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Today there is an increasing demand for heart transplantations for patients diagnosedwith heart failure. Though,
shortage of donors as well as the large number of ineligible patients hurdle such treatment option. This, in addi-
tion to the considerable number of transplant rejections, has driven the clinical research towards the field of re-
generativemedicine. Nonetheless, to date, several stem cell therapies tested in animalmodels fall by thewayside
and when they meet the criteria to clinical trials, subjects often exhibit modest improvements. A main issue
slowing down the admission of such therapies in the domain of human trials is the lack of protocol standardiza-
tion between research groups, which hampers comparison between different approaches as well as the lack of
thought regarding the clinical translation. In this sense, given the large amount of reports on stem cell therapy
studies in animal models reported in the last 3 years, we sought to evaluate their advantages and limitations to-
wards the clinical setting and provide some suggestions for the forthcoming investigations. We expect, with this
review, to start a new paradigm on regenerative medicine, by evoking the debate on how to plan novel stem cell
therapy studies with animal models in order to achieve more consistent scientific production and accelerate the
admission of stem cell therapies in the clinical setting.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

It is well established that heart diseases remain as the leading cause
of morbidity and mortality worldwide [1]. Notwithstanding the ability
of themyocardium to adapt structural and functionally to a given insult,
if not timely attended to, repetitive or persistent insults may eventually
overcome the plasticity of the cardiomyocytes (CMs), leading to the
cumulative loss of these cells. In such case, an initial compensatory re-
sponse that preserves normal heart function, may turn into a maladap-
tive response and advance into (the increasingly prevalent) chronic
heart failure (HF) [2,3]. Despite the availablemedications and therapeu-
tic interventions, namely mechanical assist devices, none is capable of
restoring cardiac function to the pre-morbid state. Thus, heart trans-
plantation stands as the last treatment option for end-stage chronic
HF [4,5]. Unfortunately, shortage of donors, ineligibility of patients
with other co-morbidities and the possible transplant rejection account
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for undesirable highmortality rates among patients with this syndrome
[6–8]. Hence, it is of utmost interest to develop alternative therapeutics
able to restore myocardial function. In this regard, stem cell-based ther-
apies have been a hot topic of research lately. The ultimate goal of stem
cell therapy is to replace nonviable myocardium by functional building
blocks both at the cellular and tissue levels [4,9,10] and/or to encourage
endogenous cardiac repair mechanisms [10,11]. It is our goal to review
current investigations on cell therapy for heart diseases aswell as to ad-
dress their limitations and potentials. Given the difficulty in translating
the findings of animal model studies to the human cardiovascular
clinical paradigm, we propose a flowchart for the design of stem cell
therapy studies with animal models, mainly directed to the treatment
of ischemic heart diseases, as they represent the main focus of the
majority of studies found in literature (Supplementary Table 1) and
discussed throughout the following sections.

2. Stem cells – a brief presentation

Stem cells display unique properties, making them excellent candi-
dates for the treatment of heart failure: self-renewal, clonogenicity
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and multipotenciality [12]. There are numerous sources of stem cells
throughout the body, but each type of cell has their own advantages
and limitations, which are abridged in Fig. 1 and discussed in this sec-
tion. It is not our intention to classify stem cells, but rather designate
them in accordance to their origin.
2.1. Bone-derived stem cells

2.1.1. Bone marrow-derived stem cells
Easily harvested, bone marrow (BM)-derived stem cells are often

preferred for stem cell therapy studies [3,13,14]. After erythrocyte
depletion by centrifugation, one can use bone marrow-derived mono-
nuclear cells (BMMNC), which are a source of both bone marrow-
derived mesenchymal stem cells (MSC) (BMMSC), endothelial progen-
itor cells (EPC) and hematopoietic stem cells [15–18]. When compared
to other cells, such as cardiac stem cells (CSC) or skeletal muscle stem
cells (SkMSC), BM-derived stem cells aremore easily collected, cultivat-
ed and expanded in vitro, and their use avoid ethical dilemmas,
frequently associated with the exploitation of embryonic stem cells
(ESC) [15,19,20] (Fig. 1). One of the main advantages of BMMNC and
BMMSC is their immunomodulatory properties, that is to say, they are
well tolerated by immune cells [10,14,21–23]. Furthermore, these cells
can reduce the inflammatory state of the myocardium [10,22,23] and
are not teratogenic [24]. It is believed that the main mechanism of
BMMNC and BMMSC action is through paracrine activity but direct in-
duction of cardiomyogenesis was also proven possible [25]. These cells
are responsible for the release of chemical cues that activate repair
mechanisms of endothelial cells and CSCs and promote their migration
to the graft site [13,14,26]. Among those signals, are angiogenic factors,
e.g. vascular endothelial growth factor (VEGF), responsible for stimulat-
ing neovascularization, which is of particular importance to replenish
the oxygen and nutrients demands of themyocardium after an ischemic
lesion as well as to guarantee stem cell survival [16,22,27]. Even though
paracrine action is thought to be the main mechanism of their activity,
Fig. 1. Representation and characterization of themain sources of stem cells spread throughout
emergence of ethical concerns (symbolized by ¥), the invasiveness and collection (from + to
proliferation rate, the transdifferentiation capacity, the paracrine effects or/and cardiomy
oncogenic or teratogenic risks is given in the accessory side tables. The left table abridges bo
adipose tissue-derived stem cells [34,37,39,41] and gestation-related stem cells [42–49,51,5
[62,63,66] and induced pluripotent stem cells [67,69–71]. The human body scheme was c
Powerpoint-image-bank) and Cientic website (http://www.cientic.com/). Abbreviations: BM
mononuclear cell; CBMSC: cortical bone-derived mesenchymal stem cell; ADMSC: adipose tis
PDAC: placenta-derived adherent cell; AFPC: amniotic fluid-derived progenitor cell; CL-MSC:
endothelial progenitor cell; UCB-MNC: umbilical cord blood-derived mononuclear cell; CP-M
stem cell; CSC: cardiac stem cell; CMPC: cardiomyocyte progenitor cell; SkMSC: skeletal muscl
these cells may differentiate into different lineages and can even induce
differentiation of other cells to replace non-viablemyocardium [28–30].

2.1.2. Cortical bone-derived stem cells
Recently, a new source of stem cells has been tested for its therapeu-

tic potential in acute myocardial infarction (AMI). Cortical bone tissue
has been used to harvest another family of multipotent stem cells, the
cortical bone-derived MSCs (CBMSC), which are suspected to be in a
more primitive state, lacking the expression of hematopoietic lineage
markers but expressing the pluripotency marker stem cell antigen 1
(Sca-1). When compared to bone marrow, MSC culture from compact
bones yields higher numbers of highly homogenous stem cells
(2 × 107 versus 3 × 106) in 14 days, thus requiring a lower number of
mice to be sacrificed [31]. Although sharing the samemechanisms of ac-
tion of BM-derived stem cells, CBMSC bring additional advantages
(Fig. 1), such as their larger availability and easier isolation, excluding
any laborious sorting procedure [32,33]. The promise of CBMSC poten-
tial in regenerative medicine was already observed in a mouse model
of AMI. In such study, animals treated with CBMSC preserved cardiac
function the most, exhibited the best recovery from left ventricle
adverse remodeling and such signs were translated into higher survival
rates [32].

