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ABSTRACT

Cardiovascular diseases are a leading cause of disability and mortality among the working population, necessitating the development and
implementation of new, more effective treatment and rehabilitation methods for such patients, including the use of modern cell and tissue
technologies.

In this review, an analysis and summary of research results over the past decades regarding the effectiveness of various types of stem cells in
heart pathology were conducted.

Priority directions include the search for more accessible and safe sources of stem cells, the development of new effective methods for their
cultivation, and the use of scaffolds for transplantation. Given the pathogenetic mechanisms of cardiovascular pathology and myocardial
regeneration, particular interest for clinical application is drawn to tissue-specific progenitors from the myocardium for replacing injured
cardiomyocytes, endothelial progenitors for correcting accompanying endothelial dysfunction, and multipotent mesenchymal cells of various
origins with low immunogenicity that exhibit trophic, anti-inflammatory, immunomodulatory, and anti-apoptotic effects. Questions regarding
the optimal method, dose, and frequency of stem cell administration, as well as the standardization of criteria for their quality and effectiveness,
remain open. Additionally, the combined use of different types of stem cells may serve as a new priority strategy in assessing the effectiveness
and safety of cell therapy, especially considering the paradigm of repeated transplantation.

The successful translation of obtained preclinical results into further large, well-planned, placebo-controlled clinical trials will enhance the
safety and effectiveness of cell therapy for cardiovascular diseases, which is one of the current challenges of modern regenerative medicine.
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Prospects of cell therapy for treating main severe socially significant
diseases attract the attention of researchers and clinicians worldwide. It is
known that cardiovascular diseases occupy leading positions in terms of
disability and mortality among the working-age population, and, in recent
years, they increasingly affect younger people, leading to even earlier
loss of productivity. Specifically, ischemic heart and vascular pathologies
account for 17.3 million deaths annually worldwide [3, 54]. Direct and
indirect costs for treating such patients in the United States alone exceed
320 billion US dollars annually, with forecasts predicting an increase to
over 800 billion US dollars by 2030 [53]. In Ukraine, tens of thousands
of patients with ischemic heart disease, cardiomyopathies, and stroke
require more effective therapy methods.

Over the past years, several thousand patients worldwide have par-
ticipated in clinical trials evaluating the effectiveness of cell therapy for
various cardiovascular diseases [12, 124]. Accumulated data indicate its
safety and efficacy not only in adult patients with ischemic heart disease,
cardiomyopathies of various etiologies, and chronic heart failure but also
in children with congenital heart defects [46, 47, 74]. Concurrently with
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ongoing human studies, experiments on animals modeling myocardial
injury continue to be crucial for detailed characterization of stem cells,
demonstrating their biological effects, and predicting important clinical
outcomes. Among the known pharmacological, instrumental, and surgical
experimental approaches for myocardial injury, coronary artery ligation
to model myocardial infarction remains the most widely used method
[89]. Studies involving cell transplantation from humans to animals are
mainly limited to experiments on genetically modified rodents capable
of tolerating xenotransplantation. Potential rejection reactions by the re-
cipient necessitate the use of immunosuppressants. Larger experimental
animals, such as pigs, can undergo extensive functional and instrumental
examinations, contributing to more reliable and clinically significant
conclusions regarding the regenerative potential of stem cells [113].
However, despite the extensive research on the impact of cells of
different types on the course of heart diseases, researchers and clinicians
have not yet definitively determined recommendations regarding the
optimal cell source for cell therapy of these diseases [37, 175]. In light of
ethical issues related to the use of embryonic and fetal stem cells and the



insufficient efficiency of technologies for obtaining induced pluripotent
cells, available sources of adult stem cells for myocardial regeneration
include bone marrow, peripheral blood, adipose tissue, skeletal muscles,
umbilical cord blood, placenta, and the myocardium itself. In addition to
the source, it is important to choose the optimal route of cell delivery,
dosage, and frequency of their application, which is a crucial issue in
cardiac regenerative medicine.

STEM CELLS SOURCES FOR CARDIAC REGENERATION

Skeletal myoblasts

Research on stem cell transplantation for treating heart failure began
with skeletal myoblasts. Skeletal muscles contain immature satellite
cells and myoblasts capable of regenerating muscle tissue after damage.
These satellite cells can proliferate and contribute to regeneration by dif-
ferentiating into myotubes and new muscle fibers [11]. The advantages
of skeletal myoblasts include their autologous origin and rapid growth in
culture. Differentiation of immature myoblasts into cells resembling car-
diomyocytes has been demonstrated in studies on dogs [34]. Further pre-
clinical trials have shown that transplanting skeletal myoblasts improves
heart function after modeled myocardial infarction in rats [148, 168].
Although the ability of transplanted cells to respond to electrical stimuli in
damaged myocardium was demonstrated in animal models, they did not
express the cardiac-specific marker of heavy myosin chains-alpha [123].
[t was also shown in dogs that the integration of skeletal myoblasts into
undamaged areas of the myocardium leads to arrhythmia development
[48]. The proarrhythmic effect after skeletal myoblast transplantation
may be associated with their loss of connexin-43 expression, leading to
inadequate electrical integration with the host myocardium [143]. Other
researchers, observing increased levels of troponin-I and interleukin-6
in experiments on pigs after skeletal myoblast transplantation, suggest
that their proarrhythmic potential is mediated by local inflammation in
response to the transplant [169].

In 2001, the first transplantation of skeletal myoblasts was performed
on a 72-year-old patient with myocardial infarction, and subsequent stu-
dies on a limited sample of patients demonstrated some improvement in
heart function [115]. Later, a multicenter randomized placebo-controlled
double-blind clinical trial called MAGIC was conducted, aiming to provide
the most comprehensive clinical assessment of skeletal myoblast efficacy.
However, its results showed that neither regional nor global left ventricu-
lar function parameters, as assessed by echocardiography, significantly
improved. Additionally, recipients showed a tendency towards a higher
risk of arrhythmias [105, 114]. Overall, these studies indicate that skeletal
myoblasts may not be an optimal cell source for cardiac regeneration.

Peripheral blood-derived stem cells

Experimental studies in rats have shown that transplantation of
circulating CD34-positive endothelial progenitor cells stimulates neovas-
cularization and remodeling of the damaged myocardium after infarction.
Increased capillary density contributes to reducing left ventricular dilata-
tion volume and preserving heart contractility [84]. Following the positive
effects observed in animals, 59 patients with acute myocardial infarction
were included in a randomized clinical trial TOPCARE-AMI, the results of
which demonstrated the feasibility and safety of intracoronary administra-
tion of circulating blood progenitor cells. Clinical effects observed from 1
to 5 years of follow-up showed significant improvement in left ventricular
function, reduced levels of NT-proBNP, and decreased end-systolic
volume, indicating a positive impact of the cells on heart remodeling
processes after infarction [5, 94].

In Ukraine, at Odessa National Medical University, in 2012, a phase |
study ISCIC (NCT01615250) was registered to evaluate the efficacy and
safety of intramyocardial implantation of peripheral mononuclear cells
including CD34+*haematopoietic progenitors in patients with ischemic car-
diomyopathy after a preparatory course of shock-wave therapy. However,
the results of this study are not available in the accessible literature [36].
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However, the reduction in the overall number of circulating progenitor
cells in elderly individuals, the need for specialized equipment for their
isolation, and the requirement for prolonged generation of a sufficient
therapeutic dose limit the prospects for wide clinical application of this
cell type in patients with cardiovascular diseases.

Bone marrow-derived cells in myocardial regeneration

Bone marrow contains various subpopulations of hematopoietic and
mesenchymal stem and progenitor cells, comprising up to 2 % of the
total content, capable of differentiating into various specialized pheno-
types. The fraction of bone marrow mononuclear cells (BM-MNCs) can
be isolated through density gradient centrifugation and does not require
expensive cell culture technologies. This has led to wide applications of
BM-MNCs in animal experiments.

At the beginning of the 2000s, a group of researchers led by Prof. P.
Anversa declared the myogenic differentiation potential of BM-MNCs in
mice. BM-MNCs, mobilized by stem cell factor and granulocyte-colony
stimulating factor, can home to the infarcted region, replicate, differenti-
ate, and ultimately promote myocardial repair [130]. It was also claimed
that Lin-c-kit* bone marrow-derived cells injected into the infarct zone
promote newly formed myocardium, occupying 68 % of the infarcted
portion of the ventricle 9 days after transplantation [131]. However, other
groups were unable to replicate similar results, leading to a debate about
the contribution of bone marrow cells to myocardial regeneration [6,
122]. Nevertheless, it has been established that BM-MNCs secrete pro-
angiogenic cytokines and induce proliferation of endothelial progenitors
in pigs with myocardial infarction [49].

