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downstream applications including drug testing, disease modeling 
and cardiac regeneration [20]. As this manuscript is finalized for 
publication a new and exciting technology was described in the 
journal Science, where the authors were able to use iPSC technology 
to dedifferentiate postmitotic adult cardiomyocytes into dividing fetal-
like cardiomyocytes and drive cardiac regeneration, in vivo [21]. 

As growth continues in research and innovation, the field of 
regenerative medicine has been included in the academic curriculum at 
some major medical institutions, including the Wake Forest Institute 
for Regenerative Medicine, University of Pittsburgh McGowan Institute 
of Regenerative Medicine, Harvard Stem Cell Institute’s Medical 
Scientist Training Fellowship, Duke Hematology-Oncology Fellowship 
program, Institute of Stem Cell Biology, Regenerative Medicine at 
Stanford School of Medicine [22] and the Ansary Stem Cell Institute, 
Division of Regenerative Medicine at Weill Cornell University. Despite 
these efforts, there remains limitations, including the lack of available 
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by Khan et al. shows how mouse embryonic stem cell (ESC)-derived 
exosomes can promote endogenous repair and preserve cardiac 
function when injected intramyocardially after left anterior descending 
(LAD) ligation in a murine model of myocardial infarction. The 
authors conclude that the beneficial effects observed with ESC-derived 
exosomes are mediated, at least in part, by the transfer of miR-294 
[43]. miR-294 is known for modulating cellular reprogramming, 
proliferation and cell survival.  Wang et al. described cardioprotection, 
including cell survival and angiogenesis, by human endometrium-
derived MSCs (EnMSC). This study identified miRNAs contained in 
EnMSC-derived exosomes, in particular miR-21, as potential mediators 
of EnMSC therapy [44]. In addition, cardioprotective actions attributed 
to miR-210 released by exosomes have also been reported in infarcted 
mouse models [45]. 

In a study of myocardial ischemia/reperfusion, intramyocardially 
injected Wharton’s Jelly-derived MSC EVs (WJ-MSC-EV) led to 
a remarkable reduction in infarct size and considerably alleviated 
undesirable inflammatory traits in both the heart and serum of 
EV-treated animals [46].  Furthermore, MSC-EVs engineered to 
overexpress miRNA-181a dramatically influenced inflammatory 
responses after myocardial ischemia-reperfusion injury, potentially 
by downregulating pro-inflammatory cytokines TNF-α and IL-6 
and significantly upregulating expression of the anti-inflammatory 
cytokine IL-10 [47]. MSCs have been shown to possess broad 
immunomodulation capabilities and can influence both adaptive 
and innate immune responses [48]. These benefits are considered 
multifactorial, since a joint action of antiapoptotic, pro-survival and 
anti-inflammatory effects occurs [49-50]. 

Anti-inflammatory effects of MSCs in cardiac tissue

In the cardiovascular system, MSCs can protect the myocardium 
by reducing the level of inflammation, promoting the differentiation 
of myocardial cells around infarct areas and inducing angiogenesis 
[48-51]. Chiossone et al. demonstrated that MSCs are capable 
of alternatively activating macrophages resulting in macrophage 
suppression of both innate and adaptive immune responses [52]. They 
achieve this by enhancing the polarization of M2, anti-inflammatory, 
macrophages through a prostaglandin E2-dependent mechanism which 
inhibits the proliferation of CD8(+) T cells and induces the expansion 
of regulatory T cells (Tregs) [52]. Another example of alternatively 
activated macrophages is shown when high expression levels of CD206 
(a marker of alternatively activated macrophages) results from the 
interactions between MSCs and macrophages [53]. This high expression 
of CD206, and the anti-inflammatory cytokine IL-10 in macrophages, 
inhibits the inflammatory response in vitro. Furthermore, co-culturing 
macrophages with MSCs resulted in low levels of pro-inflammatory 
cytokines IL12 and TNF-alpha and high macrophage expression of 
the anti-inflammatory cytokine IL6, promoting tissue repair [53]. In 
addition to regulating inflammation by altering cytokine levels, MSC 
are also capable of mediating inflammation via soluble factors like 
Nitric oxide (NO). Not only is NO known to induced T-cell suppression 
by inhibiting T-cell proliferation, but it has also been shown that MSC 
production of NO is one of the major mediators of T-cell suppression 
[54-56]. Furthermore, it has been demonstrated that MSC with eNOS/
NOS3 over-expression enhance cardiac repair when injected into the 
myocardium of rats with MI [57], and that iNOS activity is required for 
the anti-fibrotic therapeutic properties of MSCs [58]. 

iPSC therapy for cardiac regeneration

Pluripotent stem cells have become a major focus of cardiovascular 
regeneration therapies, particularly after the discovery of iPSCs. 

Unlike embryonic stem cells (ESCs), iPSCs are not encumbered by 
ethical dilemmas and concerns. These cells are adult somatic cells 
that are reprogrammed to a pluripotent state and can subsequently be 
differentiated into functional cardiomyocytes and endothelial, as well 
as, vascular smooth muscles [59]. Cardiac repair was induced in a rat MI 
model using cardiomyocytes derived from human induced pluripotent 
stem cells (hiPSC-CMs) and human MSC-loaded patches (hMSC-
PA) [60]. Epicardial implant of hMSC-PA provides a complimentary 
microenvironment, which enhances vascular regeneration through 
prolonged secretion of paracrine factors, but more importantly it 
significantly improves the retention of intramyocardially injected 
hiPSC-CMs, restoring cardiac function. Notably, the majority of 
injected hiPSC-CMs display adult CM-like morphology suggesting 
that the secretomic milieu of hMSC-PA constitutes pleiotropic effects 
in vivo. A dual approach may be a promising means to enhance cardiac 
repair for post-MI hearts [60]. Zha et al. (2020) utilized the CRISPR/
Cas9 system to target one MHC class I molecule, β2 microglobulin 
(B2M), to generate “less immunogenic” iPSC-derived MSC (iPSC-
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treat children less than two years of age with spinal muscular atrophy. 
Although some skeptics question the safety of therapies approved using 
accelerated programs, the FDA remains committed to establishing 
the safety and efficacy of all products. Despite many labs currently 
exploring biologics for cardiac injury, no therapies are approved by the 
FDA for regenerating cardiac tissue at this time. Nevertheless, there are 
currently over 1,200 ongoing clinical trials for regenerative medicine 
worldwide (statista.com). As of 2021 there are 383 reported phase 1, 
685 phase 2 and 152 phase 3 trials currently being conducted. Greater 
than 50% of these trials are in the fields of Orthopedics and Dentistry, 
followed by Immunology and Oncology, but at least 8% are predicted 
to be focused on cardiology by the year 2025.

COVID-19 and Long-COVID (AKA Long Hauler 
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chronic damage to the lungs [79], heart [80-81], kidneys [82], brain 
[83], or extremities through either a cytopathic effect of viral replication, 
an exuberant immune response or thromboembolism. The resulting 
tissue injury can lead to organ dysfunction, and promote symptoms 
include fatigue, shortness of breath, and cognitive impairment [84]. 
These symptoms can present in up to 80% of patients who recover 
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