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Cardiac cell therapy: Current status, challenges and perspectives Thérapie cellulaire cardiaque : état des lieux, défis et perspectives

Although the initial clinical trials of cardiac cell therapy have failed to demonstrate unequivocal clinical benefits, the accumulation of preclinical data gathered in parallel can now help us to understand the main causes of failures, while providing mechanistic insights that may be leveraged to improve the outcomes of subsequent clinical studies using cells or their secreted products. This review briefly describes the current status of clinical trials, discusses the potential mechanisms of action of the grafted cells, and the impact of this knowledge on the design of future studies, and finally draws some perspectives.

Résumé

Bien que les premiers essais de thérapie cellulaire cardiaque n'aient pas démontré un bénéfice clinique indiscutable, l'accumulation des données non cliniques acquises en parallèle permet aujourd'hui de mieux comprendre les causes de ces échecs et apporte des informations de nature mécanistique dont l'exploitation devrait permettre d'améliorer les résultats des futurs essais, qu'ils utilisent les cellules ou leurs produits de sécrétion. Cette revue décrit brièvement les principales études, discute les mécanismes d'action présumés des cellules greffées et l'impact que leur connaissance a sur le schéma des futurs essais avant de conclure sur les perspectives.
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Background

The recognition that cells can act as therapeutics dates back to the early successes of skin grafts, followed almost a century later, in the 1950s, by bone marrow transplantation for haematological diseases, which unequivocally provided the proof of concept that the administration of cells could have a curative effect. This concept was extended subsequently to the use of other cell types, so that by December 2019, the words "stem cells" retrieved 2249 active interventional trials from the ClinicalTrials.gov website. These studies covered a broad variety of diseases, but the present review will focus only on the heart, presenting a summary of the main studies grouped by clinical indication, discussing the presumed mechanisms of action of transplanted cells and the way in which they should affect trial design, and finally drawing some perspectives.

Snapshot of the current clinical landscape

A list of all cardiac cell therapy studies would be tedious and of limited interest, because the incremental number of trials would rapidly render such a catalogue out of date. A summary of study outcomes by clinical indication may be more helpful in terms of providing a better insight into the current status of the field.

Acute myocardial infarction

The usual procedure in this condition has entailed a bone marrow harvest, the collection of the mononuclear fraction (according to different protocols) and the reinfusion of the cellular yield into the reopened infarct-related coronary artery a few days after the revascularization procedure. Several small-to-intermediate sized trials as well as meta-analyses have demonstrated mixed and conflicting results [START_REF] Micheu | Fifteen years of bone marrow mononuclear cell therapy in acute myocardial infarction[END_REF], which may be explained in part by the lack of robust non-clinical data (it is worth reiterating that the enthusiasm for using cells in this indication was fuelled by a publication in mice that claimed that they had "regenerative" potential [START_REF] Orlic | Bone marrow cells regenerate infarcted myocardium[END_REF], the results of which have never been reproduced), by the already high success rate of early reperfusions, which makes it difficult to demonstrate an additional benefit, and by the low retention of cells when infused into the coronary arteries. In an attempt to clarify this issue and determine whether such a bone marrow mononuclear cell infusion could translate into clinically meaningful outcomes, the European Commission sponsored a multinational multicentre randomized open-label controlled parallel-group phase III study aiming to enrol approximately 3000 patients (the BAMI trial; ClinicalTrials.gov Identifier NCT 01569178). The protocol entailed a single intracoronary infusion of autologous bone marrow-derived mononuclear cells in patients with reduced left ventricular ejection fraction(≤ 45%), 2-8 days after successful reperfusion for acute myocardial infarction, in comparison with a control group of patients undergoing best medical care; the primary outcome was time from randomization to all-cause death,. A major issue has been the slow rate of enrolment so that, despite an extended time frame (the trial started on 01 Nov 2011 and finished on 31

Oct 2017, including a 1-year extension), only 375 patients could be randomized (far fewer than in the initial plan). Although the outcomes of the study are not yet available, a major conclusion that can be drawn from these difficulties in recruiting patients is that because of the well-documented benefits of early revascularization, the medical need in this setting may not be as critical as initially thought [START_REF] Tyler | No Risk, No Reward[END_REF], and the reluctance of most clinicians to adopt a stem cell-based approach in these patients has probably been increased by the invasiveness of the required procedures (bone marrow harvest and repeat catheterization). The current consensus is that there is probably little room, if any, for stem cells in this condition.