In 2002, the first clinical trial evaluating the effectiveness of
intracoronary infusion of autologous BM-MNCs in patients with acute
myocardial infarction was conducted [159]. Although subsequent stu-
dies such as TOPCARE-AMI [5, 93], TOPCARE-CHD (NCT00289822)
[4], BOOST (NCT00224536) [186], REPAIR-AMI (NCT00279175) [148],
TIME (NCT00684021) [174], and LateTIME (NCT00684060) [173]
have demonstrated positive impacts of BM-MNCs transplantation on
heart functions, the overall clinical efficacy of this cell fraction in acute
myocardial infarction remains controversial [23]. For example, a phase Il
randomized, double-blind, placebo-controlled study FOCUS-CCTRN trial
(NCT00824005) demonstrated no significant difference in left ventricular
ejection fraction (LVEF) or infarct size in patients treated with BM-MNCs
[140]. As well as in a multicenter, randomized, double-blind clinical
trial MiHeart (NCT00333827) that evaluated intracoronary delivery of
BM-MNCs and showed no significant changes in LVEF and left ventricular
volumes [111]. However, most of these studies have certain limitations
regarding the design, comparison groups, and the number of enrolled
patients. Therefore, further research requires a more meticulous and
responsible approach to accurately analyze the efficacy of cell therapy.

Multipotent mesenchymal stromal/stem cells (MMSCs)

Stromal-derived stem cells from various sources, capable of diffe-
rentiating into mesenchymal derivatives such as bone, cartilage, adipose,
and other stromal connective tissues, are classified into a distinct group
of multipotent mesenchymal stromal/stem cells [68]. According to the
recommendations of the International Society for Cellular Therapy, these
cells must meet specific minimum criteria in vitro: adhesion to plastic,
expression of specific intercellular adhesion markers CD105, CD73, and
CD90, and lack of expression of haematopoietic CD45, CD34, CD14 or
CD11b, CD79a or CD19, and HLA-DR surface molecules. Additionally,
they must have the ability to differentiate into osteogenic, adipogenic, and
chondrogenic lineages in vitro [42]. The potential for their endothelial,
myogenic, cardiomyogenic, and even neurogenic transdifferentiation is
also under discussion.

In recent years, the paradigm of MMSCs' regenerative potential being
realized solely through direct differentiation into specialized cell types
has been somewhat revised. Increasing attention is being paid to the
nonspecific paracrine effects of the cell transplant due to the production
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of cytokines and growth factors, particularly in the form of exosomes
[78]. MMSCs have a tropism for damaged areas and can influence the
processes of inflammation and repair. They can suppress excessive
inflammatory processes and maintain immune system homeostasis
through contact and/or chemical interactions with immune system cells
[39]. MMSCs provide immune tolerance to allogeneic cells in the recipi-
ent's immune system, which is why they are used in co-transplantation
with bone marrow haematopoietic stem cells [203].

The most accessible, safe, and clinically significant sources of
MMSCs in the adult body remain bone marrow and subcutaneous
adipose tissue. Initially, researchers focused on bone marrow-derived
multipotent mesenchymal stromal cells (BM-MMSCs). As early as the
1980s, it was demonstrated that BM-MMSCs could differentiate not only
into chondrocytes and osteoblasts but also into skeletal muscle cells
and cardiomyocytes [26]. Transplantation of human BM-MMSCs in a rat
model of myocardial infarction showed improvement in left ventricular
function [132, 201]. Intramyocardial injection in experiments on large ani-
mals demonstrated the safety of these cells and the procedure, activation
of reverse myocardial remodeling, improvement of regional ventricular
contractility, and reduction of post-infarction scars [80, 139, 149].

Several possible mechanisms for the therapeutic effect of MMSCs
have been proposed: engraftment and differentiation into functional
cardiomyocytes, paracrine signaling through numerous growth factors,
stimulation of endogenous cardiac progenitor proliferation, or niche
regulation [2, 60, 143]. Moreover, the best effects were anticipated from
the application of cultured MMSCs for heart diseases, as indicated by the
increasing number of clinical trials involving these types of cells in the
early 2000s.

The safety and positive impact of bone marrow-derived MMSCs on
left ventricular contractility in patients with myocardial infarction were
first demonstrated in 2004 [31]. Subsequent studies confirmed the pro-
mise of this type of cell for the comprehensive therapy of acute and chronic
ischemic heart disease [77, 112, 158, 182]. Specifically, intramyocardial
injection of autologous BM-MMSCs in ischemic heart disease with heart
failure, both in the early stages and long-term (12 months), showed an
increase in patients' maximum metabolic equivalent, a reduction in the
class of heart failure, a decrease in the frequency of angina attacks, and
a reduction in the required dose of nitroglycerin. Improvements in qua-
lity of life indicators and increased tolerance to physical exercise were
also demonstrated [57]. Both autologous and allogeneic MMSCs have
shown not only the safety of transplantation but also sufficient therapeutic
potential by reducing episodes of ventricular tachycardia, increasing left
ventricular ejection fraction, preventing its remodeling, and improving
lung function based on forced expiratory volume indicators [59].

One of the first clinical trials to assess the safety and efficacy of cell
therapy using autologous BM-MMSCs compared to BM-MNCs in is-
chemic cardiomyopathy was the phase Il randomized, placebo-controlled
study TAC-HFT (NCT00768066). The results demonstrated the safety of
transendocardial stem cell injection for patients and an improvement
in quality of life measured by the Minnesota Living with Heart Failure
Questionnaire (MLHFQ) score. However, these clinical effects were not
supported by improvements in functional indicators such as LVEF or left
ventricular volumes [62].

The POSEIDON-DCM trial (NCT01087996) compared safety and
efficiency of allogeneic vs. autologous BM-MMSCs delivered by transen-
docardial injection in doses 20 million, 100 million, or 200 million cells
in patients with ischemic cardiomyopathy. At 1 year, quality of life, func-
tional capacity and LVEF increased significantly only in the allogeneic cell
therapy group, but cardiac function improvement were not accompanied
with reverse remodeling [58].

Adipose-derived stem cells (ASCs)

Considering the drawbacks of bone marrow aspiration via bone
puncture, such as pain, the risk of removing hematopoietic tissue from
an active blood-forming site, and the need for colony-stimulating factors
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to mobilize stem cells from niches, adipose tissue has become a more
prioritized source of MMSCs. The current level of surgery and anesthetic
support allows for brief, minimally invasive procedures to obtain the
minimal amount of whole adipose tissue or lipoaspirate sufficient for
direct application of primary isolated stromal vascular fraction (SVF) or
its further cultivation.

In culture, ASCs produce a number of growth factors such as
vascular endothelial growth factor (VEGF), hepatocyte growth factor
(HGF), insulin-like growth factor-1 (IGF-1), which have cardioprotective
effects [8]. Numerous in vitro and in vivo experiments have demonstrated
that multipotent stem cells can be isolated from adipose tissue and are
capable of differentiating into cardiomyocytes, prompting active research
into their regenerative potential in animal models of cardiovascular
pathology [119, 141]. Sca-1* and c-kit* cells from SVF are more prone
towards cardiomyogenic differentiation, forming eight times more
contractile colonies [134]. ASCs expressing CD133 can also differentiate
into cardiomyocyte-like cells when co-cultured with bone marrow or cord
blood cells [191]. Enhanced expression of cardio-specific markers, along
with increased cell viability and protein synthesis, has been achieved by
transfecting IGF-I gene into the ASCs culture [205].

