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Abstract
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Heart failure continues to be one of the leading causes of morbidity and mortality worldwide. Myocardial infarction is the primary causative agent of chronic heart failure resulting in cardiomyocyte necrosis and the subsequent formation of fibrotic scar tissue. Current pharmacological and non-pharmacological therapies focus on managing symptoms of heart failure yet remain unable to reverse the underlying pathology. Heart transplantation usually cannot be relied on, as there is a major discrepancy between the availability of donors and recipients. As a result, heart failure carries a poor prognosis and high mortality rate. As the heart lacks significant endogenous regeneration potential, novel therapeutic approaches have incorporated the use of stem cells as a vehicle to treat heart failure as they possess the ability to self-renew and differentiate into multiple cell lineages and tissues. This review will discuss past, present, and future clinical trials, factors that influence stem cell therapy outcomes as well as ethical and safety considerations. Preclinical and clinical studies have shown a wide spectrum of outcomes when applying stem cells to improve cardiac function. This may reflect the infancy of clinical trials and the limited knowledge on the optimal cell type, dosing, route of administration, patient parameters and other important variables that contribute to successful stem cell therapy. Nonetheless, the field of stem cell therapeutics continues to advance at an unprecedented pace. We remain cautiously optimistic that stem cells will play a role in heart failure management in years to come.
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Core Tip: Cellular based therapeutics have emerged as a promising potential option for the treatment of heart failure. To date, there have been numerous clinical trials evaluating safety, efficacy and feasibility of the use of adult and pluripotent stem cells in the treatment of chronic cardiomyopathy. Although clinical results have varied, important lessons have been learned about the optimal cell type, route of administration and the implementation of tissue engineering.


INTRODUCTION
[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Heart failure (HF) is a disease that affects approximately 40 million adults globally and it is estimated that the prevalence will increase by 46% in the next decade[1,2]. Heart failure is a complex clinical syndrome that can be characterized by structural or functional impairment of the heart. It is defined by a reduction in the ability of the ventricle to either receive or eject adequate amounts of blood, resulting in poor perfusion of peripheral tissues[3,4]. This mechanism of pump failure consequently results in an inability of the heart to meet the normal metabolic demands of the body. This progressive disease impacts quality of life and often causes sudden cardiac death or organ failure due to complications caused by hypoperfusion[4]. Heart failure can be classified based on the circulatory system that is affected (right-sided vs left-sided), cardiac function (systolic vs diastolic) or the underlying pathophysiology (pressure-induced vs volume induced)[4]. Though not the focus of this article, it is noteworthy that the various classifications of HF all represent an inability of the heart to meet the metabolic demands of the body. The diagnosis of HF relies primarily on the Framingham criteria, which consists of clinical signs and symptoms seen in the physical examination. To confirm a diagnosis of HF, a patient must present with a minimum of 2 major criteria or 1 major criterion with two or more minor criteria[4]. This diagnostic tool can be supplemented with a comprehensive patient history, electrocardiogram and chest radiograph[3,4] (Figure 1).
In addition to the Framingham criteria, the clinical severity of HF is graded according to the New York Heart Association (NYHA) functional classification. The American College of Cardiology and the American Heart Association also established another classification of HF in order to complement the NYHA functional classification. Together, these clinical tools are useful in estimating the progression and future outcome of the disease. The stages of HF in patients vary depending on their signs, symptoms, physical activity levels, as well as the extent of damage to the heart[1,4]. The main risk factors for developing HF include coronary artery disease, diabetes mellitus, obesity, hypertension, previous myocardial infarction (MI), family history of poor cardiac health and chronic pulmonary diseases[4,5]. The most common cause of HF is MI, which results in myocardial cell damage due to prolonged ischemia and the formation of fibrotic scar tissue[4,6,7]. The extent of cardiomyocyte damage is dependent on the duration of ischemic state and the zone of infarction. Observations of myocyte necrosis and the resulting inflammatory response are indicative of severe damage. Following MI, a complex pathophysiological phenomenon known as cardiac remodeling leads to both structural and functional changes to the heart, resulting in various forms of HF[7].
Heart failure is a systemic disease affecting all organ systems in the body. Though symptoms are frequently homogenous, the underlying pathophysiology of HF is diverse in nature, warranting a holistic approach to its treatment[4]. There is no cure for HF, but multiple methods of symptom management exist. Current clinical management strategies include a combination of pharmacologic and nonpharmacologic therapies. Healthy lifestyle habits, along with angiotensin converting enzyme inhibitors, beta-blockers, diuretics, digoxin and supplemental oxygen are used commonly[2]. Depending on the stage and severity of the HF, more aggressive modes of therapy such as mechanical assist devices, cardioverter defibrillators and heart transplant can be utilized[2,3]. However, heart transplantation is generally used as a last resort and may not be available as there remains a major discrepancy between the availability of donors and recipients[8]. Despite these rapidly evolving management strategies, the prognosis of HF remains poor. With a 5-year mortality rate of 25%-50% after diagnosis, a more effective treatment option is necessary[4]. In the last few decades, stem cell therapy has been extensively studied and has gained interest globally with hopes to alleviate the global burden of disease that HF poses. Due to the limited endogenous regeneration potential of the heart and the exhaustive search for a treatment of HF, the regenerative capacity of stem cells has emerged as a potential therapeutic application[9].

