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Abstract

Introduction: Acute myocardial infarction (AMI) remains a leading cause of death in the United
States. The limited regenerative capacity of cardiomyocytes and the restricted contractility of

scar tissue after AMI are not addressed by current pharmacologic interventions. Mesenchymal
stem/stromal cells (MSCs) have emerged as a promising therapeutic approach due to their low
antigenicity, ease of harvesting, and efficacy and safety in preclinical and clinical studies, despite
their low survival and engraftment rates. Other stem cell types, such as induced pluripotent

stem cells also show promise and optimizing cardiac repair requires integrating these emerging
technologies and strategies.

Areas covered: This review offers insights into advancing cell-based therapies for AMI,
emphasizing meticulously planned trials with a standardized definition of AMI, for a bench-to-
bedside approach. We critically evaluate fundamental studies and clinical trials to provide a
comprehensive overview of the advances, limitations and prospects for stem cell therapy in AMI.

Expert opinion: MSCs show undeniable promise for treating AMI, but addressing their low
survival and engraftment rates is crucial for clinical success. Integrating emerging technologies
and well-designed trials will harness MSC therapy’s full potential in AMI management.
Collaborative efforts are vital to developing effective stem cell therapies for AMI patients.
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1. Introduction

2. Acute

Acute myocardial infarction (AMI) prominently figures as one of the principal drivers of
death in the United States. Despite efforts involving interventional and pharmacological
strategies, AMI still accounts for more than one hundred thousand deaths annually [1].
Every 40 seconds on average, an American will suffer a myocardial infarction (MI) [1]. The
resulting heart failure accounts for almost 30% of the mortality in patients aged 65 and older
suffering from this condition [1].

Thus, there is an unmet and urgent need for novel strategies to contain the injury to the
cardiac cells following an AMI. Current management guidelines aim to contain progressive
cardiac necrosis [2,3]. In cases of extensive damage, when the severity reaches a certain
threshold, the only option remaining is a heart transplant, which holds significant challenges,
such as host-recipient immune compatibility and the short supply of heart donors [4]. And
even if reperfusion is achieved in a timely manner, myocardial damage and dysfunction

of the microcirculation are still unavoidable complications [5]. Thus, strategies to repair/
regenerate the myocardium and improve the surrounding ischemic environment are vital
for achieving optimal cardiac functional recovery following an AMI. Stem cells have been
extensively explored in rescuing the damaged micro-vessels and reinforcing myocardial
healing mechanisms due to their limited immunogenic properties and differentiation.

Mesenchymal stem/stromal cells (MSCs) show anti-apoptotic, vasculogenic, and anti-
inflammatory benefits and improve myocardial structure and function [6]. Despite findings
on the safety and positive impact of stem cells in improving left ventricular ejection
fraction (LVEF) [7], challenges arise from the limited survival and inadequate engraftment
of the transplanted cells. induced pluripotent stem cells (iPSCs) are novel candidates with
encouraging prospects, iPSCs represent great potential, but their long-term expansion and
manufacturing costs hamper their clinical translation. This review will center on the pivotal
mechanisms employed by MSCs in cardiac repair and provide an overview of recent
investigations into cell therapy as a potential treatment approach for AMI.

myocardial infarction: a loosely defined concept

The conventional definition of MI encompasses identification of acute myocardial injury,
typically characterized by atypical heart biomarkers, and evidence of acute myocardial
ischemia (i.e., ischemic chest symptoms and changes in electrocardiography pattern)

[8]. An Ml is triggered by the erosion or rupture of an underlying atheroma, resulting

in thrombosis, and reduced coronary lumen diameter [9]. The ischemic myocardium
activates molecular and cellular signaling, intense inflammatory responses, dysregulation of
angiogenic pathways and cardiomyocyte necrosis in the hypoperfused area. The subsequent
healing processes aims to resolve the inflammation and re-establish the integrity of the
injured area [10] by developing a collagen scar to replace the necrotic tissue. This healing
process ultimately leads to adverse structural and mechanical changes known as ventricular
remodeling to adapt to the changes in the myocardial mechanical strength of the left
ventricle (LV). Cardiac remodeling yields thinned LV wall with less muscle mass, dilated
ventricle and compromised cardiac contractility [11].
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A myocardial injury is considered acute only when accompanied by changes in bio-markers
of myocardial necrosis values, namely cardiac troponin | (cTnl) and cardiac troponin

T (cTnT) [8]. After an MI, cardiac troponins reach a maximum concentration in the
bloodstream at 10 to 20 hours after onset of acute ischemia in patients receiving reperfusion
interventions or at 24 to 50 hours in non-treated patients. The concentrations of cTnl and
cTnT directly correlate with the injury area in those patients without reperfusion therapy
[12].

Criteria for diagnosing M1 also include alterations in the ST segment observed by
electrocardiography. Broadly, Ml can be subclassified into two main subtypes: ST-elevation
myocardial infarction (STEMI) and non-ST-elevation myocardial infarction (NSTEMI) [13].
MI classification is also based on histologic observation of characteristic cells at each phase
of the repair process. The entire process of achieving a healed phase takes ~5 to 6 weeks
[14]. A less precise definition categorizes MI based on distinct phases of histologic features,
namely acute (occurring within 6 hours to 7 days), healing (occurring between 7 and 28
days), and healed (occurring 29 days or more) from the onset of the initial injury [8].

Based on AMI interventional strategies, patients seen within 12 hours or between 12 to 48
after symptom onset are early or late presenters, respectively. According to the International
Statistical Classification of Diseases and Related Health Problems 10th Revision, acute
myocardial infarction is classified when it occurs within a period of 4 weeks from the

onset [15]. The clinical and electrocardiographic timing of acute infarction onset may

not necessarily match with histologic characteristics. Thus, the definition of AMI varies
depending on the study approach.

The inherent ability of the human heart to self-renew is limited, and the rate of
cardiomyocyte turnover decreases progressively through the lifespan. Only ~60% of the
cardiomyocytes present at birth will survive to the age of 50 [16]. The search for

new approaches to reverse the loss of cardiac tissue has motivated the development of
cardiovascular regenerative medicine (CRM) [10]. CRM represents a cutting-edge approach
within the medical field, aiming to repair damaged heart tissue through strategies such

as tissue engineering, cell and gene therapy. The Transnational Alliance for Regenerative
Therapies in Cardiovascular Syndromes is an international consortium dedicated to
advancing CRM by fostering global collaboration, setting unified standards, and translating
scientific research into effective clinical applications for treating cardiovascular diseases
[17].

3. The search for the best cell

The search for the optimal cell type in cell-based regenerative medicine for acute Ml is

a critical area of investigation to identify the cell type that offers the most significant
regenerative potential and therapeutic benefits. Numerous cell types have been explored.
Each cell type possesses distinct characteristics and mechanisms of action, making it crucial
to identify the optimal cell source for effective cardiac repair and regeneration. Cell types
used in treating AMI both clinically and pre-clinically include skeletal myoblasts [18], bone
marrow mononuclear cells (BMMNCs) [19], cardiac progenitor cells [20,21], cardiosphere-
derived cells [22], MSCs, embryonic stem cells (ESCs) [23], and iPSCs [24]. These studies
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have exhibited considerable variation in efficacy and while it is unclear which cell(s) will
ultimately prove the most efficacious, here we will focus primarily on MSCs and iPSCs
while emphasizing the necessity for additional research in this domain.