As a result, transplanted adipose tissue stem cells can improve the
heart's contractile function and its vascularization [71]. In a rat infarct
model, an increase in left ventricular ejection fraction, wall thickening,
and capillary density in the infarct border zone was shown due to the
production of cardioprotective factors VEGF, HGF, IGF-I; however, only
0.5 % of the transplanted cells stained positively for myocardium-specific
fibrillar proteins [72, 180]. ASCs, when administered intracoronary in
pigs, also reduce myocardial damage, increase LVEF, and enhance vessel
density [92, 177]. In a rat model of dilated cardiomyopathy, ASC trans-
plantation, in addition to increasing the ejection fraction, also prevented
dilatory ventricular remodeling and effectively improved systolic and dias-
tolic heart function [97]. Moreover, the combined administration of ASCs
with sildenafil in a dilated cardiomyopathy model is more effective than
monotherapy. In this case, angiogenesis, IL-10 expression, anti-apoptotic
Bcl-2 expression are enhanced, while the production of apoptotic markers
matrix metalloproteinase-9, Bax, and caspase-3 is reduced in the ischemic
tissue [101]. ASCs, specifically differentiated into cardiomyocytes, reduce
myocardial remodeling in infarction, stabilize the ejection fraction, and
promote neovascularization of the ischemic area [95, 192].

In a series of studies by Okura H. et al. and Shudo Y. et al. (Osaka
University, Japan), the researchers evaluated the preclinical efficacy of
using human adipose-derived multipotent progenitor cells and cardio-
myoblast-like cells differentiated from them in the treatment of ischemic
heart disease. The efficiency of directed differentiation of human ASCs
into cardiomyoblasts in vitro was confirmed by quantitative reverse
transcription polymerase chain reaction, which showed an increase in the
expression of mRNA markers of cardiogenic commitment, such as islet-1,
light and heavy myosin chains, as well as transcription factors Nkx2.5 and
GATA-4. Echocardiography data indicated that 4 weeks after intracoronary
cell transplantation, there was an improvement in myocardial wall motion.
In the control group, however, this parameter worsened over the entire
study period up to 12 weeks. In the early period after transplantation,
there were no significant differences in the diastolic dimensions of the
left ventricle, but subsequently, diastolic dysfunction progressed in the
control group, whereas this parameter did not change significantly after
cell transplantation [129, 153].

The feasibility and safety of clinical application of ASCs have been
evaluated in multicenter randomized placebo-controlled trials APOLLO
(NCT00442806) and ADVANCE (NCT00426868) in patients with acute
myocardial infarction, as well as PRECISE (NCT00426868) and MyStro-
malCell (NCT01449032) trials — in patients with refractory chronic myo-
cardial ischemia. Overall, increases in left ventricular ejection fraction,
improvement in myocardial perfusion, and reduction in infarct size have
been demonstrated both pathology in early (6 months) and long-term (up
to 3 years) follow-ups after cell transplantation [21, 69, 138]. A prospec-



tive randomized double-blind clinical trial, Athena I/ll (NCT01556022/
NCT02052427), conducted in 2012-2015 to assess the therapeutic po-
tential of ASCs in ischemic cardiomyopathy, showed increased maximal
oxygen uptake and significant improvement in patients' quality of life
based on the MLHFQ results at 12 months post intramyocardial ASCs
transplantation [64].

Cardiac-derived stem cells (CSCs)

In the pathogenesis of decreased myocardial contractility in ischemic
heart disease, dysfunction of resident progenitors plays a significant role,
making approaches involving the isolation, expansion, and application of
tissue-specific cardiac-derived stem cells the most promising [22, 76,
194].

In the early 2000s, studies by prof. Anversa's group were published
regarding the presence of proliferating cells in the myocardium after
myocardial infarction [10]. It is assumed that in the adult heart, CSCs
are located in niches in close contact with supporting cells that provide
conditions for the survival, proliferation, and self-renewal of stem cells
[167]. Although their numbers decrease with age (three times more in
newborns than in 2-year-old children), functionally active CSCs can still
be isolated even from elderly patients [38, 79, 120, 190]. Additionally,
Li Z. et al. demonstrated that the structural integrity of the adult human
heart's endothelium after myocardial infarction was maintained through
clonal proliferation by resident endothelial progenitor cells in the border
zone of the infarct, without significant contributions from bone marrow
cells or endothelial-to-mesenchymal transition [96, 99, 106].

CSCs can be sourced from myocardial biopsies, interatrial septum, or
right atrial appendage ranging from 25 mg to 1 g, obtained during open-
heart surgery or through minimally invasive procedures, allowing for the
expansion of the necessary therapeutic cell dose over 4-5 weeks [29, 33,
118]. Numerous studies have developed techniques for obtaining resident
myocardial progenitor cells in mammals. Following enzymatic proces-
sing, tissue fragments are cultured using explant methods, followed by
the generation of cardiospheres. Cardiospheres consist of proliferating
stem and progenitor cells that undergo spontaneous differentiation
towards a cardiac lineage. They have a relatively large size (40-150 pm),
making them unsuitable for intracoronary delivery as they may cause
embolization. An additional step should involve converting cardiospheres
into suspension through enzymatic digestion or culturing on growth
substrate-coated surfaces [156, 183, 185].

It has been demonstrated that the formation of cardiospheres from
primary culture explants of heart biopsies requires the presence of cardio-
trophin as a growth factor and the sequential change of poly-D-lysine and
fibronectin as growth substrates. The presence of additional exogenous
growth factors and extracellular matrix components is considered a ne-
cessary condition for obtaining cardiospheres and a population of cardiac
progenitor cells from them [33].

Poly-D-lysine belongs to several types of lysine homopolymers with
a molecular weight of 50-150 kDa and serves as a synthetic extracel-
lular matrix. Fibronectin is a high-molecular-weight (~500-600 kDa)
glycoprotein of the extracellular matrix that binds to membrane receptor
proteins called integrins. Both cell expansion and differentiation depend
on the surface properties of the culture substrate. Specifically, the
polycationic properties of poly-D-lysine allow it to interact with anionic
sites on the membrane, promoting more effective cell attachment to the
growth surface. The fibronectin molecule contains an RGD amino acid
sequence (Arg-Gly-Asp), which is a binding site for integrins a5p1 and
aVB3 on the cell membrane surface. Fibronectin also interacts with other
extracellular matrix proteins such as collagen, fibrin, and heparan sulfate
proteoglycans. The main function of these components is to enhance cell
adhesion to the culture surface, promote proliferation, morphogenesis,
differentiation, and migration [200].

According to literature data, key markers for CSCs include CD90,
CD105, CD117 (c-kit). Additionally, CSCs may moderately express the
hematopoietic stem cell marker CD34, the endothelial marker CD31, and
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the VEGF receptor (CD309). Flow cytometry phenotyping has shown
that by the second passage, CSCs mainly express CD105, and to varying
degrees CD90, CD34, CD31, as well as the key marker c-Kit. They are
negative for the markers MDR1, CD133, and CD45, distinguishing them
significantly from bone marrow and circulating endothelial progenitors
that may populate the heart [61, 120]. Clonally proliferating CSCs
also express the stem cell antigen Sca-1 and a range of pluripotency-
associated genes including NKX2-5, NOTCH1, NUMB [165]. Sca-1+ pro-
genitors in the heart have high telomerase activity, the ability to migrate
to damaged myocardium, and differentiate into cardiomyocytes [127,
166]. Some transplanted CSCs in animals also form vascular structures
and express a-smooth muscle actin. It is suggested that upon terminal
differentiation, these cells may express typical cardiomyocyte markers
such as troponin [, troponin T, heavy chains of myosin, and connexin-43
[16, 190].

Koninckx et al. identified a population of myocardial cells that actively
express aldehyde dehydrogenase, which enhances their survival under
ischemic conditions, the marker islet-1, and they had a greater ability
to differentiate into cardiomyocytes than previously known CSCs [87].
Bolli et al. confirmed that c-Kit* CSCs are capable of differentiation into all
cardiac cell lineages [16].

Immunofluorescence studies with confocal microscopy confirm the
high proliferative activity of cardiospheres by Ki-67 expression. Proli-
ferating cells actively express connexin-43 and alpha-sarcomeric actin,
indicating a high potential for electrical conduction integration between
cells. When co-cultured with cardiomyocytes from newborn rats, human
and porcine CSCs exhibit biophysical characteristics of cardiomyocytes,
along with calcium transport synchronization between neighboring cells.
Importantly, after 3 or more passages (6 population doublings, 60 days in
culture), no aberrations were observed in the karyotype [156].