Refractory angina

This condition has been specifically targeted by hematopoietic cells harvested from the bone marrow, and selected on the basis of their expression of the CD34 antigen, with the premise that this population is endowed with strong angiogenic properties. Several clinical studies have reported encouraging data regarding relief of angina symptoms and improvement in exercise tolerance [START_REF] Tompkins | What Is the Future of Cell-Based Therapy for Acute Myocardial Infarction[END_REF], but the company developing this product has been required by the United States Food and Drug Administration to complete an additional pivotal trial before being allowed to move towards commercialization. Regardless of the outcomes of this trial, refractory angina will probably remain a relatively narrow "niche" for stem cells.

Heart failure

The first cells to enter the clinical arena were non-cardiac, as they included skeletal myoblasts (which can be roughly assimilated to progenitor cells for the muscle) and bone marrow-derived mononuclear cells. They globally failed to yield clinically meaningful improvements in patient outcomes [START_REF] Fisher | Stem cell therapy for chronic ischaemic heart disease and congestive heart failure[END_REF], and currently the only cells in this category that continue to generate interest are mesenchymal stromal cells (MSCs), because of their attractive properties: they can be easily harvested from bone marrow, adipose tissue or the umbilical cord, they grow easily in culture and they feature angiogenic, antiinflammatory and immunomodulatory properties. Several trials are currently under way, using autologous or allogeneic MSCs, either naïve or selected on the basis of specific markers, but the trial that has been scrutinized most is probably the event-driven randomized DREAM-HF study, because of its large size (566 patients); the results are expected within the next 12 months.

Experimental studies conducted in parallel with these trials led to the recognition that better outcomes might be achieved by cardiac-committed cells, which initiated a second wave of clinical studies. As can be readily anticipated, procurement of "cardiac" cells is not trivial, and has basically relied on two different approaches. The first approach consists of using adult tissue sources; there is no need to elaborate on the use of MSCs engineered in vitro to express cardiac transcription factors (the CHART-1 trial), as this study missed its primary endpoint [START_REF] Bartunek | Cardiopoietic cell therapy for advanced ischaemic heart failure: results at 39 weeks of the prospective, randomized, double blind, shamcontrolled CHART-1 clinical trial[END_REF] (although a post-hoc data analysis provided evidence for reverse remodelling in a subset of patients [START_REF] Teerlink | Benefit of cardiopoietic mesenchymal stem cell therapy on left ventricular remodelling: results from the Congestive Heart Failure Cardiopoietic Regenerative Therapy (CHART-1) study[END_REF]), thereby leading the sponsoring company to quit the field. One should skip the SCIPIO trial (which entailed the intracoronary infusion of c-Kit + "cardiac stem cells" grown from a right atrial biopsy taken during a previous coronary artery bypass graft, and subsequently reinfused into the coronary arteries) even more rapidly, as it was largely based on non-clinical data that were shown to be fraudulent. These c-Kit + cells were also tested, alone or in combination with MSCs, in the CONCERT-HF trial, but the study was interrupted close to its end when the fraud surrounding this cell type was disclosed; however, these cells are still being investigated in left heart hypoplastic syndrome, where they are harvested during the Norwood procedure and subsequently injected into the right ventricle during the bidirectional cavopulmonary anastomosis. This indication makes sense as the neonatal human heart is assumed to still harbour, albeit transiently (up to 1 month of age), niches of cardiac cells featuring stemness properties [START_REF] Mishra | Characterization and functionality of cardiac progenitor cells in congenital heart patients[END_REF]. The other "survivors" in this category are cardiosphere-derived cells; these cardiospheres are agglomerates of cells harvested from the right ventricle by an endomyocardial biopsy, and in which stromal cells predominate. Although a phase II study (ALLSTAR) was prematurely interrupted for futility, cardiospheres are currently being tested in two randomized double-blind placebo-controlled studies: one in patients with dilated cardiomyopathy (with multivessel intracoronary delivery; the DYNAMIC trial); and the second in patients with Duchenne muscular dystrophy (where cells are infused intravenously every 3 months for a total of four doses). In both studies, the cells are allogeneic.