Skeletal myoblasts were used in pioneer preclinical and clinical trials in CRM. Skeletal
muscle contains an intrinsic reserve of tissue-committed cells able to proliferate,
differentiate and merge with existing myocytes to regenerate the muscle when recruited

to the injured tissue. The initial excitement toward these cells was motivated by their

high culture scalability, immune safety, and strong resistance under ischemic conditions.
However, skeletal myoblasts are also characterized by lineage restriction, which limits

their potential to differentiate into new cardiomyocytes [25]. Early studies of these cells
also reported an increased risk of arrhythmias attributed to the limited cell electrical
synchronization activity. with the native myocardial cells [26]. Findings from the Myoblast
Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial demonstrated the safety of
skeletal myoblasts. Interestingly, the MAGIC trial provided evidence supporting the concept
that transferred skeletal myoblasts convey a therapeutic paracrine significance in the short
term rather than any long-term structural value [27].

Cell-based therapy for heart regeneration moved forward to explore BMMNCs, a
heterogenous cell subset consisting mainly of mature hematopoietic lineage cells but also
encompassing hematopoietic stem cells (HSCs), endothelial progenitor cells (EPCs) and
MSCs. HSCs are remarkable capable to derive into all cell types withing the blood lineage
[28]; but their application is limited by their limited supply requiring further ex vivo
strategies for their expansion. EPCs constitute a pro-angiogenic subset of HSCs that share
various CD surface markers, including CD133 and CD34 [29]. Their potential clinical
significance arises from their capacity to stimulate angiogenesis in ischemic tissues, albeit
with poor cardiac function improvement [30].

Most data on stem cell therapy in AMI has been collected from studies performed using
BMMNCs. BMMNC s as a treatment for AMI in the first human patient [31] set the standard
for the following protocols demonstrating long-term cardiac functional enhancement in
STEMI patients [32]. The Reinfusion of Enriched Progenitor cells And Infarct Remodeling
in Acute Myocardial Infarction (REPAIR-AMI) Phase I trial conducted in 2006 indicated
that intracoronary administration of BMMNCs resulted in enhanced LV function and
reduced major adverse cardiovascular events, such as mortality and rehospitalization during
long-term follow up after AMI, supporting the potential of stem cells in promoting
myocardial regeneration [19]. Further studies attempted to confirm these results but lacked
the power necessary to demonstrate a clear benefit [33-35]. The largest trial investigating
autologous BMMNC:s in patients with acute myocardial infarction, the BAMI Phase

I11 clinical trial, focused on long-term clinical outcomes over a period of 2 years in
individuals with acute ST-elevation myocardial infarction treated with BMMNC [36].
Despite its extensive scope, the BAMI Phase 111 clinical trial failed to assess the efficacy

of autologous BMMNC treatment in improving survival rates or reducing major adverse
cardiovascular events, providing valuable insights into the durability and overall impact of
stem cell therapy. The BAMI trial was limited by a markedly low patient recruitment and
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a low all-cause mortality rate; perhaps reflecting the successful implementation of timely
interventional strategies, rather than the efficacy of stem cell transplantation [37].

While the therapeutic potential of BMMNC was extensively studied, the following research
shifted its focus towards the promising capabilities of MSCs, offering a broader scope

of applicability in regenerative medicine. MSCs are a population of self-renewing and
multipotent cells that are found in virtually all types of tissues, and were initially discovered
from the bone marrow of guinea pigs [38]. In humans, they are primarily expanded

from adipose tissue [39], bone marrow [40] and umbilical cord, Wharton’s jelly [41].

The International Society for Cellular Therapy (ISCT) has defined MSCs (1) as plastic
adherent, (2) specific expression of surface antigen (Ag) and (3) the potential for trilineage
differentiation under /n vitro conditions (Figure 1) [42].

MSC:s retrieved from diverse sources may vary in their differentiation potential, cell surface
markers and paracrine signaling. For example, adipose stem cell lineage-specific surface
markers. like CD34, vary during cell division, engendering different subsets of cells [39].
ASCs are readily obtained from the stromal-vascular fraction under local anesthesia in

large quantities from lipoaspirates by enzymatic or non-enzymatic dissociation [43]. These
cells can differentiate into the main cardiac cell lineages: cardiomyocytes (CMs), ECs, and
smooth muscle vascular cells [44]. Bone marrow derived stem cells (BM-MSCs) represent
a heterogenous subgroup found in the medullary stroma of bone marrow. Their high-grade
immunosuppressive activity [45] makes them appealing prospects for cytotherapy. Adding
to the burgeoning body of research investigating the safety and efficacy of cellular therapies
in cardiac care, an early landmark double-blind, placebo-controlled study, the Prochymal
study [46]. It reported comparable adverse event rates between hMSC- and placebo-treated
cohorts and improved global symptom scores and ejection fraction, particularly among those
with anterior MI, compared to their placebo-treated counterparts, supporting the concept
that intravenous administration of allogeneic hMSCs is a safe and potentially efficacious
therapeutic strategy for patients suffering from M1 [46].

Pluripotent stem cells include ESCs and iPSCs. ESCs were initially generated from

murine [47] and later human blastocysts [48]. ESCs can self-renew and commit towards
cell types deriving from all the germ layers, including CMs [49]. Promising pre-clinical
studies of human embryonic stem cell-derived cardiomyocytes (hRESC-CMs) transplantation
showed their potential for cardiac regeneration, by reducing scar size and restoring cardiac
function [50]. However, clinical applications of hESC-CMs are limited by their genetic
instability, immunogenic features, tumorigenic potential, and ethical issues [51]. Graft-
related arrhythmia is a common adverse effect reported in most of the studies following stem
cells transplantation and is attributed to unresolved cell heterogenicity. Liu et al. provided
significant insights into understanding the underlying mechanisms of arrhythmogenesis,
suggesting that graft-induced arrhythmias are likely due to an ectopic impulse generation
rather than abnormal conduction, as was initially hypothesized [50].

A breakthrough in regenerative medicine took place in 2006 when iPSCs were successfully
generated in a murine model, in which specific somatic cells were reprogrammed back
into a pluripotent stage through retroviral-mediated transduction of a well-defined set of
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the pluripotency factors, Oct3/4, Sox2, KlIf4, and c-Myc [52]. Soon after, iPSCs were
successfully obtained from human cells and, subsequently, patient cells were reprogrammed
using this novel approach [53]. Similar to ESCs, iPSCs exhibit a broad differentiation
plasticity [54] and are considered a promising source for autologous therapy [53]. A
breakthrough in regenerative medicine took place in 2006 when iPSC were successfully
generated in a mouse model, in which specific somatic cells were reprogrammed back

to a pluripotent stage through retroviral-mediated transduction of a well-defined set of

the pluripotency factors Oct3/4, Sox2, KIf4, and c-Myc [52]. A year later, researchers
successfully obtained iPSCs from human cells and, subsequently, patient cells were
reprogrammed using this novel approach [53]. Similar to ESCs, these iPSCs exhibit a broad
differentiation plasticity [54] and are considered a promising source for autologous therapy
[53].

The therapeutic potential of iPSCs to treat AMI was initially demonstrated using murine
fibroblasts reprogrammed using the human stemness factors Oct3/4, Sox2, Klf4, and
c-Myc. Compared to the parental fibroblasts, the resulting reprogrammed iPSC clones
displayed spontaneous engraftment and efficient repair of damaged myocardium following
intramyocardial administration into both immunodeficient and immunocompetent recipients.
However, teratomas were found in the immunodeficient animals, an early indication that the
risk associated with iPSC-based interventions significantly depends on the precise state of
lineage differentiation and its intricate interaction with the host’s surrounding environment
[55]. iPSCs can differentiate into functional CMs [56], ECs [57], and smooth muscle

cells [58], paving the way for promising therapeutic applications in cardiac regeneration.
Some studies showed that iPSCs could differentiate and exhibit a cardiac phenotype

when delivered to the damaged heart [59]. However, structural, molecular, metabolic,

and functional analyses of iPSC-derived cardiomyocytes showed an immature phenotype
resembling cells at an embryonic stage [60], although attempts to prompt these cells to
differentiate towards a more mature adult-like phenotype are ongoing [61-63].