In our study, proliferating cultures of cardiac progenitors were ob-
tained from the myocardium of newborn mice. The appearance of rhythmic
contractile activity both in cardiospheres and monolayer cultures during
their terminal differentiation indicates a high potential for cell integration
in vitro and preservation of their excitability. Using flow cytometry and
immunocytochemical analysis, our research revealed that the cultured
cells from the myocardium express a range of markers corresponding to
the CSCs phenotype, suggesting their suitability for further investigations.
Early passages of the myocardial cell cultures from explants of newborn
mice showed increased expression of markers GD44, CD105, and CD90,
as well as CD309 and endothelial marker CD31. We also observed a minor
population of CD34+117+ cells that phenotypically resemble cardiac pro-
genitor cells. In terminally differentiated cultures, spontaneous rhythmic
contractile activity in vitro was detected, along with confirmed expression
of cardiac troponin I [90].

Our research confirms findings by other authors that newborn mice
myocardial tissue contains a greater number of cells expressing markers
of multipotent progenitors than adult animals. Moreover, the relative
content of such cells is higher in the atria than in the ventricles. Therefore,
a priority direction for further research is the isolation and cultivation of
cells from the myocardium of younger organisms, particularly from the
atrial appendages. Our results also support the data presented by Chan
H. et al., demonstrating differences in the proliferative potential and
marker expression of cells from the atria and ventricles [29]. Due to their
relatively large size, cardiospheres cannot be applied intracoronary due to
the risk of microvessel embolism. Therefore, an additional step involves
dissociation of cardiospheres or their subculture on a fibronectin-coated
surface.

In assessing the therapeutic potential in an experiment on immuno-
deficient mice, Smith et al. demonstrated that human CSCs, when injected
at the edge of the myocardial infarction, engrafted and migrated into the
damaged area. After 20 days, the percentage of viable cardiomyocytes in
the infarct zone was higher in the group receiving CSCs compared to the
control group receiving skin fibroblasts. Additionally, an increase in left
ventricular ejection fraction was noted [156].
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Intramyocardial injection of CSCs from the atrial appendage in pigs
with myocardial infarction prevented left ventricular dilation, reduced
ejection fraction, and myocardial wall thinning, which are characteristic
of the control group. Additionally, there were improvements in regional
contractility and cardiomyocyte survival, explained by the successful
engraftment of the transplant and its differentiation [44]. Moreover,
transplantation of allogeneic CSCs to rats without immunosuppression
was found to be safe and only caused a short-lived local immune reaction
without signs of systemic immunogenicity. Despite reduced engraftment
duration compared to syngeneic cells, allogeneic CSCs showed positive
structural and functional effects [108].

The group led by Lauden L. and colleagues demonstrated that
human CSCs do not elicit typical immune reactions in rats mediated
by Th1 or Th2 lymphocytes. Instead, they suppress effector regulatory
T-lymphocytes' proliferation and expansion. The programmed cell death
ligand PD-L1 plays an important role in the immune behavior of CSCs,
with potential for evaluating its expression as a marker for identifying
allogeneic cells with low risk and high regenerative potential. CSCs in
an allogeneic context exhibit immunologically tolerant immune behavior,
contribute to PD-L1-dependent responses, and modulate immunity [20,
91]. Similar results were obtained in mini pigs with chronic ischemic car-
diomyopathy, where transendocardial injection of 150 million allogeneic
CSCs not only reduced post-infarction scar size and heart dilation but also
improved myocardial viability according to magnetic resonance imaging
data. There was no increase in circulating antibody levels or signs of
myocardial inflammation in histological examination [197].

From 2008 to 2012, the initial clinical trials SCIPIO (NCT00474461)
[13], CADUCEUS (NCT00893360) [109] in the USA, and ALCADIA
(NCT00981006) [163] in Japan, involving the transplantation of autolo-
gous c-kit* CSCs in patients with ischemic cardiomyopathy and chronic
heart failure, demonstrated increased left ventricular ejection fraction,
reduced end-systolic and diastolic volumes, decreased size of the post-
infarction scar, increased viable myocardial mass, regional contractility,
and maximal oxygen consumption. Therapeutic doses of the drug ranged
from 1 to 37 million cells, administered via intracoronary infusion or
intramyocardial injection. The absence of complications and preservation
of positive dynamics were noted in both early (3 months) and long-term
(12 months) follow-ups after transplantation [189]. Subsequently, from
2014 to 2020, a randomized placebo-controlled double-blind study
called DYNAMIC (NCT02293603) was conducted at Cedars-Sinai Medi-
cal Center (USA) involving the transplantation of allogeneic CSCs [28].
A similar multicenter project CAREMI (NCT02439398) was launched in
Spain in 2014. Allogeneic cardiac stem cells can be safely administered in
ST-segment-elevation myocardial infarction patients with left ventricular
dysfunction early after revascularization, although the therapeutic ef-
fectiveness was modest [45]. The expected therapeutic effectiveness in
reducing scar size was not achieved within 6 months in the Il phase of the
clinical trial ALLSTAR (NCT01458405), although significant improvement
in myocardial segmental contractility, reductions in LV volumes, and
NT-proBNP were observed [133].

Additional confirmation of the safety of CSCs, as demonstrated in pilot
clinicaltrials, can be provided by aseries of projects TICAP (NCT01273857),
PERSEUS (NCT01829750), and APOLLON (NCT02781922) at Okayama
University Hospital (Japan), where the efficacy of these cells in children
with congenital hypoplastic left heart syndrome and single ventricle is
being studied [75, 164].

However, the group led by Molkentin J. et al. demonstrated that en-
dogenous c-kit+ cells did produce new cardiomyocytes within the heart,
although at a percentage less than one-tenth of a percent, and therefore
may not play a significant role in myocardial regeneration after injury
[178]. In contrast, the authors showed that c-kit* cells abundantly gene-
rated cardiac endothelial cells, which coincided with our results regarding
CD31 expression in vitro culture. Thus, a heated scientific debate was
reignited regarding the cellular mechanisms involved in heart regenera-
tion. The investigation revealed instances of academic misconduct and
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falsification regarding proper evidence of stem cell identification and
isolation from the myocardium. As a result, over 30 publications by prof.
Anvers's group were retracted from several leading journals, and there is
significant caution within the scientific community regarding the theory of
cardiac stem cells [81]. The substantial contribution of cardiac stem cells
to myocardial regeneration after injury remains a subject of debate and
requires further in-depth research.

Perinatal tissue-derived stem cells

Over the past decade, there has been a significant increase in the
number of umbilical cord blood, umbilical cord tissue, and placental tis-
sue cryobanks worldwide. This trend is explained by the active interest of
researchers and clinicians in these sources of stem cells. These tissues,
obtained after childbirth without harm to the health of the newborn or
the mother, contain populations of hematopoietic and mesenchymal
progenitors with high regenerative potential [43, 135]. Considering the
patient's condition-related contraindications to autologous sample col-
lection and the need for early initiation of therapy, there is an objective
need for a ready-to-use cellular product that does not require time for
expansion. These sources can be particularly relevant in cases where
myocardial biopsy for isolating tissue-specific cardiac progenitor cells
is not feasible.

Umbilical cord blood stem cells

Umbilical cord blood has long been used in the treatment of immune
disorders and oncohematological diseases, thanks to the presence of
a significant number of CD34+ hematopoietic progenitors. Additionally,
autologous cord blood finds application in newborns for replenishing
blood loss during heart surgeries for congenital heart defects.

Studies on rats with myocardial infarction have shown that trans-
plantation of cord blood cells significantly improves cardiac contractile
function and reduces manifestations of heart failure [63, 65]. Experimen-
tation on pigs has confirmed the safety of the intramyocardial injection
technique of cord blood cells into the right ventricle during open-heart
surgery [29].

In the short term (1-3 months) after the transplantation of cord blood
mononuclear cells, there was a demonstrated partial recovery of left ven-
tricular systolic function by echocardiography and a significant improve-
ment in impaired heart mechanics. No negative effects, complications, or
side effects have been detected in the short periods of observation after
cord blood-derived cell transplantation [50].

However, the limited volume of cord blood and the lack number of
isolated progenitor cells are not always sufficient to achieve an adequate
therapeutic effect. Considering the hematopoietic origin of these cells,
rejection reactions of the transplant or, conversely, graft-versus-host
reactions are not excluded in allogeneic applications.