The alternative approach to generating cardiac-committed cells (and the one we have adopted) is to start upstream from human embryonic stem cells (hESCs), to leverage their unique property (i.e. pluripotentiality), coaxing them towards a cardiovascular lineage following exposure during culture to lineage-specific cues. We have now successfully completed a phase I safety trial (ESCORT; ClinicalTrials.gov Identifier NCT02057900), in which these hESC-derived early committed Isl-1 + progenitors were embedded in a fibrin gel, which was then delivered onto the epicardium of the infarct area during a coronary artery bypass graft in six patients with severe left ventricular dysfunction [START_REF] Menasche | Transplantation of Human Embryonic Stem Cell-Derived Cardiovascular Progenitors for Severe Ischemic Left Ventricular Dysfunction[END_REF]. Of note, with a follow-up that now extends beyond 5 years for the first patient, no complications that could have been ascribed to these cells (arrhythmias, tumours, clinically relevant alloimmunization) have been observed. This outcome has encouraged the set-up of other trials, currently in preparation in Germany, the USA, Canada and Japan, and which differ primarily from ours in that the in vitro differentiation process of the pluripotent stem cells is pushed further downwards to generate more mature cardiomyocytes. Of note, similar cell sources are also being tested worldwide following their differentiation into lineage-specific cells matching the target indication (macular degeneration, Parkinson's disease, spinal cord injury, amyotrophic lateral sclerosis, corneal diseases and diabetes).

In brief, a consistent finding in all these studies has been their good safety profile, and a metaanalysis of the most recent trials shows a small, but significant, improvement in ejection fraction and left ventricular systolic volumes [START_REF] Jayaraj | Efficacy and Safety of Stem Cell Therapy in Advanced Heart Failure Patients: A Systematic Review with a Meta-analysis of Recent Trials Between 2017 and 2019[END_REF], without any effect on all-cause mortality. While these data should be interpreted cautiously (as with all data from meta-analyses), they correctly reflect the common feeling that there is a signal, still too faint to be clinically relevant, but nevertheless consistent enough to avoid giving up prematurely. Hopefully, a better understanding of the mechanisms of action of the cells, as discussed below, will help to shift this signal in a more positive direction.

Mechanisms of action

Two main mechanisms of action can be considered. The first is that the transplanted cells engraft in the recipient myocardium, eventually proliferate and differentiate (in cardiac and vascular cells) and ultimately electromechanically couple with the host cardiomyocytes, thereby contributing to "remuscularization" of the heart and increasing its contractile function. However, this view is now seriously challenged, because most experimental studies have demonstrated clearly that very few cells, if any, ultimately survive, and that their tiny residual number can by no means account for the improved function often recorded at the same time points [START_REF] Sharma | A Deep Proteome Analysis Identifies the Complete Secretome as the Functional Unit of Human Cardiac Progenitor Cells[END_REF]. Consequently, an alternative, currently prevailing, mechanism of action is that during their presence in the host tissue, the transplanted cells release a blend of biomolecules, which harness endogenous repair pathways [START_REF] Garbern | Cardiac stem cell therapy and the promise of heart regeneration[END_REF], leading to stimulation of angiogenesis and mitigation of inflammation, fibrosis and, possibly, apoptosis [START_REF] Gnecchi | Paracrine mechanisms in adult stem cell signaling and therapy[END_REF], whereas a proliferation of host cardiomyocytes is still very controversial. In brief, these molecules encompass soluble factors and extracellular vesicles (exosomes and microparticles), which are nanoparticles harbouring a rich cargo (made of proteins, lipids and non-coding ribonucleic acids) that they can shuttle into recipient cells, thereby modulating signalling pathways towards enhanced tissue repair. Support for this paracrine hypothesis comes not only from observations that the cell-related functional improvement is disconnected from stable cell engraftment, but also from the consistent finding, across a large variety of preclinical disease models (involving lung, kidney, brain and retina, among others), that the benefits of stem cells can be duplicated by the exclusive administration of their secretome.

Leveraging mechanistic insights into clinically relevant trial designs

The above-mentioned mechanisms of action have major and distinct practical implications when the time comes to implement a clinical trial. Conversely, they have in common the issue of optimal delivery of the cells or their secreted products.