Patient-specific iPSCs offer significant advantages over ESCs, bypassing ethical concerns
and the same genetic makeup as the patient, offering opportunities to develop patient-
specific treatments. In addition, patient-specific iPSCs were assumed to be immunologically
safe but they can still trigger an immune response /n vivo [64], [65], while the risk of
developing teratomas have raised significant safety concerns [55,66].

4. Mesenchymal stem cells: mechanisms of action

The initial predicted role of stem cells in promoting cardiac repair and regeneration was
by replacing damaged CMs with new functional cells [67]. While stem cells can be
generated to develop into CM Jn vitro and in vivo by cultivating them under particular
conditions, such as chemicals, growth factors, applied mechanical load, and co-culturing
them with different cell populations [68,69], studies have failed to produce stem cells with
a mechanical and electrophysiological phenotype suitable to fuse with the native tissue and
fully perform cardiac functions [70]. Furthermore, a very low percentage of MSCs engraft
and differentiate [71,72], prompting controversy as to the extent to which this mechanism
influences cardiac repair.
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The current consensus is that MSCs exert their beneficial properties through a paracrine
effect mediated by secreted biomolecules, termed the secretome [73,74]. The secretome
consists of factors that are “free-floating” or packed into small vesicles that are

released into the surrounding microenvironment. The soluble fraction, contained within
Conditioned Medium /n vitro, is predominantly constituted by cytokines, chemokines, gene
products, ECM proteases, and proliferating factors. Intramyocardial injection of BM-MSC
conditioned medium overexpressing protein kinase B (Akt) produced improvement of LV
function without any evidence of de novo cardiomyogenesis when administered during the
early stage of M, in small [75] and large animal models [76].

The vesicular fraction of the secretome consists of extracellular vesicles (EVs). EVs

are nano-sized, lipid-membrane vesicles classified into exosomes (Exos; 40 to 100 nm),
microvesicles (100 to 1000 nm), and apoptotic bodies (1 to 5 um) [77,78]. Most cell types
secrete Exos, and their cargo contains a combination of proteins and nucleotides [79]. The
exosomes are developed along with the internal growth of the endosomal membrane and
mature gradually until they are released extracellularly within a cellular structure identified
as Multi-Vesicular Bodies (MVBs) [80,81]. Exos are essential intercellular messengers
involved in transmitting biological signals. Intercellular message delivery is orchestrated
through the controlled release of Exo cargo into the surrounding environment [82].

5. The role of MSCs in cardiac repair

The combined effects of stem cells’ immunomodulatory, angiogenic, and anti-fibrotic
properties create a multifaceted approach to restoring cardiac function after AMI. By
harnessing these mechanisms, stem cell therapy has shown promise in preclinical and
clinical studies, with evidence of improved cardiac function, reduced scar formation, and
improved neo-angiogenesis in the infarcted myocardium. Further understanding of the stem
cells” intricate interactions within the cardiac milieu will facilitate the development of more
effective and directed therapies for AMI.

5.1. Immunosuppression

The role of MSCs in myocardial regeneration involves immunomodulation, anti-fibrotic
features, and the ability to restore the damaged capillary network. At the onset of Ml,

an inadequate circulation supply induces massive death of cardiomyocytes and other cells
crucial to cardiac function, eliciting an inflammatory response [83]. The interaction between
Toll-like receptors and damage-associated molecular patterns that perform as “danger
signals” during ischemia sets off the activation of the immune response [84]. The response
of the immune system in the host impacts the prognosis of the ischemic heart. Progressive
impairment of cardiac function and intensified cardiac remodeling are associated with
excessive and persistent inflammation [85].

MSCs are considered immuno-privileged. Due to their lack of human leukocyte antigens
(HLA) class 11 surface marker expression these cells bypass detection and clearance by the
host immunity, opening the opportunity of considering MSCs suitable for allogenic therapy.
The POSEIDON clinical trial proved that allogenic (a//o) BM-derived human mesenchymal
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stem cells (hMSCs) were safe 12 months after transplantation in the context of non-ischemic
dilated cardiomyopathy [86-88].

Human iPSC-derived MSCs exhibit superior immune privilege than BM-derived MSCs,
being insensitive to the expression of interferon (IFN)-y-induced HLA class Il [89].
However, when iPSC-CMs are administered via intra-myocardial transplantation into non-
human primates, the animals required concomitant immunosuppression with tacrolimus and
methylprednisolone for cell survival [90].

MSCs are synchronized, potent immune modulators and immune suppressors able to exert
their effects through multiple local and systemic pathways [91,92]. Paracrine signaling

is the primary mechanism of immune modulation. MSC transplantation induces the
downregulation of interleukin 1 (IL)-1, IL-6, and tumor necrosis factor (TNF)-a, resulting
in reduced apoptosis of myocardial cells and substantial enhancement of heart function

in murine models of myocardial infarction [93]. Remarkably, these properties are not
considered to be an intrinsic feature of MSCs but rather a response to the adjacent milieu,
particularly the severity and specific cell mediators involved in the inflammatory stimuli
[94], i.e., the surrounding microenvironment influences MSC immune-regulatory properties
by inducing them to assume an immune-suppressive phenotype when exposed to increased
pro-inflammatory cytokine secretion [95].

Regulating the inflammatory response can be accomplished by modulating the activity of
numerous cells participating in the process, including macrophages, T-lymphocytes (T-cells),
and natural killer (NK) cells [96]. Within hours after acute ischemia of the myocardium,
neutrophils are recruited in the injured cardiac area and exert many biological functions,

i.e., they interact with apoptotic and necrotic cells propagating the inflammation. Next,
monocytes relocate to the affected area where they differentiate into macrophages. In the
ischemic myocardium, there are two types of macrophages, classified upon macrophage
polarization. In the early stages of a myocardial infarction, M1 macrophages clear the debris,
release pro-inflammatory cytokines, and initiate the immune response. M2 macrophages
develop days after the onset of an AMI, exhibiting inflammation-suppressing characteristics
and mitigating inflammation-promoting cytokines [97]. In addition, they promote cardiac
regeneration by inducing angiogenesis and cell proliferation during scar formation [98].
Macrophages can be educated to regulate their polarization. In the presence of prostaglandin
E2, MSCs can promote macrophage polarization toward an M2 phenotype that has greater
scavenging/phagocytic activity and more active interactions with NK cells, i.e., suppressive
effects on the adaptive and innate immune response [99].

Among all the immunomodulatory mechanisms effected by MSCs, it is worth noting their
interaction with three primary lymphocyte types: cytotoxic T cells (CD8+), T helper cells
(CD4+), and NK cells, as MSCs exert inhibitory effects on T-cell growth and activation
while inducing apoptosis of T-helper and cytotoxic-T cells. T-cell suppression may be
achieved directly by both intercellular interactions and by paracrine-mediated release of
soluble mediators [100] such as Kynurenine (Kyn), the major metabolite of the amino

acid tryptophan (Trp), which plays a pro-inflammatory role in the ischemic heart. Kyn
metabolites increase oxidative damage and apoptosis in smooth muscle and endothelial cells.
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Indoleamine 2, 3-dioxygenase (IDO), is a rate-limiting enzyme that catalyzes the breakdown
of Trp into Kyn. IDO inhibits T-cell proliferation and stimulates T-cell death [101].