Umbilical cord Wharton's jelly-derived MMSCs (UC-MMSCs)

The Wharton's jelly of the umbilical cord serves as a convenient and
accessible source for isolating MMSCs, which can be used in the treat-
ment of cardiac pathology. Findings from Liu et al. suggest that human
umbilical cord-derived MMSCs contribute to cardiac functional recovery
and attenuate cardiac remodeling post myocardial infarction. Intramyocar-
dial injection of these cells upregulates CD4+FoxP3* Tregs and contributes
to the migration of CD4* T cells into the injured heart via the CCL5/CCR5
pathway [103]. Another study indicates that UC-MMSCs, transplanted via
intracoronary delivery combined with two intravenous administrations,
are safe and significantly improve left ventricular function, perfusion,
and remodeling in a large-animal model of chronic myocardial ischemia
[102]. Lim et al. have shown that intravenous injection of UC-MMSCs
is a feasible and effective way to preserve left ventricular function and
ameliorate myocardial remodeling in porcine acute myocardial infarction.
The cardioprotective effects of UC-MMSCs are attributed to paracrine
factors that appear to augment angiogenesis, limit inflammation, and
preserve Cx43 gap junction [100].



The HUC-HEART trial (NCT02323477) was initiated to evaluate the
efficacy of human umbilical cord-derived MMSCs for cardiac repair and
remodeling in myocardial infarction [24]. In a multicenter trial WJ-MSC-
AMI (NCT01291329), which enrolled 116 patients with acute ST-elevation
myocardial infarction, intracoronary infusion of UC-MMSCs was found
to be safe and effective, providing clinically relevant therapy within a
favorable time window during an 18-month follow-up. The absolute
increase in myocardial viability by PET and perfusion within the infarcted
area by SPECT, as well as the absolute increase in LVEF and decreases in
LVESV and LVEDV, were significantly greater in the UC-MMSC treatment
group compared to the placebo group [52]. Results from the phase 1/2
randomized controlled trial RIMECARD (NCT01739777) demonstrated
improvements in left ventricular function, functional status, and quality
of life in patients with stable heart failure and reduced ejection fraction
treated with intravenous infusion of UC-MMSCs [9]. Other clinical trials
have also shown that using UC-MMSCs in the treatment of congestive
heart failure can help improve cardiac remodeling and cardiac function
[32, 204]. However, a systematic review and meta-analysis by Abouzid et
al. indicate that UC-MMSC transplantation can improve ejection fraction
but has no meaningful effect on readmission or mortality rates [1]. Thus,
there is a need for expanded clinical trials to further substantiate these
findings.

Placenta-derived stem cells

Stem cells from the placenta are becoming promising candidates for
regenerative therapy of heart diseases. They can be isolated in significant
quantities, easily expanded to the required therapeutic dose, and cryopre-
served for long-term storage and future use as needed. Additionally, they
exhibit a high potential for multipotent differentiation and low immuno-
genicity. Gonsidering their additional anti-inflammatory and antifibrotic
effects, placental MMSCs are seen as a unique source of cytokines and
growth factors capable of reducing the consequences of ischemic tissue
injury [18, 187]. It is important to note that the use of placental MMSCs
allows us to avoid moral and ethical limitations associated with fetal stem
cells. At the same time, they can be safely applied in both autologous and
allogeneic settings without triggering harmful host-versus-graft reactions.

The study in rats with modeled myocardial infarction showed that
transplantation of human placental stem cells improves the contractile
function of the left ventricle, significantly reduces scar size, suppresses
inflammation and apoptosis, and stimulates angiogenesis [199]. Ad-
ditional processing of placental cells with hyaluronan ethers of oleic and
retinoic acid, besides the pro-angiogenic effect, promotes their expres-
sion of cardiac markers connexin 43 and troponin | [179].

Similar results were obtained in an experiment on mice with a model
of chronic heart failure. Four weeks after the introduction of the human
placental cell product PDA-001 (Cenplacel-L), intramyocardial injection,
unlike their intravenous administration, significantly improved systolic
and diastolic function of the left ventricle. Simultaneously, a reduction
in fibrosis in the injection areas was noted. Low doses (0.5x10* cells per
mouse) showed a more pronounced therapeutic effect than high doses
(0.5-5x10%), which also applied to the levels of proliferative activity of
recipient endotheliocytes and cardiomyocytes. However, using in vivo
visualization, donor cells were detected in the myocardium by luciferase
expression only in the first 2 days after administration, indicating the
indirect nature of the cells' regenerative potential through paracrine fac-
tors [30].

In another study, two months after transplantation of human chorionic
plate-derived stem cells into mice with myocardial infarction, a significant
increase in the ejection fraction was noted along with a decrease in the
end-systolic volume. Despite intramyocardial injection, the localization of
the transplant in the myocardium was confirmed only in the first 4 days,
and this period decreased for two subsequent repeat injections [136].

The high potential for homing, engraftment, and multipotent dif-
ferentiation of placental mesenchymal stem cells is supported by experi-
ments showing the migration of fetal origin cells into the myocardium of
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pregnant mice with heart injury. In this process, 40 % of these fetal cells
expressed the Cdx2 factor associated with trophoblast stem cells of the
placenta. Moreover, isolated donor cells from the heart were capable of
clonal expansion and differentiation into cardiomyocytes [82].

Vadakke-Madathil et al. demonstrated that intravenous administra-
tion of placental Cdx2 cells led to targeted homing, sustained engraft-
ment, and differentiation into cardiomyocytes and vascular cells in injured
murine hearts. This significantly improved cardiac function and exhibited
the ability to selectively target injury sites [176].

Preclinical analysis of intramyocardial administration of 1x107
placental MMSCs in a pig model of myocardial infarction showed, after
4 weeks post-transplantation, no significant changes in ejection frac-
tion, left ventricular volume, or stroke volume, although the size of the
infarct scar was significantly reduced by 40 %. Transplantation of cells
contributed to improvements in regional wall thickness parameters in
the infarct area, maximal circumferential shortening (LVEccmax), and
perfusion levels based on positron emission tomography data. Overall
mortality rates among animals did not increase after the administration of
the cells, indicating the absence of life-threatening complications related
to the transplantation procedure or the cells themselves [155].

One of the first cases of clinical application of placental MMSCs in
combination with cord blood cells in a patient with dilated cardiomyopathy
was described in 2008. Over an 11-month observation period, improve-
ment in the clinical picture was noted without any detected side effects or
host-versus-graft reactions [73]. Clinical trials using these cells in patients
with critical limb ischemia confirmed that repeated administration of allo-
geneic placental MMSCs, even in high doses (60x10°), does not induce
graft rejection due to their immunosuppressive and immunomodulatory
properties. During the 6-month follow-up period, there was a significant
decrease in IL-1 and IFN-y serum levels following placenta-derived MMSC
treatment and cell injection [152].

Currently, there are several dozen clinical trials using placental MMSCs
for various diseases, including cardiovascular conditions, where placental
MMSCs are administered intravenously or intramuscularly at different
doses [36]. One of the world's first safety and primary efficacy evalua-
tion studies of intramyocardial injection of placental MMSCs in patients
with ischemic cardiomyopathy and severe heart failure was registered in
Ukraine in 2017. The primary results of the clinical trial demonstrated
that transepicardial transplantation of placental MMSCs in combination
with myocardial revascularization is safe and significantly improves
cardiac contractile function in patients with ischemic cardiomyopathy.
This improvement is evidenced by a significant reduction in heart failure
symptoms, partial increase in regional myocardial contractility based on
speckle-tracking echocardiography data, and improvement in quality of
life assessed by MLHFQ and HeartQoL questionnaires [51].

Pluripotent stem cells

Given that type-specific progenitor cells from adult organisms are not
always available in sufficient therapeutic quantities, and reprogramming
technologies of MMSCs are still far from proven effectiveness, the pluri-
potent potential of embryonic stem cells (ESCs) from the inner cell mass
of the blastocyst is promising for their directed differentiation towards
cardiovascular progenitor cells and subsequent clinical application [41,
74].

In a rat model of acute myocardial infarction, Caspi et al. demon-
strated that while undifferentiated embryonic stem cells form teratomas,
grafted ex vivo pre-differentiated ESCs-derived cardiomyocytes survived,
proliferated, matured, aligned, and formed gap junctions with host car-
diac tissue, attenuating the remodeling process and providing functional
benefit [27]. Numerous preclinical studies of pluripotent stem cell-derived
cardiomyocyte transplantation have shown improved cardiac functions in
laboratory animals with modeled myocardial pathologies, paving the way
for clinical trials of these cell types [128].