2.2. Adipose tissue-derived stem cells

Stem cells can also be harvested from easily-accessed adipose tissue.
Like stem cells obtained frombone tissues, Adipose Tissue-derived Stem
Cells (ADMSC) collection is free of ethical concerns and is associated
with other pluses (Fig. 1), namely its greater handiness, the minimally
invasive nature of collection, the easy and rapid in vitro expansion and
the ability to differentiate into distinct lineages, such as cardiac cells
[34–41]. Although broadly accepted as immune-privileged, it has been
shown that ADMSCs elicit an immune response in vivo [34].
Similarly to BMMNC and BMMSC, its activity is mainly ensued by
human body. The advantages and limitations of each stem cell with regard to the possible
++++), the isolation procedure, the abundance (from + to ++++), expansion and
ogenic potential, the survival and engraftment capacity as well as the immunogenic,
ne marrow-derived stem cells [3,19–21,27,28], cortical bone-derived stem cells [32,33],
4] and the right table abridges cardiac stem cells [57,59,60], skeletal muscle stem cells
onstructed with images sourced from Servier Medical Art (http://www.servier.com/
MSC: bone marrow-derived mesenchymal stem cell; BMMNC: bone marrow-derived
sue-derived mesenchymal stem cell; PDMSC: placenta-derived mesenchymal stem cell;
subamnion-cord-lining mesenchymal stem cell; UCB-EPC: umbilical cord blood-derived
SC: chorionic plate-derived mesenchymal stem cell; fC-MSC: fetal cardiac mesenchymal
e stem cell; iPSC: induced pluripotent stem cell.
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paracrine means and encompasses angiogenesis stimulation, cell
death arrest, regulation of fibrosis, but also by direct cardiomyogenesis
[8,37,41].

2.3. Stem cells obtained from pregnancy byproducts and other gestation-re-
lated stem cells

Pregnancy byproducts represent an important source of stem cells
which can be obtained from a plethora of sources, such as placenta
[42–44], chorionic plate [45], amniotic fluid [46], umbilical cord [47,
48] and its blood [48–51]. These immune-privilegedmaterials offer sev-
eral advantages (Fig. 1), like their non-invasive, safe and ethically ac-
cepted collection, their large availability, as well as their higher
expansion and proliferation abilities than any other adult stem cell
[42–45]. Furthermore, unlike adult stem cells, pregnancy-associated
stem cells are not primed by senescence or disease conditions, thus
making them good candidates for regenerative medicine [42]. In addi-
tion, cryopreservation of these materials is an already ongoing work
that, in the near future, may reveal useful as an autologous reservoir
of stem cells [12]. This would be particularly important for elder pa-
tients, whose stem cell quality is expected to reduce with age [12]. Sim-
ilarly to the above stem cell groups, it is thought that these cells act
mainly through paracrine activity, stimulating vascularization,
cardiomyogenesis, and inhibiting inflammation, fibrosis and apoptosis
[42–45,47,48,51]. Also related to gestation, MSCs obtained from fetal
heart tissue (fC-MSC) and embryonic stem cells (ESC) have been pro-
posed as alternative multipotent cells with the ability to differentiate
into CMs, endothelial and smooth muscle cells. However, the use of
such cells is obviated by evident ethical dilemmas [52–55].

2.4. Cardiac stem cells

Formerly considered as a post-mitotic, terminally differentiated
organ, the heart was not conceived as a source of stem cells. Neverthe-
less, evidence has been building regarding the heart's ability to renew
its CM population (albeit at a low rate) [56]. In addition, the isolation
of CSC from heart tissue with the capacity to differentiate into CMs
and to participate in neovascularization, has set a new paradigm in re-
generative medicine [12,14,57,58]. These cells have clonogenic and ex-
pansion properties and are already primed for the myocardium
environment (Fig. 1). Surprisingly, though, they often exhibit poor sur-
vival and engraftment [57–59], that is why paracrine activity, mainly
pro-angiogenic, has been attributed as their main mechanism of action,
rather than the anticipated cardiomyogenic activity [60,61].

2.5. Skeletal muscle stem cells

With a relatively easy access through muscle biopsy, SkMSC have
also been a choice for cell therapy studies. SkMSC are easily isolated
and cultivated and are able to differentiate into contractile cells. In addi-
tion, resistance to low oxygen tension conditions have been reported
(Fig. 1) [12,62,63]. However, stem cells collected from skeletal muscle
are unipotent and, once transplanted, may induce arrhythmias owing
to the lack of expression of gap junction proteins, which are crucial for
cell-cell electric coupling [62–64]. Similarly to the aforementioned
stem cells, SkMSC main activity is through the release of paracrine
cues, such as hepatocyte growth factor (HGF), VEGF and stromal cell-
derived factor 1 (SDF-1), which exert pro-angiogenic, anti-fibrotic and
anti-apoptotic activities [65,66].

2.6. Induced pluripotent stem cells

Virtually, all adult cells can be subjected to a dedifferentiation pro-
gram with a set of stemness factors to become induced pluripotent
stem cells (iPSC) [67–69]. If not collected from an autologous source,
iPSC are related to immunogenic and teratogenic risks (Fig. 1), though
these cells are readily available, as their progenitors are somatic cells,
bypassing the ethical concerns related to the collection of ESC [67–70].
Again, paracrine activity is believed to be the main mechanism of iPSC
action through, for instance, angiogenesis stimulation [71].

3. Current challenges and guidelines for the design of future stem
cell therapy studies

The lack of a standardized protocol for the design of experiments in
cardiac regenerative medicine using animal models has been pointed
out as amajor concernwhen researchers seek to compare their findings
with those of their peers. This obviously precludes their translation into
clinical trials and, thus, it drops greatly their potential as a future thera-
peutic option [72]. In this sense, we sought to analyze the reports of the
last three years regarding stem cell therapywith animalmodels and ad-
dress the main issues in their design (Supplementary Table 1). Follow-
ing the examination of the studies, we propose the first flow-chart for
troubleshooting of stem cell therapy study using animal models
(Fig. 2), that can be used as a future reference for novel experiments
and, hopefully, will help researchers to bring their therapeutic proposals
closer to clinical trials and provide inter-laboratory consistency.

3.1. Validation of the disease model

Aside from stem cell therapy studies performed in the setting of
nonischemic dilated cardiomyopathy [41], dyssynchronous
nonischemic narrow QRS cardiomyopathy [73] and complete atrioven-
tricular block [74] which are rather unique with regard to the disease
model, it is possible to weave some generalizations in ischemia- or
pressure-related pathologies ascribed in Supplementary Table 1, in
order to standardize the design of future animal studies. If the cell ther-
apy is to be tested in the treatment of right ventricular (RV) chronic
pressure overload, then the pulmonary artery banding is an alternative
to test stem cell preventive effects of RV dilation. Given the chronic na-
ture of the pathology, cell administration should be ensued not before
4 weeks post-surgical intervention [51,55]. With regard to the condi-
tions affecting left ventricle (LV), one can developmodels of AMI, chron-
ic myocardial infarction (CMI), chronic myocardial ischemia and HF by
twomain routes. The first is to induce an ischemia/reperfusion (I/R) in-
jury by temporarily occluding left anterior descending coronary artery
(LAD, 22.5% of the studies) or proximal left circumflex artery (PLCA,
2.5% of the studies) and the second is to permanently ligate them
(75% of the studies). When choosing the I/R injury model, we suggest
to occlude the artery for 30 or 90 min, when dealing with murine
models or landrace/Yorkshire pigs, respectively, as they are the most
frequent times of occlusion reported in the articles depicted in Supple-
mentary Table 1 (for the canine and Göttingenminipig models, howev-
er, it is still not possible to give reference times, since for the former only
one study report a 95 min-period for artery occlusion and for the latter
only two studies report times of occlusion of 120 and 150min). Regard-
less of the approach, there should be evidence of infarction, such as,
myocardial pallor and reduced LV ejection fraction (LVEF), otherwise
one should consider to increase the number of animals in experimental
groups (it may exist some degree of variability in the resistance to an is-
chemic insult derived from rodents' coronary anatomic variations) and
towiden time framebetween surgery intervention and cell therapy (see
below), in order to emphasize the symptoms of infarction (Box 1, Fig. 2).
In this sense, it seems that permanent ligation of arteries ismore reliable
than their temporary occlusion, as van der Spoel et al. [75] found that
there was a limited decrease of LVEF in a porcine model of CMI by the
means of temporary occlusion of the PLCA (75 min). Also, in a swine
model of AMI characterized by the temporary occlusion of the LAD
(90 min) it was observed an increased LVEF at the baseline in the
vehicle-treated group unlike the cell-treated ones, which hampers
inter-group comparisons [76]. Probably, by switching to a permanent li-
gation model, LVEF decrease at the baseline would be similar in all



468 F. Trindade et al. / International Journal of Cardiology 228 (2017) 465–480
groups, thus allowing the evaluation of the effects of the therapy in a
time fashion. Following the banding or occlusion of the arteries, one
should define the time for stem cell administration. In this sense,
researchers have chosen diverse time points, though, if one seeks to
test the efficacy of stem cell therapy in AMI setting it seems that stem
cell delivery right after surgical intervention is the most suitable option
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(and the most common in Supplementary Table 1). In turn, if one is
looking to investigate the effect of stem cells in subacute phase of infarc-
tion, then stem cells should be administered nearly 2weeks after infarc-
tion induction (mean is 17 days after in the studies of Supplementary
Table 1). Finally, in CMI, animals should not be treated up until
1 month after infarction induction (mean is 1.3 months after). Conse-
quently, when widening the time gap between surgery and cell trans-
plantation, it is mandatory to respect the boundaries respective to
each phase of infarction. That is to say, for the acute phase 2 weeks
should be the time limit to observe sufficient myocardial infarction
and for the subacute phase, one should not wait longer than one
month, otherwise evidences of infarctionwould showup at the expense
of addressing the effects of cell therapy in the chronic phase of
infarction.

