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Abstract

Purpose of Review Cardiac regenerative medicine is a field bridging together biotechnology and surgical science. In this review, we
present the explored surgical roads to cell delivery and the known effects of each delivery method on cell therapy efficiency. We also
list the more recent clinical trials, exploring the safety and efficacy of delivery routes used for cardiac cell therapy approaches.
Recent Findings There is no consensus in defining which way is the most suitable for the delivery of the different therapeutic cell
types to the damaged heart tissue. In addition, it emerged that the “delivery issue” has not been systematically addressed in each
clinical trial and for each and every cell type capable of cardiac repair.

Summary Cardiac damage occurring after an ischemic insult triggers a cascade of cellular events, eventually leading to heart
failure through fibrosis and maladaptive remodelling. None of the pharmacological or medical interventions approved so far can
rescue or reverse this phenomenon, and cardiovascular diseases are still the leading cause of death in the western world.
Therefore, for nearly 20 years, regenerative medicine approaches have focused on cell therapy as a promising road to pursue,
with numerous preclinical and clinical testing of cell-based therapies being studied and developed. Nonetheless, consistent
clinical results are still missing to reach consensus on the most effective strategy for ischemic cardiomyopathy, based on patient
selection, diagnosis and stage of the disease, therapeutic cell type, and delivery route.
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Introduction

Congestive heart failure (CHF) is one of the most common
diseases in western countries, mostly due to ischemic cardio-
myopathy. Its incidence and prevalence are continuously ris-
ing along with the aging population and parallel improve-
ments in primary prevention and medical management. Due
to progress in interventional and medical treatments, nowa-
days able to reduce overall acute mortality, an increased num-
ber of ischemic patients chronically develop substantial myo-
cardial scarring, with unfavorable left ventricular remodelling
and consequent CHF.

The cardiac damage occurring after an ischemic insult,
namely myocardial infarction (MI), triggers a cascade of cel-
lular events, eventually leading to fibrosis and maladaptive
remodelling [1, 2]. None of the medical or pharmacological
interventions approved so far can rescue or reverse these phe-
nomena, and cardiovascular diseases are indeed the leading
cause of death in the western world [3]. According to the most
recent epidemiologic data reported by the American Heart
Association, nearly 5 million Americans are currently diag-
nosed with CHF with a constant increment of its prevalence,
especially among patients over 65 years old. In fact, data pro-
jection weight up that the prevalence of heart failure (HF) will
increase by 46% from 2012 to 2030, thus reaching more than
8 million adult people affected [4]. Notably, CHF is consid-
ered as malignant as most cancer types, and costs of medical
care are continuously rising, with most patients undergoing
repeated hospitalization. Although pharmacological advance-
ments have led to better treatments, 50% of the patients with
an acute MI die within 1 month, and 50% of the patients in the
most advanced stage of HF die within 1 year. Orthotopic car-
diac transplantation and, more recently, ventricular assist de-
vices (VADs) are considered the gold standard treatments for
CHEF, but shortage of donors in the first case and invasiveness,
limited durability, and high costs in the second case still con-
stitute a major limit to their application. Therefore, in parallel
with improved prevention and medical treatments, in the last
two decades, new approaches have been proposed specifically
for the management of the post-ischemic patients’
subpopulation.

Cardiac regenerative medicine is a promising transla-
tional research field, which has been moving rapidly to-
wards clinical testing since the early 2000s. Cardiac cell
therapy (CCT) [5¢] is based on isolation, expansion, and
delivery to the heart of different populations of
stem/progenitor cells and seems to be a valid tool to pro-
mote heart regeneration and counteract fibrosis. Several
endogenous or extra-cardiac progenitor cell populations
have been identified, with the ability to exert different
therapeutic effects once transplanted into the failing heart
[6], with at least two major benefits: preservation and/or
reduction of the compromised cardiac function, and
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shrinkage of the scar with restoration, at least in part, of
healthy heart muscle.