In the ESCORT trial (NCT02057900), Menasché et al. assessed the
safety of ESC-derived Isl-1* SSEA-1+ cardiac progenitors embedded into
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a fibrin scaffold in patients with severe ischemic left ventricular dysfunc-
tion. Although the main limitation of this study is the small sample size of
only 6 patients, two of whom died, this trial demonstrates the technical
feasibility of producing highly purified clinical-grade human ESC-derived
cardiovascular progenitors and supports their short- and medium-term
safety in patients with symptomatically improvement due to increased
systolic motion of the cell-treated segments [116].

In studies by Yamanaka et al., using viral vectors to introduce
transcription factor genes (Oct3/4, Sox2, cMyc, Kif4, Nanog, Lin28)
responsible for pluripotency into differentiated cells, a technology was
developed to obtain induced pluripotent stem cells — iPS, which, by all
characteristics, resemble embryonic stem cells and can be differentiated
into cardiomyocytes [193]. In a pig model of myocardial infarction, it
was shown that human pluripotent stem cell-derived committed cardiac
progenitors remuscularize damaged ischemic hearts and improve their
function [196]. Intramyocardial transplantation of iPS cell-derived cardiac
spheroids in gelatin hydrogel improves cardiac function by direct engraft-
ment and angiogenesis in small and large animal models [83]. These cells
are particularly promising for use in tissue engineering technologies to
create cell sheets or patches for regenerative purposes [55, 171].

One of the first official clinical trials involving the application of
implant sheets 0.1 mm thick and 4 cm long consisting of 100 million
iPSC-derived cardiomyocytes in patients with ischemic cardiomyopathy
was initiated in 2020 at Osaka University Graduate School of Medicine,
Japan (jRCT2053190081). Positron emission tomography and computed
tomography confirmed the potential efficacy and did not detect tumo-
rigenesis in either the heart or other organs under concurrent treatment
with immunosuppressive agents. The changes in wall motion at the trans-
planted site were recovered, and clinical symptoms improved at 6 and 12
months after surgery, with no major adverse events reported, suggesting
good tolerance of the patches [85, 121].

In Germany, a study is planned for patients with end-stage heart
failure involving the implantation of engineered heart patches con-
structed from iPSC-derived cardiomyocytes in collagen [117]. In the
HEAL-CHF study (NCT03763136) at Nanjing Hospital, China, 100-200
million allogeneic Human Pluripotent Stem Cell-derived Cardiomyocytes
in 2.5-5 mL medium suspension were injected into the myocardium
during coronary artery bypass grafting surgery [107]. In another study,
IDCVTCHF (NCT03759405) at Beijing University of Chinese Medicine, the
effectiveness of autologous cardiomyocytes derived from iPS cells will
be evaluated through intravenous administration to patients with chronic
heart failure [117].

Overall, the transplantation of iPS cell-derived cardiomyocytes
represents an alternative to the use of embryonic stem cells, eliminating
significant ethical, legal, and even religious constraints associated with
experiments involving human embryos.

Cell delivery methods for myocardial regeneration

Stem cell transplantation faces challenges due to limitations such as
low cell viability, inadequate homing to damaged sites, poor survival and
retention in the disease environment, and insufficient paracrine effects of
stem cells. Therefore, alongside choosing the cell source, the safety and
effectiveness of cell therapy for both individual patients and the techno-
logy as a whole largely depend on selecting the optimal delivery method
into the body and the damaged area. The route of administration depends
on the diagnosis, disease progression characteristics, severity of the
patient's condition, available instrumental and technical means, and the
expertise of the personnel. Cell products can be administered to patients
through various routes: subcutaneously, systemically intravenously,
locally intra-arterial, directly into tissue or an organ, and the use of scaf-
folds engrafted with cells [86, 157, 188].

Local cell delivery is considered more effective when cells are de-
livered directly to the site of pathological changes, reducing migration
time, increasing the effective therapeutic dose, and reducing graft loss.
The efficacy of subcutaneous and intradermal injection delivery has
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been demonstrated for dermal fibroblasts and bone marrow or adipose
tissue-derived MMSCs in facial and hand plastic surgery, keloid scar cor-
rection, wrinkle correction, etc. [126]. Another option for local delivery is
transdermal injection of cell suspensions directly into the affected tissue.
This method involves injecting cells around trophic ulcers and into leg
muscles for treating ischemic complications of diabetes and occlusive
vascular diseases; into soft tissues for treating lipodystrophy and body
contouring; around fistulas for treating Crohn's disease complications;
into the urinary bladder sphincter for stress urinary incontinence; into
cavernous bodies for erectile dysfunction; and intra-articular for treating
osteoarthritis [35]. The main limitation of this method is the anatomical
accessibility of the affected area for direct transdermal injections without
the risk of damaging other organs, major vessels, or nerves.

To achieve a local effect, cells can also be delivered through intra-
arterial injection into the vascular pool supplying the necessary area. This
method is used to deliver cells into the coronary arteries of affected seg-
ments in ischemic heart disease, into regional brain vessels in strokes,
and in critical limb ischemia in diabetic patients, among others [19, 47].
The main risk in this approach is perforation of large arteries leading to
bleeding, as well as embolization of small vessels with cell aggregates,
which can result in myocardial infarction, stroke, or tissue necrosis.

When access to affected tissues and organs is limited for transdermal
injections, local cell delivery can be performed during surgery as a pri-
mary or adjunctive step in comprehensive treatment. The main advantage
of this method is the clear visualization of the injection site, allowing for
the identification of boundaries of pathologically altered tissues suitable
for cell delivery. It helps identify individual anatomical features that may
affect treatment outcomes, control the area and depth of cell injection for
maximum effectiveness with minimal risks of perforating hollow organs,
damaging major vessels or nerves, and use scaffolds for shaping or sup-
porting functions [12].

Choosing the optimal method of cell delivery to the injured myocar-
dium and the necessary frequency of their administration are key factors
in the success of cell therapy. Experimental and clinical studies in stem
cell therapy for heart diseases employ systemic intravenous, local intra-
coronary, transendocardial, and transepicardial cell delivery [151].

Intravenous cell delivery, which is the simplest and least traumatic,
aims to maximize the distribution of transplanted cells throughout the
body via the bloodstream and is therefore used in practically all types
of pathologies where positive systemic effects are expected from cell
therapy, such as hematological disorders, diabetes mellitus, cardiovas-
cular diseases, autoimmune pathology, and others. It is known that stem
cells can perceive signaling molecules from tissues, migrating specifically
to the site of damage (homing) [104]. However, although the ability of
intravenously transplanted cells to migrate to the damaged zone and
locally differentiate into specialized phenotypes has been demonstrated,
the expected colonization of pathological foci by the administered cells
in quantities sufficient for a therapeutic effect requires an increase in
their transplantation dose or frequency of application, as most of them
predominantly reside in the lungs [7, 181, 198].

Compared to previous studies in mice [66, 67], high-precision
polymerase chain reaction analysis demonstrated comparable or even
better effectiveness of delivering an increased number of myocardial
progenitors directly into the left ventricle under 2D ultrasound guidance
to prevent their entry into the post-infarction scar or coronary artery. It is
worth noting that with this delivery method, only approximately 1 % of
the cells remained in the heart after 24 hours. In contrast, intramyocardial
delivery resulted in 10 % of cells remaining in the heart after 24 hours,
and intracoronary delivery resulted in approximately 5 % of cells remain-
ing after the same period. These findings pave the way for clinical applica-
tion of a new, technically straightforward, and relatively safe method of
delivering an increased number of stem cells into the heart directly into
the left ventricle [56].

Intracoronary cell delivery to the myocardium is relatively safe and
convenient, although prolonged retention of the graft in the damaged



zone remains problematic. Moreover, such an approach requires highly
qualified personnel and specialized equipment for visualizing vessels and
their catheterization. Additionally, in certain types of pathology, the da-
maged area may be sufficiently isolated to prevent transplanted cells from
penetrating it. For example, in chronic ischemic heart disease, blood sup-
ply is significantly impaired due to vessel atherosclerosis and myocardial
fibrosis. In ischemic strokes, cell migration from vessels is limited due
to the presence of the blood-brain barrier and the so-called "penumbra"
around the focal neural tissue injury.

It can be assumed that certain positive clinical effects of cell therapy
in such cases were primarily associated with nonspecific systemic effects
on the body due to the production of numerous cytokines and growth
factors by the transplanted cells, which stimulated local regeneration
processes indirectly through the activation of endogenous resident pro-
genitors in the recipient's tissues, rather than through the differentiation
of the graft [88].