3.2. Immune tolerance

Once the disease model is established, the first challenge that stem
cells have to come by is to escape the immune system, that is, to be toler-
ated by its players. In that matter, xenogeneic transplantation should be
the last therapy choice, as it is likely to elicit an immune rejection (Box
2, Fig. 2). Preferably, one should use autologous sources of stemcells. Not-
withstanding, this is particularly challengingwhendealingwith small an-
imal models in the early stages of stem cell therapy experimentation,
since collection of autologous cells is limited by the amounts biologically
available. Therefore, when autologous cells are not possible, the choice
should be made between syngeneic or allogeneic stem cells, which are
less immunogenic. In these cases, the administration of immunosuppres-
sive drugs may be necessary, notwithstanding this is not a current prac-
tice in clinical trials, which commonly use autologous sources of stem
cells [77–97]. Also, animal models of immunodeficiency should be
avoided, such as non-obese diabetic/ severe combined immunodeficient
mouse model used by Feyen et al. [58] or the athymic nude mice used
by Lee and colleagues [98] because they do not represent the normal sta-
tus of the immune system from patients enrolled in clinical trials.

3.3. Cell choice, refinement, dosage and timing of administration

Following stem cell administration, one can face two major issues,
i.e. the absence of signs ofmyocardial structural and functional recovery
[15,34,44,45,62,71,75] or the manifestation of adverse outcomes, such
as arrhythmia [36]. These can be surpassedmainly by one of three alter-
natives, namely by electing a different stem cell type, by refining a pop-
ulation of stem cells or by adjusting the cell dosage/number of
administrations (Box 3, Fig. 2). Ideally, for each animal model, indepen-
dent experimental groups should be established to test the safety and
efficacy of stem cells collected from different sources in parallel. Fur-
thermore, different strategies should be used to refine cell crude into
well-characterized sub-populations. This is a chief issue because when
injecting anunselected, heterogeneous stemcell population, one should
acknowledge that several pointless and possibly harmful cells are ad-
ministered concomitantly, which may hinder the activity of scarce
stem cells [13].
Fig. 2. Flowchart for the design of stem cell therapy studies using animalmodels. Themajor step
the left. The major expected issues and the respective proposed solutions are depicted in
conceptualization and optimization of a particular stem cell therapy approach, which are hallm
Immune Tolerance (Box 2); Cell Choice, Refinement, Dosage and Timing of Administration (B
marks point out cutting-edge fields which deserve further attention by scientific commu
approaches). Notes: (1) the choice is based on the most frequent experimental options in stu
left anterior descending coronary artery or proximal left coronary artery can be temporaril
ventricle, then pulmonary artery banding should be performed. (2) It is set according to
recommended to test several cell doses: low-dose (L, 1 × 106 cells), medium-dose (M, 10 × 1
with small rodents (mouse and rat), medium-dose is better suited for the canine model and
enough to restore myocardial structure and function, then consider to repeat administratio
should be performed with murine models and Optimization studies preferably with swine mo
acute myocardial infarction; CMI: chronic myocardial infarction; PCR: Polymerase Chain React
Cell refinement can be achieved, for instance, by density centrifuga-
tion [13], magnetic- (MACS) [26,33] or fluorescence-activated cell
sorting (FACS) [99] or by pre-in vitro priming [8,13,27,33,58,99,100].
Density centrifugation is often used to isolate mononuclear cells
(BMMNC) from BM cell suspension [13,75], while MACS and FACS
achieve a higher degree of selectivity by picking up cells according to
their surface markers (cluster of differentiation, CD). MACS and FACS
can also be used to achieve sub-populations by negative selection,
whereby cells are labeled and discarded according to the expression
of markers which are not of interest for a particular experiment [33,
99]. Finally, in vitro preconditioning is used to obtain sub-populations
endowed to survive in the harsh conditions of themyocardium. One ex-
ample is by changing/adapting the culture conditions, such as decreas-
ing the chamber oxygen to levels below 5% to achieve a hypoxic
environment [27,33]. In addition, it was already reported a different ap-
proach to mimic hypoxia by the means of prolyl hydroxylase inhibition
[99]. It is expected that cells growing in a low oxygen tension atmo-
sphere are more prepared to endure in the hypoxic myocardium as
they are more resistant to apoptosis. That is attributed to the oxygen-
sensitive hypoxia-inducible transcription factor 1α (HIF-1α), which is
stabilized by low levels of oxygen and degraded by prolyl hydroxylases.
HIF-1α dimerizes with HIF-1β to form a heterodimer that translocates
to the nucleus and induces a pro-survival and pro-angiogenic gene
expression program that protects cells from hypoxia [27,33,99].
Another reported strategy for cell refinement is the enrichment of
BMMNCwith higher in vitromigratory capacity towards the chemokine
SDF-1, which also appears to be correlated with higher proliferative,
pro-angiogenic and anti-fibrotic properties [13]. Cells can also be
preconditioned by induction of a cardiac program within a
cardiomyogenic culture medium [8] or the co-culture of ADMSC with
distressed CMs, with the purpose of acclimatizing cells to the environ-
ment found in injured myocardia [100].

The number of cells to be administered is another critical variable
that comes up while planning a stem cell therapy study. This is particu-
larly important because, similarly to a drug, stem cells are likely to have
a therapeutic window, under which there is no effect on the structure
and function of the heart and beyond which stem cells can bring unde-
sirable toxic effects. In the last 3 years, experimentswithmurinemodels
have been using close to 2 × 106 cells (low-dose in Fig. 2). When using
the canine model, the order of magnitude of the number of cells to be
administered increases one unit to 10 × 106 cells (5 × 106 cells on aver-
age; medium-dose in Fig. 2). With regard to the swinemodel, the num-
ber of cells rises two units in the order of magnitude, to 100 × 106 cells
(72 × 106 cells on average; high-dose in Fig. 2). Ideally, from a
hypothetic point of view, stem cell therapy studies enrollingmurine, ca-
nine or swine species should use 1, 10 and 100 × 106 cells, respectively,
as preliminary doses. Nevertheless, this is unpractical because theworld
load of collecting and expanding in vitro stem cells is largely heteroge-
neous. For instance, CSCs have lower expansion and proliferation rates
than ADMSCs or BMMSCs (Fig. 1) and, thus, when dealing with CSCs,
researchers administrate only 1 × 106, per animal [14,101]. Also,
generally, when working with minipigs the working dose (90 × 106

cells on average) has been usually higher than when working with
s in the experiment design, towards entrance in clinical trials (bottom), are represented on
the center and on the right, respectively. There are 5 main challenges throughout the
arked by 5 boxes, further detailed in Section 3: Validation of the Disease Model (Box 1);
ox 3); Mechanistic Challenges (Box 4) and Clinical Translation (Box 5). Red exclamation
nity. Dashed arrows represent work yet to be done (biofluids screening with omics
dies reported in the last 3 years. If the injury is to be induced in the left ventricle, either
y or permanently ligated. On the other hand, if the injury is to be induced in the right
the stage of the disease in which the effects of cell therapy will be tested (3) It is