Since the seminal observations regarding the regenerative
capacity of transplanted autologous skeletal myoblasts [7]
(which can give only limited therapeutic advantages due to
their propensity to generate electrical inhomogeneity with ab-
errant conduction within the heart muscle [4]), research has
explored different cellular populations. These have been se-
lected (at least in principle) as therapeutic agents against car-
diac adverse remodelling, acting via specific beneficial mech-
anisms for cardiac tissue biology and function (reviewed in
Pagano et al. [8, 9¢¢]). Many different types of adult
stem/progenitor cells, distinguished by their origin and differ-
entiation capacity, have been studied, such as multipotent
bone marrow—derived stem cells (BM-SCs), including hema-
topoietic stem cells (HSCs) and mesenchymal cells; endothe-
lial progenitor cells (EPCs); mesenchymal stem cells (MSCs)
from both bone marrow and adipose tissue; skeletal myo-
blasts; and, more recently, resident cardiac progenitor cells
(CPCs). The mammalian heart has been considered for a long
time as a terminally differentiated organ incapable of
regenerating after injury. In recent years, instead, many evi-
dences have demonstrated that cardiomyocytes during aging
and after injury still possess some cell cycle re-entry capacity
[2] and that a resident primitive stromal population exists in
the heart, capable of cell renewal capacity, albeit limited [10].
Human CPCs can be isolated by means of different criteria,
such as spheroid selection or immunophenotypic sorting, with
all methods yielding cell populations with very strong
transcriptomic similarity [11].

Among all adult progenitor cell types, only three are cur-
rently being tested as future cell-based commercial therapies.
Two of them are in phase III testing for HF with reduced
ejection fraction, which are (i) autologous bone marrow
mononuclear cells (BM-MNCs) (CardiAMP trial,
NCT02438306), (ii) allogeneic mesenchymal precursor cells
(DREAM HF-1 trial, NCT02032004), and (iii) cardiosphere-
derived CPCs, which are being tested for various types of HF,
including Duchenne muscular dystrophy—associated HF
(CADUCEUS trial NCT00893360 now closed and HOPE-2
trial NCT03406780 still recruiting).

In the last decades, the results obtained in several clinical
trials have demonstrated the therapeutic (indirect) potential of
non-cardiac stem cell sources [12, 13, 14¢]. However, many
evidences underlined that resident CPCs represent an optimal
candidate for CCT [15, 16], and cardiosphere-derived cells are
the unique cell population yet used in clinical trials which can
be qualified as CPCs, being of intrinsic cardiac origin. In fact,
starting from explant cultures of percutaneous
endomyocardial biopsy specimens, cardiac stromal primitive
cells, i.e., CPCs, can be isolated through their capacity to
spontaneously form niche-like 3D spherical clusters, called
cardiospheres (CSs) [17-19]. CSs can be expanded in
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monolayer as CS-derived cells, defined by clonal growth ca-
pacity, intrinsic cardiovascular commitment, and strong bene-
ficial paracrine potency [20-24].

