironment for endogenous
regeneration and could prevent the risk of cell injection.
Furthermore, additional future efforts for enhancing these
therapeutic effects might be gene editing by inserting the
exotic genes such as VEGF and HGEF, which could enhance
the angiogenesis in infarcted region, and Akt, which could
enhance the cell survival of transplanted cells (15-17). For
that purpose, the gene editing technologies that are being
developed recently such as clustered regularly interspaced
short palindromic repeats- (CRISPR-) associated 9 (Cas9)-
mediated systems can be applied. The combined therapy
using cardiomyocytes introduced by therapeutic genes could
help cells to be more proliferative, and differentiate into the
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cardiomyocytes and to construct a better microenvironment
in the MI region. There are still unsolved obstacles in the
use of stem cell therapy in MI, but this study provided
a good possibility in clinical therapy with a well-applied
protocol utilizing hRESC-CMs.
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