06 cells) and high-dose (H, 100 × 106 cells). Low-dose is a good starting point for studies
high-dose should be thought when using the swine model. (4) If paracrine activity is

ns. (5) Does the benefit/risk pay off? (6) Conceptualization (proof-of-concept) studies,
dels. Abbreviations: I/R: ischemia/reperfusion; LVEF: left ventricle ejection fraction; AMI:
ion.
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larger swine models (30 × 106 cells on average), which adds other
variations to the protocols. Still, such average doses could be thought as
standard preliminary doses if onewants to discriminate between smaller
and larger swine models. Therefore, even though it is not possible to
weave generalizations regarding the dose of stem cells to be adminis-
tered, due to the animalmodel size, the cell source-dependent availability
and culture characteristics in vitro, there is, however, every interest in
testing several doses in the same experimental setting, particularly in
pre-clinical models. So far, few studies report the effects of different cell
dosages andwhen they do, they are often limited to two-to-three specific
doses (Supplementary Table 1). For instance, in a mouse model of AMI it
was found that high doses of amniotic fluid-derived progenitor cells
(4 × 106 cells) brought the best recovery of left ventricular structure
and function [46]. Nonetheless, not always the higher dose is the best.
For example, Chen et al. [44] showed that a low dose (0.005 × 106) of
placenta-derived adherent cells (PDAC) was better than a medium-
(0.05 × 106) or a high-dose (0.5 × 106) to ameliorate the LV function in
a mouse model of HF. In addition, in a swine model of AMI, three doses
of CellBeads™ (alginate-encapsulated MSCs) were analyzed, with the
medium dose (20,000 beads, ca. 1.6 × 106 cells) being more efficient to
recuperate LV structure and function [102]. In brief, after a particular
stem cell therapy have shownpotential in small animal studieswe advise
researchers to test more than two cell doses with swine models in order
tomaximize the outcome of the therapy by picking up themost effective
dose to be further tested in clinical trials.

The optimization of the stem cell therapy can be also achieved by
administration in different timepoints. For instance, early-high dose ad-
ministration of CBMSC (2 × 106 cells, right after ligation of the LAD) to a
rat model of AMI showed the best performance in improving LV struc-
ture and function, when compared to early-low (1 × 106 cells, right
after ligation of the LAD), late-low (1× 106 cells, oneweek after ligation
of the LAD) or late-high (2 × 106 cells, one week after ligation of the
LAD) dose administrations [33]. The optimization of the delivery time
points is particularly significant if the research focus is heart regenera-
tion in the acute and subacute phases of myocardial infarction. For in-
stance, YiHuan et al. [103] found that injecting BMMSC 2 and 4 weeks
after infarction induction resulted in better structural and functional re-
covery thanwhen injecting 3 h, one or 3 days after infarction induction,
probably because in the healed phase of AMI, hypoxia and inflammation
are less intense and scar tissue is not completely developed.

3.4. Mechanistic challenges

One of the major challenges in stem cell therapy is to guarantee cell
retention and survival in the ischemicmyocardium [12], once the recov-
ery of myocardial structure and function hinges on their quality and
quantity. After being administered, cells can be nearly gone as soon as
1 to 3 days after transplantation [44,45]. However, some authors report-
ed signs of stem cell survival up to 1 week [8,16,60,100,104], 1 month
[14,18,23,27,30,37,46,52,67,105] and, most strikingly, up to 1 year
[26]. When retained cells are quantified, we find that less than 3% of
the stem cells survive more than 4 weeks [59,70] and that percentage
drops to levels below 1% when the assessment is made 16 weeks after
transplantation [106]. The exception is reported by Zhang et al. [67]
who found that 32% of the implanted iPSC-CMs could survive for
4 weeks in a mice model of AMI. Several factors account for this
misfortunate reality, firstly those related to the administration and im-
plantation of stem cells, like cell leakage, venous drainage and distribu-
tion to outer tissues, rejection by immune system, lack of intercellular
coupling via gap junctions as well as mechanical extruding due to
heart beats and, secondly, those associated to the intrinsic conditions
of the myocardium, such as ischemia (with consequent nutrient
deprivation and hypoxia), I/R injury, the inflammatory, oxidative and
pro-apoptotic environment in addition to anoikis, i.e. programmed cell
death by the loss of cell-matrix communication [12,16,18–21,23,
33–36,39–41,49,50,53,59,107–110].
In order to surpass themechanistic challenges of stem cell implanta-
tion, several strategies have been proposed, as debated below. In future
studies, we recommend to test as many approaches as possible. In this
manner, for each cell at scope, we can choose from a wide range of
therapy options, the strategy likely to succeed further in pre-clinical or
clinical trials. There is no particular order to follow, although one should
acknowledge that genetic engineering does not readily meet consensus
in scientific community towards clinical application. Therefore, we rec-
ommend to explore all of the other available options before considering
to manipulate stem cell genome.

3.4.1. Repeated administrations
It is not common to repeat administration of stem cells in animal

models. As one can see in Supplementary Table 1, only one group tested
the effect of repetitive stem cell administration in the last three years
[75]. Using a swine model of CMI, van der Spoel and colleagues tested
the effect of 4-week-intervaled administrations of BM-derived stem
cells. However, they found that second injection of stem cells did not
bring additional advantage [75]. Though, one should not be discouraged
to verify the effect of repetitive doses in stem cell therapy, given that it is
generally accepted that paracrine activity is themain actionof stemcells
and, thus, like a drug, repeated inputs of the medicine is likely to im-
prove the recovery of the ill myocardium.

3.4.2. Combination of different stem cells
The aim behind combined administration of stem cells is to magnify

the therapeutic potential by synergistic activity of different cell types.
The most commonly used strategy is to associate CSC, known for its
cardiomyogenic potential, with other stem cells known for its paracrine
activity or with cells with specific roles [14,57,101,106,111]. For in-
stance, in a swinemodel of AMI, itwas found that combined administra-
tion of c-kit+ CSC and BMMSC increased cell engraftment by 7-fold in
comparison to the same stem cells alone. Furthermore, with the excep-
tion of cardiac output and tau, CSC + BMMSC therapy ameliorated a
myriad of structural and functional parameters, over single cell thera-
pies [14]. The same combination was proven to be superior over
BMMSC alone in a swine model of HF, as demonstrated by several con-
tractile tests [101]. Latham et al. [106] also demonstrated that combin-
ing CSC and circulatory angiogenic cells (CAC, early outgrowth EPC)
improved LVEF up to 4 months, while CSC and CAC alone did not im-
prove LVEF over 3 months, in a mouse model of AMI. This can be ex-
plained by the complementary paracrine signatures of CSC and CAC, as
the former promotes generation of new CMs and the latter enhances
their survival by new blood vessel formation [106]. Another example
is given by Avolio and colleagues [111], who reported that using both
human pericytes and CSC in the treatment of AMIwas better than single
cells in scar size reduction and in neovascularization. Nevertheless,
mixed results were found when examining parameters of LV structure
and function, as single cells were better in preventing LV end-diastolic
volume (LVEDV) increase and in improving fractional shortening (FS).
In spite of the generalized combination of CSC with other stem cells,
there is also the option of combining stem cells from extra-cardiac
sources altogether. For example, association of umbilical cord-derived
MSCs and umbilical cord-derived endothelial cells was already tested
in a rat model of AMI. Though, dual therapy did not show extra benefit
over single therapies [48]. Recently, in an attempt to surmount the
benefits of dual therapies, cardiac chimeras were developed, by fusion
of CSC and BMMSC. In spite of the inherent disadvantages of genomic
instability, cell senescence and the virus-mediated cell fusion, which
hamper ready clinical translation, it was found that chimera therapy
better improved cell engraftment, reduced scar size and increased an-
giogenesis. Besides, it surpassed single and dual cell therapies in terms
of LV function amelioration [10]. Therefore, this finding encourages
further investigation in the field of cell chimeras, mainly with regard
to therapy safety, which is now the main concern before getting into
pre-clinical trials.
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3.4.3. Sustained release of stem cells using scaffolds, matrices or
microcarriers