The "remuscularization" paradigm

For the investigations striving for remuscularization, four main challenges need to be addressed. The first is the scale-up. By definition, patients who may require cell therapy have had a large infarction, resulting in the loss of hundreds of million of cardiomyocytes. Repopulation of these damaged areas thus requires, in turn, the transplantation of large numbers of cells endowed with cardiomyogenic potential. Currently, only pluripotent stem cells (PSCs) derived from embryonic stem cells (ESCs) or induced PSCs feature such a scale-up potential, and have been actually shown, in non-human primate models, to generate islands of new cardiomyocytes in the infarcted areas [START_REF] Chong | Human embryonic-stem-cell-derived cardiomyocytes regenerate non-human primate hearts[END_REF][START_REF] Liu | Human embryonic stem cell-derived cardiomyocytes restore function in infarcted hearts of non-human primates[END_REF][START_REF] Shiba | Allogeneic transplantation of iPS cell-derived cardiomyocytes regenerates primate hearts[END_REF]. This implies an industrial-scale production of cells, which is best achieved in automated bioreactors, with the caveat that multiple duplications of cells over an extended period of time can induce unfavourable genetic changes, some of which might predispose to oncogenesis [START_REF] Werbowetski-Ogilvie | Characterization of human embryonic stem cells with features of neoplastic progression[END_REF].

A second challenge specific to PSCs is related to the unique ability of these cells to be coaxed towards a cardiac lineage in response to appropriate cues during the culture period. Because it is possible to tightly control the differentiation process, the challenge is to select the optimal timing for "freezing" this process, and thus transplant either early progenitor cells or more mature cardiomyocytes. While the former feature distinct advantages (greater plasticity, allowing differentiation towards cardiac and vascular lineages [START_REF] Cao | Highly efficient induction and long-term maintenance of multipotent cardiovascular progenitors from human pluripotent stem cells under defined conditions[END_REF], greater resistance to hypoxia because of a predominant reliance on glycolytic metabolism and a greater secretory profile [START_REF] Agarwal | Experimental, Systems, and Computational Approaches to Understanding the MicroRNA-Mediated Reparative Potential of Cardiac Progenitor Cell-Derived Exosomes From Pediatric Patients[END_REF][START_REF] El Harane | Acellular therapeutic approach for heart failure: in vitro production of extracellular vesicles from human cardiovascular progenitors[END_REF]), the latter may appear to be more attractive candidates because of a greater force-generating capacity and a reduced risk of being contaminated by residual early differentiated pacemaker cells, which may predispose to automaticity-associated arrhythmias. However, it is important to recognize that, currently, there is no definite answer regarding the optimal stage at which the cells should be grafted.

The third challenge is to keep the transplanted cells alive to allow them to generate a life-long contractile muscle while several factors contribute to kill them, each requiring specific handling. There are at least three three main causes of cell death.

The first cause of cell death is hypoxia and inflammation of the environment in which cells are implanted, which can be addressed by attempts to recreate a niche akin to what the cells are used to living in, which may, in turn, require PSC-derived cardiac cells to be co-transplanted along with "support" cells, such as fibroblasts and vascular cells [START_REF] Masumoto | The myocardial regenerative potential of threedimensional engineered cardiac tissues composed of multiple human iPS cell-derived cardiovascular cell lineages[END_REF]; this strategy is doable (and has been done), but may add an additional layer of technical and regulatory complexity.

The second cause of cell death is injection-associated stress and loss of the normal anchorage of cells to their matrix, which is inherent to their dissociation before injection-based delivery; this is best handled by combining cells with a scaffold that acts as a template, allowing them to secrete their own matrix and remain cohesive; different materials are available (we used fibrin in our clinical trial of ESC-derived cardiovascular progenitor cells, while the German study in preparation will use collagen), but beyond the nature of the scaffold, some key requirements to comply with include biocompatibility (lack of inflammatory/immune responses), physical properties (elasticity, porosity, suitability for being vascularized by ingrowing host vessels), mechanical resistance allowing easy manipulation, scalability and practicality of manufacturing, including the possibility of sterilization and stability under storage. The combination of cells with a scaffold can be designed as a patch to be delivered epicardially during an open-chest procedure, in which case appropriate cell patterning (which is achievable by techniques such as three-dimensional bioprinting) and endowment of the material with conducive properties may be important to facilitate graft integration [START_REF] Gorain | Carbon nanotube scaffolds as emerging nanoplatform for myocardial tissue regeneration: A review of recent developments and therapeutic implications[END_REF]. However, the use of an adjunctive biomaterial should also be compatible with a catheter-based approach, provided the material features shear-thinning properties, allowing it to be injectable before expanding as a gel once in the target tissue (the material then acts as a cell-shielding protective lubricant during injections, and provides cells with a three-dimensional template featuring instructive cues to enhance their viability, proliferation and differentiation).