The Road to a Broken Heart: Cell Therapy
Delivery Options

Considering the complex anatomy, mechanics, and physiolo-
gy of left ventricular function, well described by Torrent-
Guasp [25, 26], some of the major concerns of CCT are related
not only to the choice of the therapeutic cell type, but also to
the delivery strategy, which may affect their survival, engraft-
ment, paracrine potential, and functional linkage with host
tissue. A recent editorial in the journal Nature Biotechnology
[27] highlighted the importance of rigorous description of
cell-mediated heart repair mechanisms before clinical transla-
tion. Given the negative results obtained by the largest US
clinical trial on bone marrow—derived CD34+ cells
(PreSERVE-AMI), the same attention should be given to the
different delivery methods, as the right choice could give
unique therapeutic advantages to selected cell types. The re-
sults of completed trials revealed that stem/progenitor cells
often fail to engraft and survive long-term after transplantation
[28]; therefore, defining the best delivery method for preserv-
ing their viability and therapeutic capacity becomes crucial.
Many efforts have been made within the scientific community,
aiming at potentiating the cellular products and describing the
response to the milieu the cells would experience once
transplanted. Yet, not as many addressed specifically what
are the most suitable surgical delivery methods to be used
for efficient transplantation of the specific cellular product.
In addition, the identification of different approaches for the
treatment of patients, according to the stage of the disease, is
of paramount importance in the post-ischemic population.
This perspective mirrors the contemporary concept of “per-
sonalized medicine.” As a general thought, in fact, acute phase
treatment strategies, associated to percutaneous/intracoronary
delivery, presume the use of autologous cell sources that do
not require prolonged ex vivo manipulation; alternatively, pre-
viously cultured allogeneic cell products from biobanking
could be used upon necessity. On the other hand, treatment
of patients in the chronic stage might take advantage of
allowing longer pre-implant cell isolation, differentiation,
and expansion techniques, as well as several routes of cardiac
delivery. Moreover, since acute and sub-acute infarcted myo-
cardium might be at higher risk of perforation,
intramyocardial cell injections are probably more suitable for
patients with chronic ischemic cardiomyopathy.

From the numerous preclinical and clinical studies pub-
lished in the last 20 years, it is obvious that CCT strategies
are still under close investigation and that no clear-cut evi-
dence is yet available to clinicians for a licensed and

standardized therapy, in terms of both cell source choice and
best surgical delivery techniques. In fact, different delivery
techniques have been described and approached with the
aim to identify a reliable and safe protocol for regenerative
cardiac therapy.

The main delivery routes can be classified as either trans-
vascular or intramyocardial, and all different techniques used
in large animals or human trials have shown pros and cons
related to possible complications, cell survival, differentiation,
homing, and engraftment (Fig. 1).

Trans-vascular Routes

The trans-vascular delivery of cells can be achieved through
systemic venous injection, direct injection in the coronary
artery, or through coronary sinus venous injection.

Systemic delivery has shown significant limitations related
to the possible entrapment of cells in the lungs, spleen, and
other organs, as well as in the peripheral microvasculature.
Furthermore, even with successful delivery, less than 10% of
the cells survive stress, inflammation, and hypoxia, thus even
more rarely trans-differentiate into cardiac cell types [29, 30].
For these reasons, this technique has been questioned and
discarded, despite promising preliminary in vivo experience.

Direct coronary injection, instead, has been described
and used with the possible advantage of trans-catheter
delivery in the culprit coronary, but it has shown several
limitations and possible complications, as well as margin-
al results in terms of myocardial repair and functional
improvement. This delivery route has been specifically
employed to avoid invasive surgical approaches and to
minimize shedding to non-target organs. Intracoronary de-
livery of cells into a recanalized infarct-related artery is
safe and convenient and has the inherent advantage that
cells are infused into myocardial regions with preserved
oxygen and nutrient supply, thus ensuring in theory a
favorable environment for cell survival. Cell delivery
has been achieved using a dedicated catheter and the
stop-flow technique by inflating an angioplasty balloon
in the proximal segment of the coronary artery, in order
to facilitate trans-endothelial migration into the targeted
myocardium and to limit the possible washout effect.
However, retention of cells is suboptimal (most cells are
washed out before they can migrate into the surrounding
tissue), and non-perfused regions of the myocardium re-
main inaccessible. Indeed, it has been described that cell
transmigration, chemotaxis, and adhesion can be promot-
ed by the intrinsic signalling of the ischemic myocardium
[31-33], as evidenced by the local concentration of
stromal-derived factor 1 (SDF-1) and C-X-chemokine re-
ceptor 4 (CXCR4), confirming the advantage of this ap-
proach in the post-ischemic subset population [33-36].
One of the major limitations of this technique is related
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Fig. 1 Schematic representation
of'the surgical delivery techniques
used for cell therapy protocols,
discussed in the review. The main
delivery options are depicted as
small syringes attached to a
catheter, pointing at the specific
access sites used for each cell
delivery method to reach the
damaged heart. A generic bio-
construct is also depicted. The
insert shows the intravascular side
of the catheter

Intravenous

to the possibility of coronary thromboembolic complica-
tions, and therefore, the cell type choice must be limited
to small cells, such as BM-MNCs, since clusters possibly
formed by cultured or adhesive cells can be responsible
for acute coronary embolization and/or occlusion [37, 38].