The realization of the poor survival and retention of stem cells in the
hostile myocardium has stimulated researchers to design strategies to
protect them from the adversities found in an infarcted myocardium or
in an already failing heart. Several hypotheses have been tested to shield
cells from the hypoxic, serum-deprived, inflammatory, immune-
activated and pro-apoptotic infarcted/ischemic myocardium, namely
the use of scaffolds, biomatrices, biomaterials, hydrogels (broadly
accepted as synonyms) [17,18,20,37,47,50,52,53,67,70,72,105,107,108,
112–115] and microcarriers [36]. Numerous biomaterials have been
used to overcome this hurdle, such as hyaluronan, collagen I, agarose, fi-
brin, fibrinogen and alginate/chitosan combinations. Globally, they are
known to confer an extracellular matrix (ECM)-like environment,
which favors acute retention of stem cells. Also, they promote migration
of endothelial cells and smooth muscle cells and, simultaneously, confer
CMs protection from apoptosis. In addition, thesematerials have low im-
munogenicity and have anti-inflammatory and pro-angiogenic proper-
ties [17,18,20,37,50,53,67,107,108,112,115]. This explains why delivery
of stem cells in scaffolds has higher benefits to those delivered in aqueous
or in culturemedia, with regard to cell retention and proliferation aswell
as structural and functionalmyocardial recovery. For instance, delivery of
BMMNC in a hyaluronan hydrogel performed better than BMMNC alone
in LV function recovery and in LV remodeling prevention in a rat model
[18] and in a swinemodel of AMI [20]. Similarly, EPC delivered in a fibrin
patch was found to be better than simple EPC injection in ameliorating
LVEF, cardiac output, maximal developed pressure and contractility in a
rat model of AMI. The use of EPC-fibrin patches brings the additional ad-
vantage of being already FDA-approved, which prompts their application
into clinical trials [17]. However, fibrin is more viscous than fibrinogen
and may, in fact, challenge cell injection and cell nutrition. That is why
Rojas et al. [107] preferred to imprison iPSC in a fibrinogen matrix. Simi-
larly, animals treated with iPSC and fibrinogen displayed improved LVEF
in comparison to those treated with iPSC and medium.

In addition to the naturally occurring matrices, researchers have
been manufacturing other more laborious scaffolds such as NapFF-NO
hydrogel (naphthalene covalently conjugated to a short peptide,
FFGGG, and β-galactose caged nitric oxide (NO) donor) [113], self-
assembled biodegradable peptide amphiphile (incorporating cell adhe-
sive ligand RGDS) nanomatrix [52] or plasma-functionalized
electrospunpoly-ε-caprolactone (PCL)fibers [114]. In NapFF-NOhydro-
gel, the sustained release of NO, through the activity of injected β-
galactosidase, adds to the paracrine activity of the encapsulated
ADMSC, enhancing angiogenesis. This strategy was mirrored in the re-
covery of LV structure and function of the mice after AMI induction
[113]. Despite its potential, this technique brings another layer of com-
plexity to the therapy by requiring co-administration ofβ-galactosidase.
The use of self-assembling peptides (SAP) as reported by Ban et al. [52],
beyond giving a support for stem cells, promotes their adhesion due to
its RGDS domain and allows a sustained release due to the presence of a
matrix metalloproteinase-2 degradable domain, that is gradually
cleaved as a result of the inflammation inherent to an ischemicmyocar-
dium. With the use of SAP, it was possible to enhance ejection fraction
and FS, as well as to reduce fibrosis in the usedmodel of AMI. In the lat-
ter, PCLfiberswere used because they arewell tolerated by the immune
system, highly available and already approved by FDA. It was found that
the use of PCL to support stem cells conferred additional recovery of
LVEF and FS [114].

Recently, it was reported an approach of sustained release of ADMSC
and two growth factors, namely HGF and insulin-like growth factor-1
(IGF-1), by taking advantage of a poly(lactic-coglycolic acid)
microcarrier (PAM) [36]. The developed PAMdisplays a biomimetic sur-
face composed of fibronectin-like sequences that promote further
ADMSC adhesion. It was found that PAM-mediated cell transport in-
creased cell survival and viability and reduced their leakage. Moreover,
the co-release of growth factors aided in the recovery of LV function by
promoting cell proliferation and differentiation into the cardiac lineage
and by stimulating angiogenesis. Nonetheless, care should be taken
with the aforementioned approaches, as cell encapsulation/entrapment
in matrices, spheres or microcarriers may hamper stem cell-host cell
coupling and trigger arrhythmias [36].

There is a myriad of choices to provide a sustained release of stem
cells, while giving them a support for retention in the myocardium. All
of the studies depicted in Supplementary Table 1 that followed this
strategy showed advantages of using biomatrices in, at least, one pa-
rameter. Hence, researchers should, whenever possible, test the differ-
ences of scaffolding their cells in biomatrices with independent
experimental groups. However, themajority of the studies did not eval-
uate (or did not report) the arrhythmogenicity of the therapies and this
is described as one of the main concerns in cell therapy [1] (Box 2,
Fig. 2). Therefore, we strongly recommend to include this assessment
in the evaluation of the cell therapy outcome in the forthcoming studies.

3.4.4. Cell sheets and spheroids (tissue engineering)
Themajor advantage of stem cell 3D culture, whether in a sheet or in

a sphere fashion, is to preserve cell-cell and cell-matrix interactions,
which prevents anoikis, increasing cell survival [29,41,65,98]. Also,
when implanted as anorganized tissue, stem cells are resistant to oxida-
tive stress and inflammation, ubiquitous phenomena in the injured
myocardium [98]. For example, Pätilä et al. [64] found that rats treated
with skeletal myoblast sheets (SKS) had a lower CD11b+ and CD68+

leukocyte infiltration than those treated with SkMSC through
intramyocardial injection (IMI). This corroborates a lower degree of im-
mune system activation and a lower inflammatory status. Furthermore,
this approach avoids the use of biomaterials (and, consequently, the
need of extra control groups) and is characterized by the simplicity of
application, preventing, for instance, injection-related complications
such as cell clogging [41]. These tissue-engineering-based techniques
have already been tested in several heart-related diseases, such as
AMI [64,65,98], CMI [29], HF [116] and nonischemic dilated cardiomy-
opathy [41], with positive outcomes. For instance, in a swine model of
CMI, the therapy with BMMSC sheets reduced LV end-systolic diameter
(LVESD) and improved LVEF 8 weeks after sheet implantation [29]. In
addition, in a mouse model of nonischemic dilated cardiomyopathy, it
was found that epicardial delivery of ADMSC sheets reduced both LV
end-diastolic diameter (LVEDD) and LVESD and ameliorated FS,
3 weeks after sheet delivery [41].

3.4.5. Genetic engineering
A large number of the studies depicted in Supplementary Table 1

resorted to some sort of genetic manipulation to increase the therapeu-
tic potential of stem cells. The majority of the investigations sought to
enhance the expression of a certain gene [23,24,61,63,66,74,76,102,
104,109,110,117] or to transfect cells with microRNAs (miRs) [16,19].
The only example of gene repression was reported by Wang et al. [39],
who described the silencing of prolyl hydroxylase domain protein 2
gene (PHD2) as an alternative combined genetic and cell therapy ap-
proach. Broadly, the goal of stem cell transfection is to increase the
chances of survival in the myocardium by increasing protection against
hypoxia (e.g. HIF-1 overexpression [109] or stabilization by PHD2 si-
lencing [39]); augmenting resistance to apoptosis (e.g. Bcl-xL [23],
mir-133amimic [16], mir-23a [19], thioredoxin-1 [110] overexpression
or PHD2 silencing [39]); promoting stem cell-host cell coupling (e.g.
connexin-43 overexpression [63]); stimulating angiogenesis (SVVYGLR
peptide overexpression [66]) or simply by enhancing the positive para-
crine growth factor-related stimulation (e.g. HGF [24], IGF-1 [61,117] or
recombinant glucagon-like peptide-1 (GLP-1) overexpression [102,
104]). Regardless of the strategy, it was constantly observed a better
outcome in genetically modified stem cells in comparison to naïve
cells in, at least, one criterion. However, attention should be paid with
these approaches, particularly if the cell transfection is mediated by
viral agents (infection). In such cases, there is an increased



Table 1
Common structural, functional and molecular follow-up parameters used in Clinical Trials.