MSCs co-cultured with T-cells, exhibit increased IDO expression, ultimately producing
suppression of T-cell proliferation [102]. Due to their capacity to limit T-cell growth, MSCs
were clinically implemented for treating therapy-resistant graft-versus-host disease (GvHD)
[103]. Inflammatory-suppressing cytokines, such as IL-10 and transforming growth factor
(TGF)-B, stimulate generation of regulatory T-cells (Treg). Cardiac Tregs are a protective
subgroup of T-cells with acquired innate immune privilege and are able to shorten the
pro-inflammatory phase, enhancing the shift from the initial inflammation-mediated stage to
the regenerative phase at the injury site [104]. The function of NK cells is relevant in the
ischemic myocardium, originating an intense inhibitory cytolytic function through multiple
cytokines including Prostaglandin E2 (PGE2), TGF-p1, and IFN-y. Adult stem cells can
suppress the upregulation of NK cell-activating receptors NKp30, NKp44, and NKG2D

by releasing PEG2 and IDO [105]. When hiPSC-MSCs are systemically transplanted
intramyocardially prior to the induction of an Ml in a murine model, the number of NK
cells decreases, promoting the viability of the hiPSC-CMs, attenuating LV remodeling [106].

5.2. Angiogenesis

The expansion of the infarct border zone (BZ) is defined by the density of the capillary
system that surrounds it. As infarction progresses, the perivascular fibrosis of the coronary
circulation limits nutrient and oxygen to the heart [107]. The capillaries are then unable to
sustain the cardiac overload. An impaired cardiac circulation is associated with decreased
coronary flow reserve and poor clinical prognosis [108]. Thus, re-establishing the capillary
system is essential for an optimal myocardial recovery. Therapeutic neovascularization
comprises coronary angiogenesis and vasculogenesis, i.e., the generation of new vascular
networks from existing ECs [109] or de novo formation from ECs, EPCs or alternative stem
cells populations, respectively [110].

MSCs have previously been extensively explored /n vitro and in vivo. They can engraft
into the native myocardium and promote neovascularization by trans-differentiation into
endothelial and smooth muscle cells [71,72]. Stem cells obtained from AT exhibit stronger
proliferation potency and differentiate more rapidly than BM-MSCs [111]. ASCs improve
capillary density in the BZ when transplanted into rats [112], improve cardiac function in
pigs [113] and coronary perfusion in clinical trials [114].

Although stem cells can differentiate into ECs upon transplantation into the site of injury,
enhancement of neovascularization is due mainly to the activation of paracrine secretion of
promoting angiogenic factors, and matrix remodeling enzymes, like matrix metalloproteases
(MMPs) [115,116]. MSCs exhibit extensive therapeutic potential primarily driven by

their potential to secrete paracrine factors, such as stromal-derived factor (SDF)-1a.,

and suppress inflammatory markers, notably TNF-a.. The SDF-1a., secreted by MSCs,
supports endothelial function through the SDF1/CXCR4 pathway, enhancing chemotaxis
and angiogenesis, which are fundamental to the restoration and regeneration of damaged
tissues. This role of SDF-1a has been observed in the context of dilated cardiomyopathy
(DCM), where MSCs have shown to enhance endothelial performance, with allogeneic
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MSCs demonstrating a more significant enhancement than autologous MSCs 3 months
post-injection. Interestingly, this difference in efficacy is associated with the higher SDF-1a
secretion of autologous MSCs compared to their allogeneic counterparts, which align with

a decrease in serum TNFa concentrations in patients suffering of DCM treated with MSCs.
These findings bear significant implications for the role of MSCs in treating acute Ml,
suggesting that allogeneic MSCs could be more effective in improving endothelial function.
Thus, therapeutic strategies targeting endothelial function, potentially influenced by SDF-1a
secretion, could hold significant value for the management of patients with cardiovascular
diseases [117].

Potent pro-angiogenic cytokines include insulin-like growth factor (IGF)-1, basic fibroblast
growth factor (bFGF), hepatocyte growth factor (HGF) and vascular endothelial growth
factor (VEGF) [118]. Among these growth factors, the VEGF superfamily is a crucial
mediator in upregulating angiogenesis via the phosphoinositide 3-kinase (PI13K)/AKT and
rat sarcoma virus (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein
kinase (MEK)/extracellular signal-regulated kinase (ERK) [119,120] signaling pathways.
Following intramyocardial administration of BM-MSCs, VEGF upregulation of endogenous
angiogenic factors, resulting in increased capillary density in the infarcted tissue [121].

Stem cells from different sources exhibit variable pro-angiogenic features. For example,
ASCs secrete significantly higher levels of VEGF and HGF J/n vitro than BM-MSCs [112].
The capacity of hiPSCs to facilitate neovascularization and angiogenesis is of key interest
in treating MI. iPSC-ECs secrete pro-angiogenic factors, including bFGF and VEGF, at
comparable levels to ECs [122].

Interactions between ECs and the ECM are necessary to produce pro-angiogenic factors.
MMPs critically participates in angiogenesis by modulating the capillary diameter and
stabilizing emerging vessels [123]. MSCs derived from AT exert pro-angiogenic effects
on ECs through the distinctive plasminogen activator/plasmin axis, which serves as the
principal mechanism for vessel invasion and elongation within fibrin matrices [124].

iPSCs also promote angiogenesis, and recent studies have shed light on the regenerative
capabilities of iPSC-derived fetal liver kinase-1 (FIk-1) progenitor cells for enhancing
cardiac performance. FIk-1, also known as vascular endothelial growth factor receptor

2 (VEGFR-2), functions as a cell surface molecule associated with early cardiovascular
progenitor cells. iPSC-FIk-1 progenitor cells, can differentiate into functional cardiovascular
lineages, including CMs, ECs, and smooth myocytes, /in7 vitro and in a murine model of
AMI in vivo. This process stimulated neovascularization, enhanced blood flow to the injured
region, and promoted tissue repair, preventing adverse remodeling, reduced infarct size and
improved LV wall thickness, ultimately improving cardiac function [125]. Overall, iPSC-
derived Flk-1 progenitor cells represent an appealing strategy to promote cardiac repair and
enhance patient outcomes in AMI [125].

In addition to FIk-1, ETV2 deserves attention in the context of angiogenesis. ETV2, a
member of the ETS transcription factor family, plays an important role in regulating the
process of angiogenesis and has the remarkable ability to reprogram somatic cells into
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functional endothelial cells. A recent study suggests that iPSCs can be reprogrammed into
ECs /n vitro by briefly expressing ETV2, without VEGF expression [126].

5.3. Cell survival and apoptosis

Oxidative stress, arises from an uneven equilibrium between reactive oxygen species and
antioxidants, is a common phenomenon observed during AMI that contributes to massive
cell death and cardiac tissue damage. Recent studies show that transplanted MSCs and
iPSCs can mitigate oxidative stress by activating specific cell survival pathways [127].

Diverse types of cellular demise have been elucidated in response to the ischemic injury,
including apoptosis, necrosis, and pyroptosis [128]. The PI3K/Akt signaling cascade

is critical for mediating cellular responses to ischemic injury, promoting cell survival,

and reducing cell death by activating anti-apoptotic and anti-inflammatory pathways. Akt-
modified MSCs promoted cardiomyocyte survival while reducing apoptosis under hypoxic
conditions [129]. Similarly, transplanted human iPSCs could activate the Akt pathway

in the ischemic myocardium, promoting cell survival and reducing tissue injury [130].
Co-expression of Aktl and Wntl1, another relevant cellular pathway involved in tissue
regeneration and cell migration, promotes stem cell proliferation and cardiac differentiation
[131].