Another described coronary trans-arterial delivery tech-
nique is the perivascular injection of cells with intravascular
ultrasound (IVUS) imaging guidance. This is performed using
a dedicated catheter with perpendicular microneedles able to
penetrate the arterial wall, thus allowing delivery into the tu-
nica adventitia and the perivascular space. This delivery meth-
od gives the advantage of selectively reaching the target zone
under direct visualization, but the successful engraftment to
this area depends indeed on the specific coronary vessel
anatomy.

The retrograde coronary sinus infusion, instead, can be
performed through peripheral vein access (usually through
the femoral vein), by positioning a catheter into the coro-
nary sinus followed by cell infusion with the use of a
balloon. This device prevents the possible flow of the
cells into the right atrium, therefore, avoiding possible
systemic loss. This technique has shown advantages in
terms of safety and cell retention [39-41]. The possible
intra-procedural rupture of the coronary sinus and the risk
of systemic embolization must be underlined among the
possible complications of this approach. Moreover,
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despite the reported high cell retention, this technique
can also be limited by the coronary vein anatomy that
often does not allow the delivery in the targeted region
of the myocardium.

Intramyocardial Routes

Intramyocardial approaches have been developed for their in-
trinsic advantage of direct delivery to the infarcted cardiac
tissue. This allows to overcome the limitations due to neces-
sary viable and pervious vascular access, as well as the re-
quirement for trans-endothelial migration that, according to
the reported data, cannot be effectively induced and con-
trolled. This approach can be achieved either through endo-
ventricular and trans-ventricular delivery or through trans-
epicardial application or injection of the cells.
Endo-ventricular and trans-ventricular intramyocardial in-
jections allow direct delivery of therapeutic cells, reducing the
limitations related to vascular access and/or trans-endothelial
cell migration. Intramyocardial delivery has usually been
achieved through percutaneous access with dedicated cathe-
ters and fluoroscopic guidance or electromechanical mapping
to facilitate delivery to the target myocardium. Clinical studies
have shown the feasibility and safety of this technique, with a
cell retention rate most likely superior to the vascular ap-
proach [37]. However, despite the use of dedicated catheters,
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reported cell loss and migration associated with these delivery
approaches are still significant, confirming the major limita-
tions of percutaneous delivery strategies.

Trans-epicardial delivery, instead, is usually performed
during open-heart surgery, with multiple injections direct-
ly into the infarct and the peri-infarct ischemic tissues.
The major limitation of this approach is related to the
inability to deliver therapeutic cells in all those regions
that are not directly accessible, such as septal myocardial
segments. Moreover, in addition to open questions related
to the cellular death rate, retention percentage, washout,
and extravascular migration, other major issues associated
with this approach are related to the bias of coronary
revascularization. In fact, concomitant surgical revascular-
ization does not consent to dissect functional improve-
ments directly related to cell therapy from the functional
improvements ensuing the revascularization.

The Bioengineering Option

Considering the important limitations described above with all
the main delivery techniques and the marginal clinical results
obtained, more recently, CCT has been focusing on cell deliv-
ery associated with bioengineered composite sheets, patches,
or gels, in order to improve cell survival, engraftment, and
functional linkage with the host myocardium [42]. Possible
advantages of this combined approach are related to the appli-
cation of therapeutic cells already seeded in a scaffold or re-
sorbable gels that might favor structural and functional con-
nection with the endogenous ventricular myocardium
[42-44].