Clinical trial Year Structural and functional follow-up parameters Molecular follow-up Ref.

REGENERATE-AMI 2015 LVEF ↑
LV volumes ↔
Infarcted LV mass / LV mass ↑ (in cell group; better in placebo)

NT-proBNP ↓
Troponin T, creatine kinase, C-reactive proteina

[1,2]

REGENERATE-DCM 2015 LVEF ↑
LV volume ↔
Myocardial mass ↔
Exercise capacity ↑

NT-proBNP ↓
Troponin T ↔
Creatine kinase ↔

[3]

TICAP 2015 RVEF ↑
RV volumes ↔
pulmonary arterial pressure, pulmonary vascular resistance index ↔
Cardiac index ↑
Ea/Ees ↓

BNP ↓
Troponin I ↔
Creatine kinase ↔

[4,5]

REVIVE 2015 LVEF ↑
LVEDD ↔
LVESD ↓ (in the non-ischemic HF group)

BNP ↓ (in the non-ischemic HF group)
Troponin I ↔ (except for 2 patients, in which it rose)
Creatine kinasea

[6]

CD34+ in ICM patients 2014 LVEF ↑
LVEDD, LVEDV ↔
LVESD, LVESV ↓
Exercise capacity ↑

NT-proBNP ↓ [7]

END-HF 2014 LVEF, LV volumes, LV infarct and peri-infarct volumes, SV, LV infarct volume ↔ creatine kinase-MBa [8]
PRECISE 2013 LVEF ↔

Wall motion score index ↑
LV volumes ↔
LV masses ↑
Myocardial perfusion ↑
Exercise tolerance ↑

N/A [9]

autologous BMMNC in IHF patients 2014 LVEF ↑
LV volumes ↓
Wall thickening ↑
(no inter-group difference in these 3 parameters)
Scar size ↓ (only cell group)

NT-proBNP ↓ [10]

HEBE trial substudy 2013 LVEF ↑
LV volumes ↓
Infarct mass ↓

N/A [11]
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Myocardial perfusion ↔
REPAIR-AMI 2013 LVEF ↑

LVESV ↔
NT-proBNP ↓ [12]

PROMETHEUS 2013 LVEF ↑
LV volumes ↓
Scar size and mass ↓
Perfusion ↑
Wall thickness ↑
Contractility parameters ↑

N/A [13]

autologous BMMSC in CAD + refractory angina patients 2013 Exercise capacity ↑
Angina class, frequency of angina attacks ↓

N/A [14]

MAGIC cohort 2012 LVEF (variable time-course behavior; at the end remained stable)
LVESV, LVEDV ↓ (at high-dosage)

N/A [15]

RENEW [design] 2013 Exercise capacity, frequency of angina episodes, assessment of clinical events N/Ab [16]
CELLWAVE 2013 LVEF ↑

LV volumes ↔
SV ↑ (at high-dosage)
Regional LV function (MRI assessment) ↑
Scar mass ↓

NT-proBNP ↓
Troponin T ↔ (except for 1 patient, in which it rose)

[17]

C-CURE 2013 LVEF ↑
LV volumes ↓
Exercise capacity ↑

N/A [18]

CABG + autologous BMMNC in CMI patients 2012 LVEF ↑
LV volumes, LV mass ↔
SV, CO ↑
Wall thickening ↑

N/A [19]

BMMNC in DCM pediatric patients 2012 EF, FS ↑
LVEDV, LVIDD ↓

NT-proBNP ↓ [20]

autologous CD34+ BMC in NIDCM patients 2012 LVEF ↑
LVEDD ↓ (a trend, n.s.)
Exercise capacity ↑

NT-proBNP ↓
TNF-α, IL-6c

[21]

Abbreviations: LV: left ventricle; EF: ejection fraction; LVEF: LV EF; BNP: brain natriuretic peptide; NT-proBNP: N-terminal of BNP pro-hormone; RV: right ventricle; RVEF: RV ejection fraction; Ea: effective arterial elastance; Ees: end-systolic elas-
tance; LVEDD: LV end-diastolic diameter; LVESD: LV end-systolic diameter; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume; ICM: ischemic cardiomyopathy; SV: stroke volume; BMMNC: bonemarrow-derivedmononuclear cell; IHF:
ischemic heart failure; BMMSC: bone marrow-derived mesenchymal stem cell; CAD: coronary artery disease; CABG: coronary artery bypass grafting; CO: cardiac output; CMI: chronic myocardial infarction; DCM: dilated cardiomyopathy; FS: frac-
tional shortening; LVIDD: LV internal diameter at diastole; BMC: bone marrow cell; NIDCM: non-ischemic dilated cardiomyopathy; TNF-α: tumor necrosis factor-α; IL-6: interleukin-6.

a Variation not reported.
b There is, though, an intention to set up a program of cardiac biomarker assessment.
c Assessed in an attempt to distinguish patients with good from those with poor myocardial cell homing; not used to monitor cell therapy efficacy.

473
F.Trindade

etal./InternationalJournalofCardiology
228

(2017)
465–480



474 F. Trindade et al. / International Journal of Cardiology 228 (2017) 465–480
immunogenic and oncogenic risk, which makes virus-mediated
genetically-engineered stem cells not consensual in the scientific and
medical community [19,23,39,61,66,74,102,104,110,117]. This matter
can be easily overcome by developing safer transfection methods such
as electroporation [76] or through the use of non-viral plasmids [63,
109] or lipid-based transfection reagents [16]. Recently, Zhu et al. [24]
developed an alternative transfection vehicle based on organic-
inorganic hybrid mesoporous organosilica nanoparticles, which offers
several advantages over the common transfection vectors, namely
higher biocompatibility and loading capacity, as well as easier internal-
ization and lesser cytotoxicity. In this study, BMMNC were transfected
with a HGF gene and the transformed cells were injected in rats subject-
ed to AMI. 4 weeks after cell administration, these authors found that
HGF-transfected BMMNCs reduced LV end-systolic volume (LVESV)
and LVEDVand increased LVEF and FS over naïve BMMNC. Furthermore,
post-mortem analysis showed that the levels of fibrosis were lower and
the capillary and arteriolar density were higher in rats treated with
transfected BMMNC. Hence, except for virus-mediated transfection
approaches, genetic engineering of stem cells is a highly reasonable
approach to strengthen the therapeutic potential of stem cells.

3.4.6. Combined strategies
As the reader can acknowledge so far, whenever the therapies with

stem cells were employed with the use of biomatrices, tissue or genetic
engineering techniques, it was observed better outcomes in aminimum
of one evaluation criterion. That is the rationale behind the use of mul-
tiple strategies in stem cell therapy investigations [60,66,102,104]. For
example, Uchinaka and colleagues [66] tested the therapeutic potential
of osteopontin-derived SV peptide (SVVYGLR)-transfected SKS in a rat
model of CMI. They observed that SV-transfected SKS surpassed wild-
type SKS with regard to the preservation of LV structure and function.
Moreover, 8 weeks after sheets transplantation, rats displayed de-
creased CM diameter and fibrosis, accompanied by increased capillary
density. Despite the edema and accumulation of pleural fluid that
might be caused by SV peptide, this approach has huge potential since
SKS conserve ECM, avoiding cell detachment, while SV peptide has an-
giogenic activity, which increases the chances of myoblast survival
and differentiation into CMs. Another combinatory approach can be
achieved by the use of recombinant GLP-1 eluting CellBeads™. In this
case, alginate-encapsulated MSCs are administered via intracoronary
infusion (ICI) and their activity is improved by controlled release of a re-
combinant GLP-1 protein (with higher half-life), which is known to
have both antiapoptotic and cardioprotective roles [102,104]. It is,
therefore, strongly recommended to associate different approaches
that will surely enhance the activity of stem cells, either paracrine or
cardiomyogenic, in the process of post-injury myocardial healing.
Although, for each strategy combined, one has to add additional control
groups to the experimental design so that it is possible to address the
extent of the benefits for each approach. This is a limitation of
some studies depicted in Supplementary Table 1 [36,53,75,101,102,
104,110,114].