The third cause of cell death is rejection, which is inherent to the allogeneic nature of PSCs, and is probably the major clinically relevant issue. There are different means of addressing rejection.

The current strategy relies on pharmacological immunosuppression, which raises obvious long-term safety issues because of the well-documented side-effects of these drugs. A second possibility is to use haplotyped cell lines, allowing matching of their immune human leukocyte antigen (HLA) phenotype to that of the future recipient; while this is logistically doable (it has been calculated that 70% of European patients would find a HLA match in a bank of induced PSCs storing 50 cell lines [START_REF] Neofytou | Hurdles to clinical translation of human induced pluripotent stem cells[END_REF]), it may not completely prevent rejection mediated by minor HLA antigens. A last strategy, which is attracting great interest, and has been made possible by progress in gene editing, is to develop "universal" cell lines characterized by a knock-down of HLA-I and HLA-II, and concomitant overexpression of molecules like HLA-C [START_REF] Xu | Targeted Disruption of HLA Genes via CRISPR-Cas9 Generates iPSCs with Enhanced Immune Compatibility[END_REF], intended to prevent graft attrition by natural killer cells, which would otherwise occur in the absence of HLA-I antigens. Whereas encouraging non-clinical data have been reported, which stimulate this approach for overcoming rejection, additional studies are still warranted to assess the safety of such a strategy before it can be used in humans.

The last, but not the least, challenge primarily relevant to PSCs, is safety. There are three major risks associated with these cells: (1) tumours, if the population intended to be transplanted has not been appropriately purged from residual pluripotent cells, which could then continue to proliferate beyond control; this risk implies stringent purification procedures aimed at enriching populations only expressing lineage-specific markers, in vitro checks for the absence of cancer-driving mutations and extensive animal studies to demonstrate the absence of in vivo tumourigenicity [START_REF] Garitaonandia | Neural Stem Cell Tumorigenicity and Biodistribution Assessment for Phase I Clinical Trial in Parkinson's Disease[END_REF]; because assays and animal studies have their limitations, an ultimate fail-safe system can be to engineer stem cell lines with drug-inducible suicide genes [START_REF] Itakura | Fail-Safe System against Potential Tumorigenicity after Transplantation of iPSC Derivatives[END_REF][START_REF] Liang | Linking a cell-division gene and a suicide gene to define and improve cell therapy safety[END_REF]; (2) arrhythmias, which, in large animal studies [START_REF] Chong | Human embryonic-stem-cell-derived cardiomyocytes regenerate non-human primate hearts[END_REF][START_REF] Shiba | Allogeneic transplantation of iPS cell-derived cardiomyocytes regenerates primate hearts[END_REF][START_REF] Romagnuolo | Human Embryonic Stem Cell-Derived Cardiomyocytes Regenerate the Infarcted Pig Heart but Induce Ventricular Tachyarrhythmias[END_REF], occurred shortly after transplantation, declined thereafter and seem to be primarily caused by the presence of cells endowed with automaticity; hence the importance of careful selection of the clinically targeted cell population and, eventually, the prophylactic implantation of an internal defibrillator; and

(3) alloimmunization, which may contribute to graft attrition if the patient develops excessively high titres of antidonor-specific antibodies. All of these potential complications are obviously critical components of the risk analysis preceding any clinical trial, and should be weighed against the benefit expected from a scar repopulation seldom exceeding 15% and usually associated with only modest improvements in heart function.