Scaffolds can be either pre-formed, with a specific mor-
phology set up during their production, or capable of state-
transition from liquid to solid (so-called hydrogels), based on
physical properties of the environment (e.g., pH, temperature)
or biochemical reactions (e.g., polymerization) [45].
Concerning pre-formed scaffolds, they must be seeded with
therapeutic cells and then transplanted as patches, therefore,
requiring open-heart interventions for epicardial application.
Moreover, it is necessary to fix the patch to the heart by su-
tures or biocompatible glues (e.g., fibrin glue), in order to
avoid movement or detachment of the bio-scaffold from the
selected area on the epicardial position, which might be in-
duced by the physiologic contractile activity of the cardiac
muscle [].

Concerning the delivery of hydrogels, dedicated catheters
are needed based on their composition and possibility of
acutely pre-mixing different solutions upon delivery [46,
47]. A main concern is also the need for appropriate guiding
and imaging systems to avoid dangerous intra-ventricular
leakage, possibly leading to embolization.

Delivery Options for Therapeutic Cells: What
Is the Best Combination?

Completed clinical trials on different sources of therapeu-
tic cells show that a variety of approaches have been test-
ed individually (Table 1), making it hard to directly com-
pare them and draw conclusions on which route is the
best, for which cell type, and why. We will focus on the
data available regarding the delivery options tested in
both experimental and preclinical settings, of either cardi-
ac or non-cardiac cell types, that are currently under clin-
ical evaluation [5, 48] and their effects on the cells used.

BM-MNCs

When isolated cells are used for cell therapy approaches,
the surgical delivery method has been proven to affect cell
viability and engraftment capacity. For example, a com-
parison study of local administration methods using la-
belled BM-MNCs revealed that intracoronary infusion al-
lows higher engraftment in the infarct region, compared
with intravenous injection. The study on cell
biodistribution was performed on three subjects using
2-["®F]-fluoro-2-deoxy-d-glucose (‘*F-FDG)-radiolabeled
cells, either infused into the infarct-related coronary artery
or injected intravenously. 3D PET imaging monitoring
after 50 to 75 min from cell infusion revealed that 1.3 to
2.6% of labelled BM-MNCs delivered by intracoronary
infusion homed at the damaged myocardium site, while
only background signal was detected with intravenous
transfer [49]. This observation was confirmed also in an-
other study, where the authors compared two different
delivery techniques for the infusion of BM-MNCs in pa-
tients with ST-elevation myocardial infarction (STEMI):
the anterograde intracoronary artery (ICA) delivery and
the retrograde intracoronary vein (ICV) approach. BM-
MNC retention into the damaged heart tissue was appar-
ently higher when the ICA delivery was used [50].
Overall, no exhaustive evidence of heart regeneration
has been reported in any of the clinical trials involving
BM-MNCs [5,13,50,51]. A recent study designed for the
evaluation of the cardiac repair induced by
intramyocardial injection of BM-MNCs showed no
change in both cardiac function and clinical parameters
in patients with CHF over a follow-up period of 12 months
[52]. At the moment, a prospective randomized clinical
trial is ongoing (CardiAMP trial NCT02438306)
assessing the effects of BM-MSC in ischemic systolic HF.

Despite the heterogeneous results obtained, BM-MSCs
usage has been proven to be safe for AMI treatment in all
of phase I-II trials completed so far. For this reason, the
phase III BAMI trial (FP7-HEALTH ID: 278967) was set
up in 2011, and the results will be available after
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Table 1 Summary of the delivery routes presented, the specific pros and cons addressed, and the therapeutic cell lines tested using each delivery
method
Delivery routes Pros Cons Cells tested
Trans-vascular Systemic venous injection ~ Safety Extra-cardiac entrapment of cells (lung, spleen, CPCs
peripheral microvasculature)
Promising preliminary Stress-dependent low cellular survival
experience in vivo
Rare trans-differentiation into cardiac cell types
Direct injection in the Safety Suboptimal cell retention BM-MNCs
coronary artery Non-invasiveness of the Inaccessibility of non-perfused heart regions BM-MSCs
procedure ADMSCs
Minimum shedding to Thromboembolic complications CPCs
non-target organs
Preservation of oxygen and Only small cells can be used.
nutrient supply
IVUS perivascular Selective to the target zone Successful delivery dependent on specific artery CPCs
Injection anatomy
Retrograde coronary sinus ~ Safety Systemic embolization BM-MNCs
infusion High cell retention Limited target region for coronary vein anatomy BM-MSCs
Systemic loss avoided with
balloon
Intramyocardial Endo-ventricular Safety Cell loss MSCs
Trans-ventricular High cell retention Surgical thromboembolic complications BM-MSCs