3.5. Clinical translation

A plethora of strategies have hitherto been trialed in numerous ani-
mal model studies in the field of regenerative medicine of the heart.
Nevertheless, several hiccups in the design of the experiments delay
the admission of such approaches into the pre-clinical and clinical
stages of therapy experimentation (Box 5, Fig. 2). The first problem
that can compromise a ready clinical translation is the choice of the an-
imal model. Obviously, there is no debate regarding the use of rodents
or pigs. The former should be used in proof-of-concept andmechanistic
studies given its practical and economic advantages and the latter ought
to be used when there is a potential stem cell therapy, optimized for
rodent models, before testing in human trials [1]. Swine models,
which are close, in structure and function, to the human's anatomy
and physiology, provide a very good road towards clinical testing [44].
The research groups should, however, pay attention to the choice of
themice/rat models. There is the need of using a well-characterized an-
imalmodel that gives enough confidence to expect changes in the struc-
ture and function of themyocardiumwhenever the disease is triggered.
Also, as discussed earlier, immunodeficient animals should be avoided
given that they do not represent a healthy immune system.

The second issue is related to the delivery approach. The majority of
the studies is designed by the means of IMI (e.g. [21,57,58,61,111]) of
cells but ICI (e.g. [15,30,34,76,102]), intravenous (IVI, [44,54]) and intra-
muscular injections [46] and epicardial delivery (e.g. [17,53,64–66]) are
routes of choice, too. Stem cells can be administered directly by IMI or
by epicardial delivery, although one should realize that these are very
invasive procedures that can compromise the condition of the patients
even further. In spite of the advantages conferred by cell sheets and
grafts (Sections 3.4.3 and 3.4.4), these are commonly delivered onto
the epicardium by thoracotomy, a very invasive, surgery-based proce-
dure. In that sense, Martinez et al. [47] compared the administration
of subamnion-cord-lining MSC spheroids grafts through lateral thora-
cotomy to in situ assembly via video-assisted thoracoscopic surgery
(VATS) and found comparable improvements in both LV structure and
function. Thus, in future studies, VATS may be of particular interest to
use as a mean to administrate stem cells, while avoiding more invasive
procedures. Although less invasive than IMI, ICI leads to early loss of
stem cell due to the coronary blood flow [59]. Thus, as often as possible,
these approaches should be replaced by less invasive delivery routes,
namely IVI. Nonetheless, systemic administration via IVI is not ideal be-
cause there is always a high degree of cell distribution to outer tissues
[35,54]. We consider more useful to maximize the delivery of stem
cells to heart by, for instance, making use of bispecific antibodies in ad-
dition to IVI, such as the one reported by Yu et al. [118], than to resort to
invasive approaches. The idea behind the use of bispecific antibodies is
to direct stem cells injected intravenously directly to the myocardium
due to the dual antibody-based recognition of stem cell's cluster of
differentiation and of myosin light chains, exposed in injured
cardiomyocytes. Hence, researchers should weight the risk/benefit of
the two poles (invasiveness vs. efficacy) and make a final decision
before proceeding into clinical trials (Box 5, Fig. 2).

Virus-mediated stem cell transfection is another drawback in the
process of clinical translations. As discussed in Section 3.4.5. there is in-
creased immunogenic, oncogenic and teratogenic risk when using
transfected stem cells, therefore researchers should mind the use of
virus-free alternative transfection methods namely electroporation
and non-viral plasmids, in order to achieve a safer route to transform
stem cells (Box 5, Fig. 2). This is a cutting-edge field and deserve more
attention by the researchers.

The final, yet the most compromising, issue in clinical translation is
related to the therapy monitoring, particularly the molecular analysis,
which is performed post-mortem in animalmodels by, for instance, his-
tological and immunohistochemical analysis as well as by PCR and
western blot techniques making use of heart tissue samples [3,8,15,16,
21,22,29,34,38,41,51,54,61,62,64,105,109,110,119]. Only Chen et al.
[103]. Roy et al. [42] and Wiernicki et al. [62] have tried to quantify
the levels of interleukin-10, TNF-α, C-reactive protein and the N-
terminal of brain natriuretic peptide (BNP) pro-hormone (NT-proBNP)
in the plasma from mice or from pigs. Even in clinical trials, structural
and functional parameters, carried out by several imaging techniques,
remain as conventional endpoints. A significant part of the clinical trials
do not resort to any kind of molecular monitoring [81–84,88,89,92,94]
and when they do, they are limited to some conventional cardiac
markers (Table 1), mainly BNP [90,96], NT-proBNP [77–80,86,87,91,
93], in addition to creatine kinase [77,86,87,90,95–97], troponins I [90,
96,97] and T [77,80,86,87] and some inflammation markers, such as
TNF-α, IL-6 [79] and C-reactive protein [77,86]. Therefore, we suggest
to screen biofluids (Box 5, Fig. 2) through omics approaches in the
forthcoming preclinical studies. Molecular data retrieved from the
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exploratory characterization of easily collected biofluids, such as blood
plasma and urine, could complement data from imaging techniques
and would contribute to a higher degree of comprehension of the mo-
lecular basis of stem cell's mechanism of action, generally accepted to
be played by paracrine cues. Furthermore, if certain molecular species,
determined acutely after stem cell transplantation, were found to be
correlated with long-term functional recovery of the animals, novel
prognosis tools could be developed and potentially translated into the
clinical setting. A rapid, yet predictive, molecular test performed with
blood samples collected up until one week after transplantation (as
later, stem cells would likely to be gone) would be valuable particularly
when dealing with larger cohorts, whose functional evaluation through
ultrasounds and electrocardiograms would become time-consuming
and less practical. Ideally, this kind of tests would, in the future, notify
the researchers/clinicians for the need of repeating stem cell
administration, adjusting cell/matrix dosage or validate the use of a
particular stem cell/strategy for a given patient (Box5 to Box3, Fig. 2)
– approaching personalized and precision medicine.

4. Summary and outlook

Current available pharmacological therapies for heart diseases con-
verging to HF only alleviate symptomatology and/or increase survival
of patients without addressing the root of the problem, which is the le-
sion of the myocardium and consequent function decline. Actually,
these drugs can even result in deleterious effects on overall patient
health [4]. This observation together with the view of the heart as a
self-renewing organ, prompted stem cell therapy to the spotlight in
the last decades [1]. Notwithstanding, the lack of standardization in
the design of basic research has been impairing the translation towards
clinical trials. In this sense, following the analysis of the latest cell ther-
apy studies on animal models as well as the contemporaneous clinical
trials (Table 1)we sought to develop a flowchart with some suggestions
to be implemented in the phase of study conceptualization using animal
models, in order to accelerate translation to human studies.

Thus we strongly advice that future studies with animal models
should start by choosing an immunocompetent murine model of myo-
cardial infarction/heart failure. Once the animalmodel iswell character-
ized and the expected deterioration of myocardium structure and
function is achieved, then one can mind the time point of stem cell de-
livery. We acknowledge that the time of administration deserves opti-
mization and, therefore, time points given in this paper are just
referential. Also, stem cells should be preferentially retrieved from au-
tologous sources in order to minimize their immunogenicity. After ad-
ministration, if there is evidence of poor cell retention and survival,
numerous strategies can be followed such as the combination of differ-
ent stem cells, multiple administrations, cell delivery in biomaterial
scaffolds, genetic and tissue engineering. Moreover, there is reason to
believe that multiple approaches are more likely to achieve better cell
engraftment. After optimization in murine models, the therapy can be
scaled up to the swine model. In this phase, the delivery approach as
well as the transfection methods (if needed) should be chosen,
weighing their invasiveness and safety against the chances of stem
cell retention. Moreover, before translation to clinical trials, alternative
therapy monitoring tools to the common post-mortem analysis, such
as antibody-based targeted proteomics (aiming to determining the
levels of circulating paracrine cues) should be implemented and their
correlation with long-term recovery should be assessed. This can be of
special importance upon application in larger cohort studies, as an alter-
native to other time-consuming functional exams.