Finally, it should be mentioned that attempts are also being made to increase the contractile cell pool through either reinduction of cardiomyocyte division by lifting the inhibitory signals that normally stop it shortly after birth [START_REF] Lin | Harnessing Hippo in the heart: Hippo/Yap signaling and applications to heart regeneration and rejuvenation[END_REF] or in-situ transformation of endogenous fibroblasts [START_REF] Mohamed | Chemical Enhancement of In Vitro and In Vivo Direct Cardiac Reprogramming[END_REF].

Whereas experimental studies have established the proof of concept, the clinical application of these strategies is probably a long-term goal because of the major issues still to be addressed, such as the variability in process efficiency and the need for tight control over cell cycle regulation to prevent excessive and possible harmful overgrowth.

The paracrine signalling paradigm

If, in contrast, the objective is no longer to have the cells surviving for ever, but only in the tissue transiently and long enough to induce paracrine signalling, the issues are quite different, and are more likely easier to address clinically. While this approach shares with the previous one the need to combine diverse cell types and incorporate them in a tissue construct, the issue of rejection is quite different as the objective is no longer to prevent it, but only to delay it. This can be tackled by shortterm immunosuppression without safety concerns (in our trial, we gave it for 1 month, which did not cause adverse events). The paracrine hypothesis may also give more flexibility in the choice of the cells as besides PSCs, MSCs may be attractive if one targets a predominant anti-inflammatory effect.

Importantly, because reliance on a paracrine mechanism of action implies acceptance that the cells will ultimately be cleared, allogeneic, banked and thus well-qualified and ready-to-use cells can conveniently be used, thereby overcoming the serious challenges associated with patient-specific cells, such as variability in cell function and thus inconsistent efficacy, complexity of logistics and cost of batch-to-batch quality controls. Indeed, the finding that in preclinical studies, allogeneic cells yield similar outcomes to their autologous counterparts [START_REF] Of Lorkeers | Similar effect of autologous and allogeneic cell therapy for ischemic heart disease: systematic review and meta-analysis of large animal studies[END_REF], further supports the idea that a permanent cell engraftment is not a prerequisite for a therapeutic effect.

Interestingly, the recognition that the effects of stem cells are primarily mediated by the factors that they release has led to the idea of exclusively delivering this secretome instead of transplanting the cells. As mentioned above, several studies have shown equivalent benefits, and in this context the interest in using the secretome is primarily based on practical considerations: it can be cryopreserved and thus used as an off-the-shelf product; it is not immunogenic (at least when derived from PSCderived cardiovascular progenitors); and its manufacture is more akin to that of a drug (it is classified as a "biological medication"), which may provide more of an incentive for large pharmaceutical companies to get involved in the field. In turn, this acellular therapy also raises its own specific concerns. The first pertains to the choice of the "mother" cells; there is compelling evidence that they should ideally be early differentiated -the younger the cell, the richer its secretome [START_REF] Sharma | A Deep Proteome Analysis Identifies the Complete Secretome as the Functional Unit of Human Cardiac Progenitor Cells[END_REF][START_REF] El Harane | Acellular therapeutic approach for heart failure: in vitro production of extracellular vesicles from human cardiovascular progenitors[END_REF] -and cardiac-committed [START_REF] Barile | Cardioprotection by cardiac progenitor cell-secreted exosomes: role of pregnancy-associated plasma protein-A[END_REF], as their cargo may then be better tailored for heart repair. For this reason, we have selected induced PSC-derived cardiovascular progenitors as the parental cells of the secretome we plan to test in our next clinical trial. A second issue is the characterization of the composition of the secretome and, more specifically, that of the extracellular vesicles, but current technologies such as transcriptomics and mass spectrophotometry allow it to be mapped. A third relevant issue is the extent to which the secretome should be purified once cleared from cellular debris. Here, there is increasing evidence that there is no gain in trying to excessively isolate a given fraction (i.e. exosomes) because, although there might be top players (still to be identified), it is more likely that both soluble factors and extracellular vesicles contribute synergistically to the overall therapeutic effect, thereby leading the filtration variables to be set such that the final retentate is enriched with most of the biologics present in the secretome.