5.4. Fibrosis

Necrotic cardiomyocytes are replaced with fibroblasts, the main cellular component involved
in MI remodeling and scar formation. Myocardial fibrosis causes contractility dysfunction
by stiffening the myocardium [132]. Removal of debris and its replacement by connective
tissue is observed approximately 5 weeks after AMI, and collagen deposition is complete
approximately three months after AMI [133].

Stem cells have emerged as potential anti-fibrotic agents. Administration of HGF has shown
remarkable anti-fibrotic effects, when transplanted into the BZ, MSCs promote secretion of
HGF through cell-to-cell crosstalk. Promoting CM proliferation inhibits the fibrotic response
after injury and reduces scar size. The Prospective Randomized Study of Mesenchymal

Stem Cell Therapy in Patients Undergoing Cardiac Surgery (PROMETHEUS), is a landmark
clinical trial investigating the efficacy of MSCs administered via trans-epicardial route in
patients diagnosed with akinetic yet non-revascularized segments of the heart, resulting in
decreased fibrosis, enhanced cardiac contractile function, and improved blood perfusion
[134].

5.5. Cell cycle

The enhanced understanding of the complex signaling pathways governing the cell cycle
of cardiomyocytes (CMs) is opening new avenues for creating novel approaches in the
discipline of heart regeneration and repair. The cell cycle progression is governed by the
regulation of cyclins and cyclin-dependent kinases (CDKSs). The cyclin-D (CCND) family,
comprising cyclin D1, D2, and D3 (CCND 1/2/3), is the most promising to induce CM
proliferation. Following myocardial injury, CCND1 and CCND3 are found in the cytosol,
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and only CCND2 was retained within the nucleus, leading to enhanced synthesis of DNA
and substantial myocardial regeneration [135].

The G1-S restriction point is mediated by CDK type 2 (CDK2) and type 4 and their
co-factors, together with the CCND family members [136]. It is proposed that expression
of cyclin D2 (CCND2) in CMs helps preserve heart performance by restoring some of

the lost myocardium [137]. To address this concept, hiPSC-CMs with CCND2 driven by
an a-myosin heavy chain (a-MHC) promoter were introduced into the LV myocardium
of ischemic rodents. The transplantation of these CCND2-overexpressing Cardiomyocytes
(hiPSC-CCND2CECMs) resulted in extensive areas of engraftment, a substantial reduction
the size of the infarct, and improved left ventricular efficiency. Moreover, hiPSC-
CCND2CECM-treated hearts also exhibited increased activation of paracrine mechanisms,
promoting angiogenesis [137].

Further studies conducted in swine model of MI confirmed the regenerative potentiality of
hiPSC-CCND2CECM as demonstrated by significant improvements in cardiac performance
and reduced fibrosis. Furthermore, the hiPSC-CCND2CECMs proliferated from the first
week throughout the fourth week after transplantation into the myocardium and promoted
the proliferation of the host CMs, ECs, and SMCs. Interestingly, there were no reported
instances of ventricular arrhythmias related to the treatment after 4-week follow-up,
suggesting that CMs with enhanced proliferation capacity represent an effective and safe
approach for myocardial repair [138].

Earlier research has shown that miR-302b-3p and miR-373-3p control the growth of human
iPSC-derived cardiomyocytes through the HIPPO signaling pathway. Both miRNAs inhibit
the expression of key components of the HIPPO pathway that leads to in enhanced hiPSC-
CM proliferation. This research pinpointed the porcine LATS2 mRNA as an immediate
target of hsa-miR-302b-3p, a microRNA assumes a pivotal function in regulating stem cell
activities.in regulating stem cell growth and differentiation. The binding of hsa-miR-302b-3p
to the 3’ untranslated region of LATS2 mRNA results in decreased LATS2 expression, a
pivotal controller of the HIPPO signal transduction pathway [138]. Together these findings
contribute significantly to alternative strategies for promoting hiPSC-CM differentiation and
proliferation in cardiac regeneration.

6. Strategies for effective cell delivery

Optimum delivery technologies in CRM aim to provide a sufficient cellular dosage
necessary to effect beneficial changes in the targeted site, achieving maximal retention while
presenting a minimum risk for patients. Despite decades of research and various delivery
modalities for regenerative products showcasing different degrees of ease of use, safety,
clinical usefulness, and affordability [17], myocardial cell delivery remains constrained due
to the heart’s anatomical complexity and difficult accessibility, coupled with the high risk of
complications associated with surgical interventions. Thus, approaches that are minimally
invasive and highly effective represent a challenge (Figure 2). A comprehensive meta-
analysis of preclinical and clinical trials has compellingly demonstrated that the delivery
route significantly influences the therapeutic efficacy of MSC in treating acute MI [139].
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Traditionally, a systemic (IV) approach is the most common and accessible cell delivery
route, in which cells are transferred directly to the bloodstream. Stem cells encounter
physical barriers upon delivery, resulting in non-specific biodistribution [140,141]. For
instance, MSCs administered intravenously become physically trapped within the lung
microcirculation [142,143]. Early studies hypothesized that the phenomenon of pulmonary
first-pass effect could result in fewer cells successfully reaching the arterial circulation

and their desired cellular endpoint, which was assumed to reduce therapeutic efficacy
[144-146]. In contrast, studies in a murine MI model report that cells entrapped within

the pulmonary circulation could produce therapeutic effects remotely through secreted
factors [147]. The premise of cells acting via paracrine signaling, along with a debate on
whether a single cell dose is sufficient to deliver a satisfactory long-lasting beneficial effect,
prompted reconsideration of intravenous delivery as this method allows multiple cell dose
interventions due to its minimal invasiveness [148].

The intracoronary (IC) artery delivery method, which can be performed with or without
stop-flow conditions, allows for the injection of cells directly into one of the main coronary
arteries, improving cell homing to the myocardial infarcted zone while circumventing

the adverse effects associated with direct myocardial injection. The stop-flow technique
uses percutaneous intracoronary intervention, a minimally invasive procedure in which an
inflated balloon is used to dilate occluded vessels, allowing cells to be delivered into

the distal coronary bed close to the infarcted zone. Although the stop-flow technique
might seem appealing in theory, manipulating a non-stented coronary artery with an
intraluminal balloon carries considerable risks, including coronary dissection, arterial
perforation, and vascular rupture [149]. Moreover, excessive cell injection can cause
coronary artery occlusion, and reinfarction [150,151]. Comparisons of continuous-flow
and stop-flow conditions in a porcine model showed no significant differences in the
distribution or quantity of c-kit positive (c-kit+) human cardiac stem cells (hCSCs) at 24
hours. Approximately 4-5% of the infused hCSCs remained in the heart 24 hours after
intracoronary delivery, regardless of the infusion technique [152].