In short, there is a longway to go before stem cell therapy becomes a
treatment option for patients afflictedwith heart diseases. Nevertheless,
standardization and optimization of animal models, as proposed in our
flowchart, can accelerate the entry of such strategies in the clinical set-
ting and provide novel therapeutic options for myocardial infarction
and heart failure.
Abbreviations

Acta1 alpha-actin 1
ADMSC adipose tissue-derived mesenchymal stem cell
AFPC amniotic fluid-derived progenitor cell
AKT protein kinase B
AMI acute myocardial infarction
ANF atrial natriuretic factor
ANP atrial natriuretic peptide
Apaf-1 apoptotic protease activating factor-1
ATP adenosine triphosphate
AWA anterior wall amplitude
AWT anterior wall thickness
Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2
Bcl-xL B-cell lymphoma extra large
b-FGF basic fibroblast growth factor
BiAb bispecific antibody
BM bone marrow
BMMNC bone marrow-derived mononuclear cell
BMMSC bone marrow-derived stem cell
BMP-4 bone morphogenetic protein 4
BNP brain natriuretic peptide
BW body weight
CAC circulatory angiogenic cell
CBMSC cortical bone-derived mesenchymal stem cell
CC cardiac chimera
CCL chemokine (C\\C motif) ligand
CD cluster of differentiation
CFR coronary flow reserve
CL-MSC subamnion-cord-lining mesenchymal stem cell
CM cardiomyocyte
CMI chronic myocardial infarction
CMPC cardiomyocyte progenitor cell
CNT control
CO cardiac output
COL1a1 collagen alpha-1 (I) chain gene
COL3a1 collagen alpha-1 (III) chain gene
COX5A cytochrome c oxidase, subunit 5A
COX5B cytochrome c oxidase, subunit 5B
CPC cardiac progenitor cell
CPMSC chorionic plate-derived mesenchymal stem cell
CRYAB α-crystallin B chain
CS cardiosphere
CSC cardiac stem cell
CTGF connective tissue growth factor
CTSD cathepsin D
CVMSC chorionic villi-derived mesenchymal stem cell
cx43 connexin 43
CXCL chemokine (C-X-C motif) ligand
CXCR4 C-X-C chemokine receptor type 4
DISA dual isotope simultaneous acquisition
DMOG dimethyloxalylglycine
dP/dt developed pressure over time
EA electroacupuncture
EC endothelial cell
EDC explant-derived cell
EDE end-diastolic elastance
EDPVR end-diastolic pressure-volume relationship
EDV end-diastolic volume
EF ejection fraction
eNOS endothelial nitric oxide synthase
EPC endothelial progenitor cell
ESE end-systolic elastance
ESPVR end-systolic pressure-volume relationship
ESV end-systolic volume
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FAS fractional area shortening
fC-MSC fetal cardiac mesenchymal stem cell
FS fractional shortening
GATA4 NPPB gene transcriptional factor gene
GF growth factor
GFP green fluorescent protein
HA hyaluronan hydrogel
HCN4 hyperpolarization-activated cyclic nucleotide-gated cation

channel 4
HGF hepatocyte growth factor
HIF-1 hypoxia-inducible factor 1
HMONs-PEI/pHGF hollow mesoporous organosilica nanoparticles-

polyethyleneimine/HGF-encoding plasmid nanocomplexes
HO-1 heme oxygenase-1
HR heart rate
HRV heart rate variability
HUVEC human umbilical vein endothelial cell
HW heart weight
I/R ischemia/reperfusion
ICI intracoronary injection
IDH2 isocitrate dehydrogenase 2
IDH3A isocitrate dehydrogenase (NAD), subunit α
IFN interferon
IGF-1 insulin-like growth factor 1
IHC immunohistochemistry
IL interleukin
IL-2R interleukin-2 receptor
IMI intramyocardial injection
ImI intramuscular injection
iMSC iPSC-derived mesenchymal stem cell
iPSC induced pluripotent stem cell
iPSC-VC iPSC-derived vascular cell
IVCT isovolumic contraction time
IVI intravenous injection
IVSDT intraventricular septum diastolic thickness
IVSST intraventricular septum systolic thickness
IVST interventricular septum thickness
JAM-A junctional adhesion molecule-A
Kdr kinase insert domain receptor
LAD left anterior descending coronary artery
LV left ventricle
LVEDD left ventricle end-diastolic diameter
LVEDd left ventricle end-diastolic dimension
LVEDP left ventricle end-diastolic pressure
LVEDV left ventricle end-diastolic volume
LVEF left ventricle ejection fraction
LVESD left ventricle end-systolic diameter
LVESd left ventricle end-systolic dimension
LVESP left ventricle end-systolic pressure
LVESV left ventricle end-systolic volume
LVFAC left ventricle fractional area change
LVIDD left ventricle internal diameter at diastole
LVIdD left ventricle internal dimension at diastole
LVIDS left ventricle internal diameter at systole
LVIdS left ventricle internal dimension at systole
LVPWD left ventricle posterior wall diameter
LVR left ventricle remodeling
LVSP left ventricle systolic pressure
LVW left ventricle weight
Ly6G+ lymphocyte antigen 6 complex
Mef2c myocyte enhancer factor 2c
MesP1 mesoderm posterior 1
MHC myosin heavy chain
MI myocardial infarction
miR microRNA
MLC myosin light chain
MMP matrix metalloprotease
MSC mesenchymal stem cell
Myh7 myosin heavy chain 7
N/A not assessed
NapFF-NO naphthalene covalently conjugated to a short peptide,

FFGGG, and β-galactose caged nitric oxide donor
NDUFV NADH dehydrogenase flavoprotein
Nec-1 necrostatin-1
NF-κB nuclear factor κB
NHDF normal human dermal fibroblast
Nkx2.5 Nk2 homeobox 5
NOD non obese diabetic
NPPB natriuretic peptide B gene
NRG-1 neuroregulin-1
NT-proBNP N-terminal pro-brain natriuretic peptide
PAB pulmonary artery banding
pAKT phosphorylated AKT
PAM poly(lactic-co-glycolic acid) microcarriers
PA-RGDS peptide amphiphile incorporating cell adhesive ligand

Arg-Gly-Asp-Ser
PCDC primary cardiosphere-derived cell
PCL poly(ε-caprolactone)
PCr phosphocreatine
PDAC placenta-derived adherent cell
PDHA1 pyruvate dehydrogenase E1, subunit α
PDMSC placenta-derived mesenchymal stem cell
PEC polyelectrolyte complex
PET positron emission tomography
PHD2 prolyl hydroxylase domain protein 2
PLB phospholamban
PLCA proximal left circumflex artery
PLX-PAD placental expanded cells
PRSW preload recruitable stroke work
PWT posterior wall thickness
RV right ventricle
RVEF right ventricle ejection fraction
SAP self-assembling peptide
SAX AC left ventricle area in the short axis
SCID severe combined immunodeficiency
SDF stromal-derived factor
SERCA2a ATPase, Ca2+ transporting, cardiac muscle, slow twitch 2
SkMSC skeletal muscle stem cell
SKS skeletal myoblast sheet
SMC smooth muscle cell
SPECT single positron emission computed tomography
SSEA-1 stage-specific embryonic antigen-1 (CD15)
SV stroke volume
SVP saphenous vein-derived pericyte
SW stroke work
TAC transverse aortic constriction
TGF-β1 transforming growth factor β1
TNF-α tumor necrosis factor α
TnI troponin I
TnT troponin T
Trx1 thioredoxin-1
Tx transplantation
UCB umbilical cord blood
UCBEC umbilical cord blood-derived endothelial cell
UCB-EPC umbilical cord blood-derived endothelial progenitor cell
UCB-MNC umbilical cord blood-derived mononuclear cell
UCMSC umbilical cord-derived mesenchymal stem cell
VATS video-assisted thoracoscopic surgery
VEGF vascular endothelial growth factor
VPC ventricular premature contraction
wk week
yr year
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