Delivery issues

Delivery of the cells or their secreted products is a key factor in the ultimate outcome, as it is obvious that it is hopeless to have well-contracting cardiomyocytes in a culture dish if their transfer to the heart damages them irreversibly. So far, cells have usually been delivered either transepicardially during an open-chest surgical procedure or endomyocardially by a left ventricular catheter (the intracoronary route has been used mainly in the setting of acute myocardial infarction, and is largely inefficient because of the very limited retention of the cells in the cardiac tissue). However, even direct intramyocardial injections are not satisfactory, because the retention rate has been reported to be in the range of only 15% after 1 week [START_REF] Nakamuta | Cell therapy attenuates cardiac dysfunction post myocardial infarction: effect of timing, routes of injection and a fibrin scaffold[END_REF]. As mentioned above, the adjunctive use of a biomaterial can increase retention [START_REF] O'neill | Biomaterial-Enhanced Cell and Drug Delivery: Lessons Learned in the Cardiac Field and Future Perspectives[END_REF], particularly by minimizing injection-induced stress, but improvements are still required, and have prompted innovations that differ basically in terms of their main objective. Some strategies target optimization of direct cell engraftment, and include a multineedle injector (for openchest delivery), with a spatial distribution of needle holes intended to maximize an even distribution of cells [START_REF] Tabei | Development of a transplant injection device for optimal distribution and retention of human induced pluripotent stem cellderived cardiomyocytes[END_REF], or a flexible shape-memory material that can be introduced folded by a minimally invasive approach and that unfolds once over the heart [START_REF] Montgomery | Flexible shape-memory scaffold for minimally invasive delivery of functional tissues[END_REF]. Alternative strategies aim at leveraging the paracrine effects of the cells, and are exemplified by the epicardial placement of a reservoir of cells, whose secreted products diffuse through a semipermeable membrane, and which can be refilled on demand through its connection to a subcutaneous pocket by an indwelling catheter [START_REF] Whyte | Sustained release of targeted cardiac therapy with a replenishable implanted epicardial reservoir[END_REF], or the transient intravascular placement of a bioreactor, which features a stem cell chamber wrapped at the distal end of a catheter to allow the cellular secretome to diffuse into the blood as long as the catheter is in place [START_REF] Johnston | Intravascular Stem Cell Bioreactor for Prevention of Adverse Remodeling After Myocardial Infarction[END_REF]. Delivery of the secretome itself (without cell implantation) can also be achieved by incorporating it into control-release biomaterials [START_REF] Chen | Sustained release of endothelial progenitor cell-derived extracellular vesicles from shear-thinning hydrogels improves angiogenesis and promotes function after myocardial infarction[END_REF][START_REF] Waters | Stem cell-inspired secretome-rich injectable hydrogel to repair injured cardiac tissue[END_REF] to extend the exposure time of the target tissue to the cell-secreted factors.

However, while all these technical solutions nicely illustrate human inventivity, they are still fraught with issues that hamper user-friendly use, including their complexity, cost and invasiveness, which limit repeated administrations (except for the reservoir-based device), whereas there is mounting evidence that a single shot (of cells or secretome) is unlikely to trigger long-lasting therapeutic benefits [START_REF] Tang | Repeated Administrations of Cardiac Progenitor Cells Are Superior to a Single Administration of an Equivalent Cumulative Dose[END_REF]. In this context, there is a revived interest in the intravenous route. The paradox is that all biodistribution studies have shown that when delivered intravenously, very few cells reach the heart, as most of them are trapped in the lungs and spleen [START_REF] Lee | Intravenous hMSCs improve myocardial infarction in mice because cells embolized in lung are activated to secrete the anti-inflammatory protein TSG-6[END_REF]; nevertheless, a survey of non-clinical studies using this approach showed a consistent improvement in outcomes [START_REF] Luger | Intravenously Delivered Mesenchymal Stem Cells: Systemic Anti-Inflammatory Effects Improve Left Ventricular Dysfunction in Acute Myocardial Infarction and Ischemic Cardiomyopathy[END_REF], which is further supported by the results of a more limited number of clinical trials [START_REF] Bartolucci | Safety and Efficacy of the Intravenous Infusion of Umbilical Cord Mesenchymal Stem Cells in Patients With Heart Failure: A Phase 1/2 Randomized Controlled Trial (RIMECARD Trial [Randomized Clinical Trial of Intravenous Infusion Umbilical Cord Mesenchymal Stem Cells on Cardiopathy])[END_REF]. To account for this discrepancy, a paradigm-shifting hypothesis has been raised, whereby the sequestered cells would induce changes in endogenous immune/inflammatory cells, shifting their ratio and phenotype towards a reparative pattern, and these systemic anti-inflammatory and immune-modulatory signals would then be conveyed endocrinally to the heart [START_REF] Wysoczynski | New Paradigms in Cell Therapy: Repeated Dosing, Intravenous Delivery, Immunomodulatory Actions, and New Cell Types[END_REF]. Given the importance of inflammation in the pathogenesis of heart failure, such a hypothesis is plausible, but still needs to be confirmed. Of note, a similar mechanism of action has been proposed to explain the equally beneficial effects of intravenous delivery of the cellular secretome alone, which has been demonstrated in animal models of doxorubicin-induced cardiomyopathy [START_REF] Sun | Intravenous mesenchymal stem cell-derived exosomes ameliorate myocardial inflammation in the dilated cardiomyopathy[END_REF], and is currently being tested in various disease conditions, including bronchopulmonary dysplasia, acute ischaemic stroke and metastatic pancreatic cancer.