Direct delivery to the infarcted

cardiac tissue

Trans-epicardial Safety

High cell retention

Inaccessibility of heart regions (septal myocardial
segments)

Cell washout

Extravascular migration

completion of the ongoing follow-up phase in autumn
2019. The trial is designed for standardizing the proce-
dure and testing a definitive endpoint for AMI therapy
using BM-MSCs and includes a detailed timeframe for
bone marrow aspiration and cell processing and delivery,
which was performed by intracoronary infusion only [53].

Despite the target of 3000 patients being not reached (only
375 patients were recruited and randomized), BAMI remains
the largest phase III trial in this specific cardiology area. The
number of patients enrolled will not reach the power needed to
provide definitive endpoint results, but it will still provide
valuable evidence on the successful standardization of the
bone marrow procurement and of the cell manufacturing tech-
nique, both achieved so far in the study. In addition, it will
provide a good estimate of the efficacy of the standardized
delivery technique used once the follow-up results will be
available (a partial report of the trial is available at https://
cordis.europa.cu).

The use of hydrogels and matrix as scaffolds greatly in-
creases the therapeutic potential of BM-MSCs. The
MAGNUM clinical trial explored the feasibility and safety
of MI treatment using BM-MNCs seeded onto collagen scaf-
folds, grafted onto the infarcted ventricle. The study enrolled
20 patients: half of them were treated with cells only and the
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other half with collagen matrix seeded with autologous BM-
MSCs. The results showed a general improvement in the ef-
ficiency of cellular cardiomyoplasty. Moreover, the use of a
collagen scaffold increased viable tissue within the infarct
scar. This generated a lower degree of cardiac remodelling
with the improvement of diastolic function, supported by a
better response to cardiac wall stress in patients treated with
the cell-seeded collagen scaffolds [54].

MSCs

Mesenchymal stem cells (MSCs) represent a good candidate
for both autologous and allogeneic transplant as they are nat-
urally non-immunogenic and easily sourced from adipose tis-
sue or bone marrow, with a relatively low risk for the patient.
MSCs are one of the options for CCT because of their bene-
ficial paracrine and immunomodulatory properties [55].
Similar to other cell sources, MSCs show poor engraftment
efficiency when injected directly, and the benefits observed in
the clinical settings can be attributed to their high paracrine
activity and immunomodulatory function. Moreover, genetic
engineering approaches on these cells have been explored,
aiming at overexpressing pro-survival factors (reviewed in

[56)).
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Currently, there are over 25 registered clinical trials
assessing the effects of MSC delivery for cardiac regeneration
for acute MI and ischemic cardiomyopathy treatment (http://
www.clinicaltrials.gov, [57]). Overall, BM-MSCs have been
used in many clinical trials, and the route of delivery, rather
than intracoronary or intravenous, has been predominantly
intramyocardial. The intramyocardial delivery is the riskiest
and most invasive method, as previously discussed; despite
the hypothesis that it should grant higher engraftment rates,
experimental evidence in preclinical studies surprisingly
showed no advantages of this delivery route in comparison
with the other. For example, a randomized study showed no
significant difference in cell delivery efficiency to the myocar-
dium in a large animal model between intracoronary and
trans-endocardial delivery [58].