To circumvent the need to administer a significant quantity of cells in a single-dose cell
treatment either during the acute or subacute phase following M, studies have explored
the potential advantages of repeated dosing of stem cells. In a rat MI model, repeated IC
delivery of skeletal myaoblasts [153] revealed that recurrent cell administration led to a
significantly larger engrafted area and improved LV contractility compared to single-dose
transplantation. In clinical trials, repetitive cell therapy has shown promise in promoting
myocardial recovery. A notable example is the re-administration of autologous BMMNCs
in patients with AMI three months after the first transfer. The findings indicated that this
approach is safe and can further improve LVEF while reducing left ventricular remodeling,
suggesting that repeated I1C delivery could potentially be more effective for these patients,
considering the greater improvements observed at 12-month follow-up [153]. The limited
clinical data, despite being promising, indicates that rigorous and well-designed clinical
trials will be essential to fully assess the utility and optimal timing for repeated dosing in
cardiac repair.
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Intramyocardial delivery approaches, including trans-endocardial and trans-epicardial
techniques, have been widely used [154], allowing for cell delivery directly onto the
infarcted area. In addition to the potential invasiveness of intramyocardial delivery
techniques, there is the challenge of retaining transplanted cells locally within the
myocardium. The therapeutic advantage of one technique over the others is controversial. A
comprehensive meta-analysis that included both preclinical and clinical studies, concluded
that trans-endocardial stem-cell injection led to significant improvements in LVEF and
ischemic area, whereas a lack of improvement occurred with 1C cell delivery. This finding
highlights the potential promise of trans-endocardial stem-cell injection as a valuable
therapeutic approach for enhancing cardiac repair and addressing ischemic myocardial
injury, supporting further investigation and consideration for clinical applications in CRM
[139].

Aside from the type of stem cell, the dose of transplanted cells also impacts the therapeutic
outcomes. Studies performed in a murine ischemic myocardial infarction model, comparing
three different doses reported enhanced effectiveness in higher doses of a/fo MSCs [155].
Further investigations have proposed that administering repeated doses could yield more
substantial benefits compared to a single dose. This strategy supports the IV route, the least
invasive method. This progression of research, which considers both dosage volume and
frequency, accentuates the promising role of high, repeated administrations of allo MSCs as
a potent strategy in managing ischemic myocardial infarctions [156].

Nanoparticles (NPs) portray an excellent drug delivery system engineered as carriers
enabling regulated therapeutic release directly at the injury site. Gold nanoparticles
(AuNPs), which are easily engineered, show low immunogenicity, and are highly stable
[157] have been used as drug delivery system resulting in enhanced local circulatory
perfusion [158]. /n vivo research reported that miRNA combined with a polymeric
nanoparticle (miNP) enhances endothelial stem-cell-derived CMs proliferation, leading to
regeneration of the myocardium and reduction of the scar size [159].

The time between AMI and cell delivery also appears to be an important parameter. The
Late-TIME randomized trial assessed the optimal timing of BM-MSC administration and
reported significant improvements in LVEF when stem cells were transplanted 7 to 10 days
after AMI [33]. The TIME trial was the first study with sufficient power to determine if cell
delivery influenced LV function recovery in STEMI patients [160]. This trial measured LV
function at the initial stage, 6 months, 1 and 2 years, reporting a lack of benefit regardless of
therapy time application BMMNCSs administration.

Exploring the regenerative characteristics of CMs has offered valuable insights for optimal
post-myocardial infarction treatment. Research on Cardiac Myocytes indicates their growth
potential remains active for approximately 7 days, inferring that the ideal period for treating
a myocardial infarction would be within the first week of post-reperfusion therapy [63].
Cardiac tissue engineering offers a potential solution by creating a cell-seeded bioengineered
cardiac patch (BCP) that is placed onto the epicardial surface of the myocardium to enhance
retention and engraftment.
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In a murine model of AMI in mice overexpressing adenylyl cyclase 6 (AC6), a therapeutic
tricell patch (Tri-P) comprised of peritoneum seeded with iPSC-CMs, endothelial cells, and
mouse embryonic fibroblasts was affixed over the ischemic zone 7 days following MI.

The mouse embryonic fibroblasts produce fibrosis-related molecules while expression of
AC6 reduces collagen deposition. The reduced collagen deposition correlated with enhanced
progenitor cell migration and engraftment and the restoration of LV function [161].

Various stem cell-based therapies have shown promise for cardiac repair and regeneration.
However, their limited efficiency due to poor cell survival and engraftment has prompted
new strategies. Decellularized placenta (DP) stands out for its availability, highly
vascularized tissue structure and rich ECM among the investigated natural scaffolds. A DP-
derived BCP demonstrated organized mechanical contraction and synchronized electrical
propagation, supporting its potential for myocardial repair and expressed various growth and
angiogenic factors, such as VEGF, PDGF, IGF-1, bFGF, angiogenin, and angiopoietin-2,
which may play pivotal roles in cardiac repair and regeneration [162].

hiPSC-CMs were seeded into this DP-derived BCP in a rat Ml model. RNA sequencing
analysis showed enhanced maturation of hiPSC-CMs on the DP-derived BCP, as evidenced
by significant upregulation of representative genes associated with cardiac function.
Transmission electron microscopy revealed a more mature and organized sarcomeric
structure of hiPSC-CMs on the DP-derived BCP compared to monolayer cultures /in7 vitro
indicating that DP-derived BCP actively promotes hiPSC-CM maturation and function,
thus solidifying its potential as a promising scaffold material for myocardial repair. /n

vivo evaluations further substantiated the efficacy of the BCP, as evidenced by significant
improvements in left ventricular function, reduced infarct size, increased cell retention,
and enhanced neovascularization when compared to non-treated MI group, DP-derived
BCP or hiPSC-CM transplantation. These compelling findings underscore the potential of
decellularized placenta as a natural scaffold material for creating an effective bioengineered
cardiac patch [162].

7. Relevant studies in the field

Preclinical development in CRM heavily relies on employing animal models that closely
mirror human cardiovascular diseases, providing valuable insights into the mechanisms
underpinning these novel therapeutic strategies. While the mechanisms of CRM have

been largely elucidated through research on small animals, the practical and translational
significance of these findings can be constrained due to notable anatomical and functional
differences between small animals and humans. Consequently, the use of large mammals,
such as pigs, sheep, and monkeys, is increasingly emphasized to acquire a holistic
comprehension of CRM and improve the translational relevance of the research. Large
animal models have been particularly instrumental in the study of acute MI, contributing to
our understanding of the potential and challenges of CRM in treating this serious condition
[17].

Over the past few years, clinical trials aimed at investigating stem cell therapies’ potential
in treating acute M1 have significantly increased. These trials have aimed to evaluate the
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efficacy and safety of various stem cell types, administration routes, and patient populations.
A selected list of ongoing clinical trials evaluating MSC-based treating AMI registered on
the ClinicalTrials.com website [163-167], is listed in Table 1.

To highlight some of the most relevant clinical trials that have significantly contributed to
our comprehension of cytotherapy for AMI are discussed. Table 2 provides an overview of
clinical trials investigating the use of various cell types beyond MSCs for the treatment of
cardiac conditions, specifically focusing on Ml and heart failure [22,168,169]. These trials
represent a significant advancement in regenerative therapies for cardiovascular diseases,
offering promising insights into the potential of cytotherapy as a viable treatment option.
By exploring different cell types, such as cardiac progenitor cells, cardiosphere-derived
cells, EPCs, and iPSCs, these studies aim to improve our understanding of cellular therapies
and their impact on cardiac repair and function. The outcomes of these ongoing trials

will contribute valuable information towards the development of innovative and effective
treatments for patients suffering from these debilitating conditions.