On models of myocardial infarction in animals, it has been shown
that long-term persistence of a large number of transplanted cells in the
damaged zone is associated with long-term benefits of their influence
on heart function. Numerous preclinical studies have demonstrated that
intramyocardial cell delivery promotes better cell engraftment in the heart
compared to intracoronary delivery and has a more positive impact on
their regenerative potential [98, 113, 139]. Intramyocardial transplanta-
tion in experiments on large animals and in humans can be accomplished
using specialized microinjection catheters inserted into the left ventricular
cavity through access in the femoral or brachial artery [80]. However,
such transendocardial delivery requires careful instrumental mapping of
myocardial contractility to clearly define the post-infarction scar zone and
accurately position the injection needle using radiographic visualization
methods.

Limitations of transendocardial delivery include access only to the left
ventricle, the risk of cardiac wall perforation and arrhythmias, cell loss
in a relatively long catheter, significant duration of myocardial mapping
and catheter positioning for injection, the need for fluoroscopy for 2D
catheters, and overall, the relatively high cost of the necessary equipment.
Another option is transcoronary-venous intramyocardial delivery with ac-
cess through the femoral vein using intravascular ultrasound guidance,
which has less stringent requirements and risks for repeated injections
[154, 170]. However, it also carries risks of coronary vein damage and
cardiac perforation, limitations related to access to specific heart sec-
tions, variability in venous sinus anatomy, the number of injections during
the procedure, and residual cell volume in the catheter.

In the case of open-heart surgeries, transepicardial cell injections
under clear visual control of the required myocardial zone and volume
dosing are optimal. The advantages of this approach include wide access
to the anterior sections of the heart, visual selection of the injection zone,
visual control of injection, and speed of manipulation. However, disad-
vantages include the need for repeat surgeries and marking of previous
injection sites during repeat procedures, as well as limited access to the
septum and posterior parts of the heart.

It's understood that in the case of using tissue-engineered cardio-
myocyte patches, their implantation directly into the damaged zone into
the ventricle epicardium via a minimally invasive surgery is necessary.
Overall, local cell delivery has several advantages, but there are also some
technical limitations associated with the sizes of experimental animals at
the preclinical stage, the need for specialized minimally invasive tools, and
the risk of complications. There are substantial grounds to believe that
the development of methods for local delivery with better engraftment of
the transplant can enhance the effectiveness of cell therapy, especially in
chronic ischemic tissue injuries when homing signals for recruiting stem
cells from the bloodstream are reduced.

Frequency of cell transplantation
Based on experimental data, cells transplanted systemically are
found in the myocardium and other tissues only in the early stages after
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injection. To achieve a stable, long-lasting clinical effect, repeated cell
transplantations are considered promising [93, 172]. For example, in
a myocardial infarction model in rats, even just two administrations of
MMSCs compared to a single administration provide better outcomes in
terms of ejection fraction growth, associated with increased myocardial
mass, arteriolar density, and reduced fibrosis [146]. It is important to note
that repeated administrations of allogeneic cardiospheres do not cause
local inflammation in the myocardium or systemic rejection reactions
[145].

Similarly, experiments on rats with modeled ischemic cardiomyopathy
showed the advantage of three-time administration of c-kit* progenitors
with a 35-day interval compared to a single administration. It was found
that each injection led to regional and overall improvement in left ven-
tricular function. The effect was cumulative, meaning left ventricular func-
tion improved threefold compared to a single dose. Triple administration
was associated with better myocardial tissue survival, reduced scar size,
lower collagen content in the risk zone and non-infarcted zone, and higher
myocardial density in the risk zone. Less than 1 % of cells remained in the
myocardium and differentiated into myocytes. The authors believe that
the action of the injected stem cells is more related to a paracrine effect
than to their engraftment and differentiation [172].

In the study by Guo Y. et al. on mice with ischemic cardiomyopathy
and triple injections of cardiac-derived mesechnymal progenitors, it was
shown that the left ventricular ejection fraction improved after each injec-
tion compared to transplantation only once. Multiple injections also led
to a reduction in collagen content in the non-infarcted zone. However,
engraftment of the injected cells was low in both groups of animals, which
may confirm their paracrine effect [56].

It has been demonstrated that improvement in cardiac function with
multiple cell injections is characteristic not only for rats with modeled
cardiomyopathy but also for other rodents and different cell types [66].
Other authors also consider repeated administration of cell products to be
beneficial for achieving a clinical effect, although permanent engraftment
of donor cells is not mandatory [17, 110].

It is also important to note that in immunodeficient rats with mo-
deled myocardial infarction, repeated administration of syngeneic and
allogeneic cells derived from cardiospheres, compared to placebo and
xenogeneic (human) cells did not lead to immune rejection and resulted
in a significant and sustained increase in LVEF and a reduction in the size
of the post-infarction scar [17].

The above research results support and justify the paradigms of the
feasibility and effectiveness of repeated cell injections in treating diseases
of many organs, including the heart. In humans, the need for additional
thoracotomy for repeated intramyocardial cell injections can be avoided
by using echocardiographic visualization of the injection procedure and
intracavitary delivery of an increased number of cells [56, 136].

Combined transplantation of cells

Combined application of various types of stem and progenitor cells
may contribute to mutual potentiation of their effects, as confirmed by
both in vitro and in vivo studies. Co-culturing human UC-MMSCs with
rat embryonic cardiomyocytes led to an increase in the expression levels
of the cardiomyocyte transcription factors GATA4, Mef2c, and Cx43 in
UC-MMSCs and even the appearance of contractile cardiomyocytes of
human origin [162, 195].

In a rat model of ischemic cardiomyopathy, Suss et al. evaluated the
efficacy of human umbilical cord-derived stromal cells, umbilical cord
blood-derived endothelial cells, or a combination of these cells. The
animals in all cell therapy groups, regardless of the cell type transplanted,
showed less collagen deposition in their heart tissue and demonstrated
a significant improvement in myocardial function by LVEF as well as
an increase in the number of blood vessels in the infarcted area, with
a greater tendency for the combined cell therapy [160]. After combined
transplantation of endothelial progenitor cells and mesenchymal stem
cells into a rat model of isoproterenol-induced myocardial injury, the
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group of rats that received both types of cells showed an increased level
of angiogenic growth factor expression, less collagen deposition, fewer
apoptotic cells, and improved regional myocardial blood flow compared
to the other groups. These effects resulted in a greater enhancement of
cardiac function [202].

Compared to the use of bone marrow-derived MMSCs alone, cell
transplantation combined with endothelial progenitor cells after myocar-
dial infarction resulted in better neovascularization and contractility. This
suggests that angiogenesis is an important mechanism in attenuating
the progression of left ventricular dysfunction after myocardial infarction
[161].

Combined application of CSCs and BM-MMSCs also significantly
reduces post-infarction scar size and improves cardiac contractile func-
tion in various laboratory animals, explaining the ability of bone marrow
cells to stimulate proliferation and differentiation of cardiac stem cells and
influence their niches in the heart [60, 125, 184]. In experiments on mice,
the effectiveness of hybrid progenitors-chimeras, created by merging
cardiac and bone marrow stem cells, was demonstrated for myocardial
restoration [144]. Moreover, co-transplantation of embryonic stem cells
and MMSCs provided better functional preservation in a rat myocardial
infarction model compared with single-cell treatment alone. However,
there was only modest evidence for an immunosuppressive effect of
co-injected MMSCs, and their beneficial effects on patterns of rejection,
fibrosis, and angiogenesis seemed to be rather mediated by trophic ef-
fects on the host tissue [142].

The CONCERT-HF (NCT02501811) and TAC-HFT Il (NCT00768066)
trials at the University of Texas and Miami clinics, USA have demon-
strated greater effectiveness of combined application of CSCs (1-5
million) together with bone marrow-derived MMSCs in a high dose of
150-200 million compared to each type of cell separately [14, 15, 62]. In
a randomized, double-blind, placebo-controlled phase 2B trial, iXCELL-
DCM (NCT01670981) intramyocardial delivery of a combined cellular
product consisting of CD90* mesenchymal stem cells and CD45*CD14+
macrophages (Ixmyelocel-T), might improve clinical, functional, symp-
tomatic, and quality-of-life outcomes as well as the safety and efficacy
of catheter-based transendocardial injection in patients with heart failure
and reduced ejection fractions due to ischemic dilated cardiomyopathy
[137].