Conversely, a review article has summarized a few studies
comparing intracoronary and endo-ventricular approaches and
showed that there is indeed some difference between the two
methods in terms of efficacy and overall efficiency of the CCT
protocol used [59]. About MSC delivery options, Perin et al.
[60] compared intracoronary and trans-endocardial delivery of
allogeneic MSCs in a canine model of AMI and found that
trans-endocardial injection improved heart function, while
intracoronary infusion did not. In contrast, Rigol et al. [61]
compared intracoronary versus trans-endocardial administra-
tion of adipose tissue—derived MSCs in a porcine model of
AMI and found that the intracoronary route significantly in-
creased neovascularization compared with the trans-
endocardial route, despite both delivery strategies resulted in
a similar engraftment rate.

MSCs therapeutic usage is also greatly improved by de-
livering them using scaffolds, which enhance their thera-
peutic potential [62]. In particular, the combination of
MSCs with hydrogels (both fibrin and collagen based) has
been tested in a rat MI model of intramyocardial treatment
and showed increased cell survival, with consequent im-
provement of the overall cardiac function recovery [63].
Furthermore, in a study performed on adipose-derived stro-
mal cells (ADSCs) in rats, both fibrin and collagen poly-
mers showed increased cardiac retention, but cell survival
was higher with collagen [64].

CPCs

Since 2009, several clinical trials have been performed
using resident CPCs to treat different heart dysfunctions,
such as ventricular dysfunction (NCT00893360), myocar-
dial infarction (NCTO01458405), ischemic and non-
ischemic cardiomyopathy (NCT02293603), dilated car-
diomyopathy (NCT03129568), and HF (NCT02941705).
In all cases, CPCs were administered by intracoronary
infusion. As discussed above, the coronary route is easy
and safe and has the advantage that cells are delivered

through a natural space without artificial tissue disruption
[65]. Recently, CPCs were also introduced in genetic dis-
ease therapy to treat cardiomyopathy in patients with
Duchenne muscular dystrophy (DMD) with two clinical
trials: HOPE (NCT02485938) and HOPE-2
(NCT03406780). In the HOPE trial, a single dose of allo-
geneic CPCs was delivered by intracoronary infusion in
three coronary arteries supplying the three major cardiac
territories of the left ventricle (anterior, lateral, inferior/
posterior). It was shown to be generally safe and well
tolerated, and the authors have demonstrated significant
and sustained improvement in cardiac, as well as skeletal
muscle function, compared with patients who received
usual care only. The ongoing HOPE-2 trial, instead, is
evaluating the safety and efficacy of repeated doses of
CPC delivery trough intravenous infusion (the least inva-
sive delivery method) every 3 months, for a total of 4
doses in boys and young men with DMD.

The results obtained by CCT clinical studies on ische-
mic cardiomyopathy using CPCs have shown that these
cells can reduce scar formation but cannot change the
ventricle pump efficiency (no detectable changes in ejec-
tion fraction). Moreover, the intracoronary delivery of
these cells allows local conditioning of the damaged tis-
sue but does not permit remote myocardium to be reached
efficiently. Surprisingly, the recently completed
ALLSTAR trial (NCT01458405) testing the effects of al-
logeneic CPCs for the treatment of ventricular remodel-
ling post MI showed no therapeutic effect of cell therapy.
The cells were isolated from donor heart tissue and deliv-
ered through intracoronary infusion in the infarct-related
artery [66]. Apparently, the extent of myocardial coverage
achieved through single-vessel intracoronary infusion al-
lows only limited myocardial coverage. Instead, a sequen-
tial infusion into each of the three major coronary vessels
achieves a widespread distribution of viable CPCs [65].
This delivery method is being currently tested in the
“Dilated cardiomYopathy iNtervention With Allogeneic
Myocardlally-regenerative Cells” trial (DYNAMIC -
NCT02293603) on the use of CPCs in HF patients that
will be terminated on April 2020. Interestingly, a recent
work showed in a porcine model of ischemia that a global
infusion of CPCs, compared with local delivery, could
greatly improve the efficacy of the therapy and allow
LVEF increase [67]. These results seem encouraging for
a positive outcome of the DYNAMIC trial.