Despite the promising potential of CRM, its clinical implementation faces several significant
obstacles that must be carefully addressed. Firstly, our limited understanding of the

complex mechanisms at the molecular, cellular, and organ levels that regulate cardiovascular
functions. repair processes complicate the design of pragmatic clinical trials. A future
emphasis on identifying particular causes at the molecular or cellular level of cardiovascular
diseases will enhance trial success rates. Secondly, the inconsistent results of clinical

studies frequently stem from the lack of standardized trial designs. For example, different
definitions of AMI have been generally used in trials as an inclusion criterion or as
endpoints. Implications of loose definitions impact sample demographics and outcomes,
impeding an accurate comparison among trials [8]. Lastly, there is a need for increased
multidisciplinary and multinational collaborations to address these limitations, augment our
understanding of regenerative treatments will support the execution of extensive preclinical
and clinical trials [17].

8. From tailored therapies to off-the-shelf strategies

The Human Genome Project taught us that the human DNA sequence is 99.9% similar. The
remaining 0.1%, along with other epigenetic and molecular interactions, accounts for the
wide phenotypic variations across people, including disease susceptibility and drug response
[170].

The traditional one-therapy-fits-all practice is being replaced by individualized approaches
based on patient characteristics to improve outcomes [171]. Precision medicine refers to a
medical model that applies clinical and molecular research-based knowledge to identify
novel, accurate and efficient theragnostic strategies considering the variability across
patients’ genetic information [172], phenotype, biomarkers, specific pathological conditions,
lifestyle, and environmental factors [173]. The importance of a precision medicine approach
for stem cell therapy was highlighted by Rieger et al. in patients with idiopathic dilated
cardiomyopathy participating in the POSEIDON-DCM clinical trial. This study showed that
patients identified through genetic sequence analysis as negative for specific pathological
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variants responded more effectively to MSC treatment compared to population identified as
“positive for pathological variants” or those with “uncertain significance” [174].

Research on stem cells within precision medicine is vital to understanding AMI models and
defining the mechanisms underlying the great variability in clinical presentations observed
in patients in LV function-recovery after myocardial infarction. Some studies have explored
stem cell-therapy responses based on patients’ individual characteristics, suggesting a strong
association between patient characteristics and outcomes [175]. As an illustration, patients
experiencing an AMI frequently exhibit multivessel disease and undetected recurrent
ischemic incidents that may directly affect the outcome of any regenerative treatment
strategy. In the REPAIR-AMI trial, it was identified that patients with higher body weight
and severe cardiac function loss at baseline, exhibited an improved therapeutic reaction to
intracoronary administration of BMMNC treating AMI [108].

The revolution of iPSC therapies provided patient-specific autologous therapies reflecting
the variability of interventional responses among patients and providing accurate patient
stratification. However, the costs of manufacturing and the development processes

in compliance with safety regulations exceed the many advantages that human PSC-
based therapies may offer to personalize medicine. Moreover, due to time restrictions,
manufacturing human iPSC-CMs for autologous therapies is unsustainable in clinical
settings, such as acute MI treatment. The affordability of human iPSCs for allogenic
treatments would likely improve with the engineering of universal donor iPSC lines for
off-the-shelfcell products.

9. Beyond cells: the promising frontier of cell-free therapies

We have discussed strategies to remuscularize the injured heart by replacing damaged cells.
In recent years, CRM has shifted toward cell-derived products since cell-based therapy
appears to be more beneficial in treating HF rather than regenerating the bio-architecture

of the ischemic myocardium in acute clinical settings [176]. The existing research on

using MSC-derived products in the context of AMI treatment remains restricted. As
mentioned above, the secretome comprises EVs and other factors (growth factors, RNA,
peptides), but this section particularly emphasizing the use of Exos due to their crucial

role in intercellular communication [177,178] among cells relevant to cardiac structure and
performance, including CMs and ECs. Exos stimulate regeneration of the capillary network
and damaged cardiac tissue in the infarct zone. The release of exosome cargo is regulated
by cellular stress and cues from the surrounding environment, such as hypoxia or ischemia
[179]. Exos derived from MSCs are potent therapy effectors after stem cell transplantation
[80]. Unlike cell-based therapy, Exos tumorigenicity and risk for triggering adverse immune
reactions are minimal, being either recognized and endocytosed or cleared by the recipient
cell [180,181].

Like adult stem cells, Exos secreted by various stem cells have been studied for their
promising capability in treating AMI, including MSCs [182], ASCs [183], ESCs [184], and
iPSCs [185]. Among all types of cell-derived exosomes explored, iPSCs-derived Exos are
considered encouraging and can be robustly expanded in vitro [186].
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Emerging studies show that the cardioprotective potential of Exos containing heart-specific
microRNAs (endogenous, single-stranded, non-coding RNAs, crucial in regulating gene
expression post-transcriptionally) is attributed to their ability to exert multiple mechanisms
crucial for cardiac repair, including apoptosis suppression and cell proliferation [187].
Although sequence of miRNA showed that stem cells and MSC-derived Exos possess
comparable characteristic expression profiles, MSC-derived exosomes may exhibit a
superior cardioprotective effect over MSCs in treating M1 [188]. These analyses also
found that certain miRNA such as miR-371-373, known for their capacity to enhance

cell proliferation and/or inhibit apoptosis [189] and miR-302-367 cluster [190], were
significantly overexpressed, whereas The miRNAs implicated in inhibiting cell growth and
facilitating programmed cell death or apoptosis, like miR-143-3p [191] and miR-506-3p
[192], exhibited downregulation.

While certain studies have focused on the impact of specific miRNAs, it is evident

that exploring the broader scope of these regulatory molecules may uncover additional
layers of complexity and potential therapeutic targets in numerous physiological and
pathological contexts. For example, through a comprehensive approach combining systems
biology and tissue engineering, MicroRNA-21-5p (miR-21-5p) has been identified to

be a cardioactive Exo miR in paracrine signaling of restorative hMSCs. Bioinformatics
prediction and experimental data from human-engineered cardiac tissues (hECT) show

that exosomal miR-21-5p effectively facilitates hMSCs paracrine influences on hECT
contractile performance. Mirroring the human MSC Exo-treatment’s effects on hECT ability
to contract, the delivery of miR-21-5p boosted contractility, while the knockdown of
miR-21-5p in human MSCs attenuated the exosome-mediated improvement in contractility.

In exploring the mechanistic underpinnings, miR-21-5p was found to augment cardiac
calcium management, which in turn enhances contractility, probably through the PI3K
pathway. Support for these ramifications of miR-21-5p on calcium handling and contractile
function was affirmed at protein and mRNA levels. A mathematical simulation of the
process of excitation-contraction coupling was also modified to predict miR-21-5p therapy’s
potential to reestablish proper calcium regulation in ischemic hCMs. The observations made
in this study highlight the central role of exosomal miR-21-5p in refining subsequent
cell-derived cardiovascular therapies, emphasizing its value in treating heart disease [193].

A study on MSCs modified by cardiac transcription factors GATA-4, showed that Exos
derived from GATA4-overexpressing MSCs increased CM survival and reduced apoptosis
under hypoxia stress contrasted to Exos released by non-modified MSCs [194].

MSC-derived Exos can also heal an I/R injury by promoting angiogenesis [195]. Human
iPSC-CMs-derived exosomes promote /17 vitro angiogenesis upregulating growth factors like
VEGFR-2 type A, platelet derived growth factor subunit A (PDGFA), and fibroblast growth
factor type 2 (FGF2) in endothelial cells [196].
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10. Expert opinion

Cardiac repair following an AMI involves multiple interconnected processes, including
tissue regeneration, inflammation control, fibrosis resolution, and restoration of the
circulatory system. Successful heart regeneration not only requires morphological
restoration but also the establishment of electrical and mechanical coupling. The prospects
for using stem cells for the treatment of AMI are compelling, although several challenges
persist. Given the advances in the field, an analysis of potential developments and their
implications on patient outcomes, including diagnosis and treatment protocols, is paramount.