CONCLUSION

In summary, on models of heart injury in large and small laboratory
animals, using morphological, instrumental, and functional methods, a
high regenerative potential of somatic stem cells of different types
has been demonstrated, allowing successful translation of results into
the clinic. Previous results of clinical studies somewhat tempered high
expectations, but they focused researchers' and clinicians' attention on a
more responsible approach to designing such studies, taking into account
the biology of stem cells.

To avoid potential systematic errors associated with the small number
of participants in each study, it is necessary to conduct a meta-analysis of
numerous published data. For example, a meta-analysis of 80 preclinical
studies on the efficacy of CSCs in a myocardial infarction model (1176
animals) showed a general increase in the left ventricular ejection fraction
by 10.7 % (about 5 % for large animals) [206]. It is noted that CSCs show
better efficacy compared to bone marrow cells [132].

A meta-analysis of 50 clinical studies involving 2625 patients
revealed that bone marrow mononuclear cell transplantation, compared
to standard treatment, improves left ventricular function, reduces infarct
size, and remodels the hearts of patients with ischemic heart disease
[77]. Another meta-analysis of 30 randomized trials (2037 patients) also
confirmed an increase in left ventricular ejection fraction, a decrease in
end-systolic volume, and infarct size compared to the control group.
However, some authors note that these functional changes were not
confirmed by magnetic resonance imaging data [40]. The latest results
from a meta-analysis of 41 studies (2732 participants) indicate a lack of
substantial evidence for a positive effect of bone marrow cell application
in patients with acute myocardial infarction. This could be explained by
the severe initial condition of the recipients and the limited time for the
cells to realize their regenerative potential in conditions of local inflamma-
tion and acute ischemia [47]. In contrast, an analysis of 23 other studies
(1255 patients) found evidence of a potentially favorable clinical effect of
bone marrow cell transplantation on myocardial function and long-term
survival prognosis in patients specifically with chronic ischemic heart
disease [46].

Therefore, the expected effectiveness of cell therapy directly depends
on the design of the clinical trial, which requires careful formation of sub-
groups, clear definition of timelines, and adequate methods of functional
assessment.

immunomodulatory, and anti-apoptotic effects.

Given the pathogenetic mechanisms of cardiovascular pathology development and myocardial regeneration, tissue-specific progenitors from
the myocardium are of particular interest for replacing lost cardiomyocytes, endothelial progenitors for correcting associated endothelial
dysfunction, and multipotent mesenchymal stromal/stem cells of various origins possessing low immunogenicity, trophic, anti-inflammatory,

Priority directions include the search for more accessible and safe sources of stem cells, the development of new efficient cultivation methods,
and the use of scaffolds for cell transplantation. Questions remain open regarding the optimal route, dose, and frequency of stem cell admi-
nistration, as well as the standardization of quality and effectiveness criteria. Moreover, the combined use of different types of stem cells may
serve as a new priority strategy for assessing the effectiveness and safety of cell therapy, especially considering the paradigm of repeated
transplantation. Successful translation of preclinical results into large, well-planned placebo-controlled clinical trials will enhance the safety
and effectiveness of cell therapy for cardiovascular diseases, which is one of the current challenges in modern regenerative medicine.
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Tepanisa croBOypoBuMU KTiTMHAMU IS
peresepanii cepua: OCHOBHI aClIeKTH

Kupuk B. M.

"Tncmumym eenemuunoi ma pezenepamueroi meouyunu 1Y "Hayionanvnuil nayxosuti yeump "Incmumym kapoionoeit,
K7iHiuHOl ma pezenepamuenoi meduyunu imeni akademixa M. JI. Cmpaxcecka Hayionanvroi axademii meduunux nayx Yipainu',
Kuis, Ykpaina

2ITY "Tncmumym zeponmonoeii imeni JI. @. Yebomapvosa Hayionanvroi axademii meduunux nayx Yxpainu", Kuis, Ykpaina

CepLeBo-CyanHHI 3aXBOPIOBAHHS € OGHIEI0 3 MPOBIGHNX NPUYNH iHBANIAN3ALIT Ta CMEPTHOCTI cepes npaLe3[aTHoOro HaceaeHHs, a ToMy noTpe-
OYI0Tb PO3POOKM Ta BIPOBALKEHHS HOBUX OiNlbLL €GheKTUBHIX METOAIB JIIKyBaHHA Ta peabinitayii Takux nayieHTiB, 30kpema i3 3acTocyBaHHAM
Cy4acHUX KIITUHHNX Ta TKAHUHHNX TEXHOJTOTIN.

B ornagi nposeseHo aHanis 1a ysaranbHeHHs Pe3y/bTaTtiB JOC/IXeHb 3a 0CTaHHI JeCATUPIYYS LOA0 OLiHKN eqheKTUBHOCTI 3aCTOCYBaHHS
PI3HUX TUMIB CTOBBYPOBUX KIIITUH NPy NaTOOrii cCepus.

[piopuTeTHUMU HanpAMamm € MoLLyK GiflbLL JOCTYMHUX Ta 0€3MeYHNX JXKepesi CTOBOYPOBUX KIliTUH, PO3POOKA HOBUX €(HEKTUBHUX BaPIaHTIB
IX KyJIbTUBYBAHHS, BUKOPUCTAHHS MATPUKCIB-HOCIB 4715 TPAHCMIAHTAaLii. BpaxoByro4mn naToreHeTnyHi MexaHismy PO3BUTKY CEPLEBO-CYANHHOI
naronorii 1a pereHepauii miokapaa, Ha 0co0/mBUIA IHTEPEC LYOAO NEPCEeKTUB KITIHIYHOr0 3acTOCyBAaHHS 3acC/yroByOTh TKAHUHOCHELUUDIYHI
MPOreHiTopM 3 MioKapaa 3 METOK 3aMillieHHS BTPAYeHUX KapAioMiounTiB, eHAOTEeNIanbHi MPOreHiTopy Anis KOPeKLii cynyTHbOI eHOTesianbHOI
ANCCOYHKUIT Ta MyJIbTUNOTEHTHI ME3EHXIMalbHI KIIITUHWN PI3SHOTO MOXOMXEHHSA, SKI MarTh HU3bKY IMYHOTEHHICTb Ta peanisytoTb TPOQIdHi,
1pOTU3aNasnbHi, iMyHOMOAY/OK0Y Ta AHTUAMONTOTUYHI €DEKTU. BIAKPUTUMYU 3aNNLLAKOTLCS | MUTAHHSA OO BUOOPY ONTUMAITbHOIO Cr0CO6Y,
1031 Ta KpPaTHOCTI BBEAEHHA CTOBOYDOBUX KIITUH, a TAKOX CTaHAapTn3auii kputepiis ix skocti 1a echexTuHoCTI. [1pn 1jbOMy KOMOIHOBAHE
3aCTOCYBAHHA PISHNX TUIMIB CTOBOYPOBUX KJIITUH MOXE BUCTYNAaTU HOBOK MPIOPUTETHOK CTPATErIE NPy OUIHLI eqoeKTUBHOCTI Ta 6e3nekn
KIITUHHOI Tepanii, 0C06/IMBO 3 0rTISAY Ha napagnrmy 6araropa3oBoro fMpoBeAEHHS TpaHcnnaHTayii.

Venilwna TpaHenais OTPUMAHNX JOKNIHIYHUX PE3YNIbTATIB Y MOAANbLINX MACLUTAOHNX, HANEXHUM YUHOM CrIaHOBAHNX M1aLe60-KOHTPObO-
BaHNX KIIHIYHUX JOCTIKEHHSX MigBNLYNTE Oe3MeKy Ta eqheKTUBHICTb KIITUHHOI Teparnii 3aXBOptoBaHb CePLEBO-CYANHHOI CUCTEMMU, LYO € 0F-
HUM 3 aKTyasibHUX 3aBJaHb Cy4acHOi PereHepaTnBHoOi MeANLNHY.

KJIOYO0BI CJI0BA: cepueBo-cyanHHI 3aXBOPIOBAHHS, PEreHepalisi cepuys, cToBOYPOBI KIITUHN, KIITUHHA Tepanisi; AOKMIHIYHI BOCTIIXEHHS,
KITiHIYHI BUMPO6YBaHHA
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