Similar to other therapeutic cells, also CPC efficiency
through multiple cardiac repair mechanisms might be im-
proved by increasing their retention at the infarct site or
enhancing their paracrine mechanism of action [42, , 68].
CPCs have been tested for their viability and differentia-
tion potential after encapsulation in hydrogels. This mate-
rial has been shown to be useful for efficient and
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minimally invasive delivery of adult stem/progenitor cells
used in cell therapy applications (see above). Mouse
CPCs were successfully encapsulated in a pH-sensitive
hydrogel, which was liquid at blood pH (7.4), allowing
safe and efficient delivery of the cells through the blood
flow, and then solidified in the cardiac infarct zone
(pH 6-7), increasing cell retention in the myocardium
[69].

Together with synthetic gels, the use of decellularized
matrix and cell-derived extracellular matrix (ECM) has
been tested in preclinical settings. In particular, in vitro
experiments performed on CPCs seeded on cardiac
fibroblast-derived ECM, named cardiogel, revealed that
this ECM can induce secretion of specific factors and a
peculiar gene expression pattern. In particular, matrix de-
rived from healthy hearts could improve CPCs therapeutic
potential [70]. The ECM microenvironment is also very
important for CPCs viability and therapeutic potential [71,
72]. To date, a few scaffolds have been tested in vitro for
their ability to effectively host CPCs, such as hydrogels
[73, 74], RGD-modified collagen, and gelatin solid foams
[44]. Also, cells seeded on tissue construct with similar
cell adhesion properties, but different biomechanical fea-
tures (e.g., global modulus, single fiber modulus, fiber
density, and fiber alignment) have shown different de-
grees of viability and cardiac differentiation, with the rel-
atively low modulus scaffold being the best scaffold in-
ducing increased CPCs cardiac differentiation [75], con-
sistently with mechanosensing and microenvironment sig-
nalling [71, 76].

Conclusions and Perspectives

After nearly 20 years of preclinical and clinical research,
it is clear that the road to cardiac regeneration is anything
but a straight line and that the nature of the cardiac dam-
age itself requires tools that are specific and precise.
Research has focused on evaluating the many options
available, and efforts across the world have led to a fairly
deep understanding of the cellular and molecular charac-
teristics of the different therapeutic cell types [77].
Ischemic cardiomyopathy treatment needs personalized
medicine approaches, taking into account the numerous
variables of the disease onset and progression, together
with technical issues concerning therapeutic cell types
and delivery strategies of choice. This clinical need, to-
gether with the biological complexity of heart regenera-
tion and repair mechanisms, has made the journey hard
and full of uncertainty and non-conclusive evidence so
far.

The outcomes of clinical as well as experimental tests
on the different cell therapy approaches collected so far

@ Springer

mined the confidence into cell therapy as a valid thera-
peutic approach to CHF. The lack of a consensus and
possibly the difficulties in the definition of the real regen-
erative capacity of cell therapy approaches inspired the
institution of the “Working Group on Cardiovascular
Regenerative and Reparative Medicine”, established in
September 2017 by the European Society of Cardiology.
The main scope of the group is to bring together scientists
across Europe to improve knowledge and develop thera-
peutic approaches through the synergy of basic and trans-
lational science.

Besides therapeutic cell administration, we must re-
member that heart regeneration can be also induced
through the stimulation of endogenous mechanisms of re-
pair, albeit with a limited and not jet standardized effica-
cy, as well. Cardiomyocytes can be stimulated to cycle via
different strategies, including transgene expression, small
molecules, and microRNAs [2]. In addition,
reprogramming of non-myocyte cells to a myocyte phe-
notype has been proposed as an alternative to cell therapy
approaches [78].

In conclusion, future research should include efficient
crosstalk between bench and bedside scientists, in order to
speed up the development of efficient personalized treat-
ments, where cells and delivery options are developed in
parallel and in synergy, to achieve increasingly significant
advancements in cardiac regenerative medicine.
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