A better understanding of stem cell behavior and their role in cardiac repair could lead to

the development of predictive models, which could aid clinicians in pinpointing the ideal
time window for stem cell intervention post-AMI. Timing remains a critical challenge due to
the complex nature of the inflammatory response, but most important is limiting myocardial
damage. Off-the-shelf products such as allogeneic cells and/or exosomes are well suited for
rapid administration. Furthermore, standardizing therapeutic strategies could revolutionize
treatment guidelines, optimizing effectiveness and potentially decreasing mortality rates.

In an economic context, identifying more effective and readily available stem cell sources
could alleviate the financial burden associated with AMI considerably. This is particularly
crucial given that heart disease is one of the leading causes of mortality worldwide and
comes with significant healthcare costs. However, the large-scale implementation of such
therapies in clinical practice necessitates transformative changes in infrastructure, clinician
training, and regulatory oversight.

Notwithstanding the potential benefits, the field faces a plethora of both biological and
technical hurdles that require concerted attention. A primary concern is the relatively low
survival of transplanted stem cells, which can limit the overall effectiveness of therapy.
Enhancing post-transplantation cell survival would extend the availability of secretome
products, and potentially, fostering better integration with host cardiac tissue. Technological
advancements, particularly in cell imaging and monitoring, may significantly aid these
endeavors.

Another critical issue is the restricted accessibility and large-scale production of hCMs,
which are vital to cardiac repair. Emerging technologies like iPSCs and advancements

in bioreactor designs and cell culture conditions promise to surmount these limitations
and could facilitate the large-scale production of hCMs, making them more accessible for
research and clinical applications.

Pre-clinical studies are needed to develop safe, effective, and accessible stem cell therapies
for post-AMI cardiac repair. This goal comprises several sub-objectives, including creating
individualized therapies based on patient-specific factors, enriching our understanding of the
stem cell repair process and standardizing methodologies for better inter-study comparisons.

While the road ahead for stem cell research in the context of AMI is promising, it is
critical to acknowledge that this is not the only path forward. Tissue engineering and gene
therapy are all promising fields that could offer complementary or alternative solutions.
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These areas represent parallel tracks for research that can contribute to the comprehensive
goal of efficient cardiac repair.

We anticipate that a precision medicine approach will foster considerable progress in the
field of regenerative medicine in the short and medium term with standard procedures
being adapted toward a more personalized approach. Simultaneously, bioengineered cardiac
patches, which can provide a more optimal environment for stem cell survival and
integration, might prove clinically beneficial. However, these projected advancements

hinge on resolving the biological and technical challenges inherent in the field and,

more importantly, demonstrating long-term safety and efficacy in large-scale clinical trials.
Beyond the scientific and technical aspects, ethical considerations, regulatory compliance,
and fostering a multidisciplinary collaboration will all be influential in shaping the future of
this field. Therefore, while the path forward is challenging, it is equally promising, offering
hope for improved AMI management and patient outcomes.

This paper was funded by National Heart, Lung, and Blood Institute (grant 1R01HL134558-01) and U.S.
Department of Defense (grant W81XWH-19-PRMRP-CTA).
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Avrticle highlights

AM I ranks as a primary contributor to mortality in the United States. With
ischemia, injured myocardium prompts an inflammatory response that is
followed by tissue repair and cardiac remodeling processes leading to heart
failure.

The therapeutic actions of MSCs are primarily due to paracrine-mediated
effects rather than by their capacity to engraft and structurally repair the
myocardium.

MSCs are immune evasive, pro-angiogenic and anti-fibrotic, ideal
characteristics for cardiovascular regenerative medicine.

To achieve efficient cell-based therapies, promoting cell survival and
engraftment at the ischemic area is crucial to contain cardiac remodeling and
to preserve cardiac hemodynamic performance.

iPSCs can be reprogrammed from somatic cells into a pluripotent state, and
can differentiate into any cell type, including all cardiac lineages.

In preclinical trials, iPSC-derived cardiomyocytes improve cardiac function
and reduce infarct size. Further studies are needed to optimize their safety and
efficacy.

The MSC secretome has significant potential for translation into cell-free
biotherapies as off-the-shelf-products.

Combining cell-based regenerative therapy with precision medicine
approaches will maximize efficacy, minimize the adverse effects, and reduce
costs by avoiding ineffective therapies.
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Figure 1.

MSCs can be harvested from a wide variety of tissues, including bone marrow (BM),
adipose tissue (AT) and umbilical cord (UC). They are, a) plastic-adherent, b) express
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specific surface antigens, c) can differentiate into adipocytes, chondrocytes, and osteocytes.

Ag (Antigen), CD (Cluster of differentiation). Created with BioRender.com
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Figure 2.
Stem cell delivery approaches for AMI. A: Intravenous delivery (peripheral veins not

shown). B: Transendocardial stem cell injection (TESI) via catheter. C: Epicardial injection.
D: Catheter-based intracoronary infusion. Adapted from [86]. Created with BioRender.com

Expert Opin Biol Ther. Author manuscript; available in PMC 2024 August 30.


http://BioRender.com

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Clavellina et al.

Table 1.

Selected Ongoing and Future Clinical Trials using diverse MSCs in the setting of AMI
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Cell Type Phase Acronym ClinicalTrials.gov NCTID | Reference
Hearticellgram-AMI (Autologous bone marrow derived Phase Il | N/A NCT01652209 [163]
mesenchymal stem cells)

MiSaver® Stem Cell Phase | N/A NCT04050163 [164]
uc-Msc Phasel | N/A NCT03902067 [165]
Umbilical Cord-Derived WJ-MSCs Phase Il | PREVENT-TAHA | NCT05043610 [166]
ProtheraCytes® (CD34%) Phase Il | EXCELLENT NCT02669810 [167]

Source: ClinicalTrials.gov website. Hearticellgram®-AMI are bone marrow-derived mesenchymal stem cells, Misaver® are Stem Cells and

Plasma-Lyte is placebo. Abbreviations: NCT: National Clinical Trial, Misaver®:; Myocardial Infarction Saver, eNOS: endothelial Nitric Oxide
Synthase, UC: Umbilical Cord, MSC: Mesenchymal Stem Cell, WJ-MSCs: Wharton’s Jelly Mesenchymal Stem Cells.
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Some relevant clinical trials for AMI not involving MSCs.

Table 2.

Page 35

dySfunction)

Trial Trial Cell Type Clinical Outcome Limitations Reference
Measures
ENACT-AMI Randomized, Endothelial LV function and Open-label design, relatively [168]
(Enhanced Angiogenic double-blinded, Progenitor Cells clinical events small sample size.
Cell Therapy - Acute placebo-controlled (EPCs)
Myocardial Infarction) Phase 3 trial
CAREMI (Cardiac Stem Phase I/11, Allogeneic cardiac | Safety and efficacy | Small sample size (n=49), only | [169]
Cells in Patients randomized, double- stem cells in STEMI patients | valid conclusions regarding
with Acute Myocardial blind, placebo- (AlloCSC-01) safety, no definitive evaluation
Infarction) controlled of efficacy
CADUCEUS Phase I/11, double- Autologous Scar size The study population was [22]
(CArdiosphere-Derived blinded, placebo- cardiosphere- reduction, LV limited to reperfused patients,
aUtologous stem CElls controlled clinical derived cells function the results may not be
to reverse ventricUlar trial (CDCs) improvement generalizable to other patient

populations. The study did not
include a placebo group. It
did not assess the potential for
adverse immune reactions to
CDC therapy.
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