Should the systemic approach be confirmed as an efficient route for delivering cells or their secreted products, it would represent a major advance, as the lack of invasiveness of this approach would be expected to increase the clinical acceptance of this therapy and broaden its indications. Finally, although the intravenous route primarily relies on the endocrine effects of the sequestered cells/cell products remote from the heart, one cannot exclude that a further benefit could be achieved by driving a greater number of these therapeutics towards their myocardial target. In this setting, some studies have explored the effects of engineering cells with signalling molecules that can increase their cardiac homing through interactions with cardiac-specific receptors [START_REF] Ciullo | Exosomal Expression of CXCR4 Targets Cardioprotective Vesicles to Myocardial Infarction and Improves Outcome after Systemic Administration[END_REF].

Perspectives

A successful therapeutic outcome depends not only on the type of cells, their mode of delivery and their combination with some form of tissue engineering; at least three other factors need careful consideration. The first is the typology of patients, and in this setting it may be timely and appropriate to pay more attention to non-ischemic cardiomyopathies; in fact, this is already being done, as demonstrated by registered trials in patients with cardiomyopathy after chemotherapy (three studies are using allogeneic MSCs; in one of these studies [SENECA], which is already completed, cells were injected endomyocardially, whereas the other two studies are relying on intravenous infusions), Duchenne muscular dystrophy, congenital heart diseases (autologous cord blood stem cells or allogeneic MSCs in hypoplastic left heart syndrome or single ventricle) and patients implanted with a left ventricular assist device (intravenous delivery of allogeneic MSCs); in the future, machine learning could help to identify the likely responders, and thus allow inclusion criteria to be fine-tuned.

Second, it is probably also important to revisit trial designs to better match them to the specificities of cell therapy; here, lessons could be drawn from oncology, where Bayesian-type statistical models based on predictive probabilities can yield relevant data more rapidly and hasten translatability to clinical practice.

Finally, regardless of whether the objective is to use cells (classified as Advanced Therapy Medicinal Products) or their secretomes (considered as "Biological Medications"), regulation is tight. Thus, one cannot overemphasize the importance of early and sustained dialogue with the regulators to frame developmental programmes according to their stringent guidelines so that, in the end, the product can match its expected quality attributes. At the same time, financial constraints should not be underestimated, and they justify attempts to optimize the cost-effectiveness of manufacturing to make the product economically affordable, and thus potentially reimbursable by the health stakeholders.

In the end, it may be appropriate to reflect that the time between the experimental demonstration that an irradiated mouse could be rescued by hematopoietic stem cells and the widespread successful implementation of bone marrow transplantation for haematological diseases spanned 50 years [START_REF] Prockop | Are clinical trials with mesenchymal stem/progenitor cells too far ahead of the science? Lessons from experimental hematology[END_REF]. Cardiac cell therapy is only 25-year old, which should make us reasonably optimistic that it will find its place within the armamentarium of therapies that can be offered to patients with various heart disease conditions. 

  Figure legend

Sources of funding

None.

Disclosure of interest

The authors declare that they have no conflicts of interest concerning this article.