STEM CELLS AND THEIR APPLICATIONS
[bookmark: _Hlk66365008]Stem cells are a unique cell type characterized by two important qualities: The ability to self-renew, and the potential to differentiate into various cell types[10]. Along their developmental path, stem cells mature and begin to gain a specialized cell function. However, these cells simultaneously begin to lose their ability to differentiate into many cell classes. Cells derived from the blastocyst have the ability to differentiate into all three germ layers or extraembryonic cell types in the body and are termed totipotent. Human embryonic stem cells (ESCs) can differentiate into all three germ layers and this level of potency is termed pluripotent. The current clinical usage of ESCs is fairly limited due to ethical issues[11]. Hence, the discovery of nuclear reprogramming strategies such as nuclear transfer and transcription-factor induction have opened the door to a new type of pluripotent cell with less ethical concerns; the induced pluripotent cells (iPSCs). Induced pluripotent cells are created by dedifferentiating mature somatic cells found in the body back into a pluripotent state[12]. The last important class of stem cells are the multipotent adult stem cells. These are scattered in various tissues and organs and have a more limited differentiation potential[13].
When applying stem cells in regenerative medicine, it is important to understand the spectrum of potency within each category and their mechanism of action. Some cells are more specialized than others and thus will secrete different factors, express different cell markers, and have a different cell function[14]. Some cells can be injected directly into the tissue of choice, allowing engraftment, direct differentiation and replacement of the diseased cells. Conversely, some cells rely on the paracrine effect, which involves secreting factors that stimulate the patient’s own cells to repair the damaged tissue. Having a basic understanding of the potency of each cell type is key in order to recognize the differences in the therapeutic mechanism of action between cell types. To date, embryonic, induced-pluripotent and various multipotent adult stem cell lineages have been tested or are currently being tested in the treatment of chronic HF (Figure 2).

ENDOGENOUS CARDIAC REGENERATION
The field of endogenous cardiomyocyte renewal is still a somewhat controversial field with several contrasting results and opinions. It is well documented that various non-mammalian species such as amphibians and zebrafish show signs of spontaneous cardiac regeneration, but mammalian cardiomyocytes were long thought to be a post-mitotic cell type incapable of self-renewing[15,16]. However, within the last few decades, evidence has arisen suggesting that the mammalian heart may also not be a completely post-mitotic organ. Since then, two ground-breaking studies using carbon-14 dating techniques to measure the extent of human cardiomyocyte turnover have been published in Cell and Science[17,18]. Together, they estimated that the annual rate of cardiomyocyte turnover ranges from 0.5%-1%. This staggeringly low turnover rate is not surprising and helps explains the poor prognosis of HF.
During embryonic and fetal development, the growth of the heart is driven primarily by the differentiation of precursor cells and the rapid proliferation of existing cardiomyocytes[19]. As we transition out of the fetal period, the primary mechanism for cardiac growth shifts to hypertrophy of the existing cardiomyocytes and not an increase in cardiomyocyte quantity[20]. The rate of cardiomyocyte turnover is fluid throughout life, with turnover rates decreasing exponentially with age. At the age of 20, approximately 1% of cardiomyocytes turnover per year. By age 70, this rate decreases to approximately 0.3%[17,18]. This equates to an estimated 50% of cardiomyocytes being renewed throughout the entirety of one’s life[17]. The question remains, where are these new cardiomyocytes originating from? The three potential sources are pre-existing cardiomyocytes undergoing dedifferentiation and proliferation, resident cardiac stem cells differentiating into mature cardiomyocytes and extracardiac progenitor cells migrating to the myocardium and undergoing differentiation[19]. Using genetic fate mapping techniques, researchers have demonstrated in various animal models that proliferation of existing cardiomyocytes contributes to the vast majority of cardiomyocyte turnover[20]. However, one should be cautious extrapolating these results to humans as there are some fundamental physiologic differences between animal models and humans. For instance, zebrafish contain mononucleated cardiomyocytes that can reenter the cell cycle in adulthood, while a considerable number of human cardiomyocytes are binucleated[21]. Regarding cardiac injury, this low turnover rate becomes incredibly problematic given that a severe MI can destroy one-quarter of the heart’s functional cardiomyocytes within a few hours[22]. Although it appears that the rate of cardiac renewal may slightly increase in the border zones of the infarcted tissue after injury, it is unclear if this has any impact on the clinical course[22].
Because recent evidence suggests that endogenous stem cells minimally contribute to new cardiomyocyte formation, research has begun to search for endogenous pathways that play a role in stimulating existing cardiomyocyte proliferation. One likely explanation is that endogenous stem cells mediate some degree of cardiac regeneration via supportive cellular functions and paracrine signaling. For example, fibroblast progenitors secrete extracellular matrix components such as fibronectin and periostin, which can influence cardiomyocyte proliferation and cell turnover[23]. Other researchers have paid special attention to evolutionarily conserved pathways that occur during development and may play a role in cardiac repair. The Hippo signaling pathway is an evolutionary homeostatic mechanism that controls organ size[23]. In the heart, it restrains cardiomyocyte proliferation during development to control its size. In adults, it inhibits cardiac regeneration. Scientists have paid particular attention to the Hippo- Yes-associated protein (YAP) pathway which is responsible for cardiac regeneration through regulating cardiomyocyte proliferation and differentiation. The YAP protein is responsible for activating the transcription of cell proliferating genes while suppressing apoptotic genes, supporting its regenerative potential. Notably, the YAP protein is inhibited in the Hippo signaling pathway, allowing for cellular control of organ size[23]. Preclinical studies have shown that both the inhibition of Hippo signaling and the expression of YAP have substantially improved cardiac function and survival in mice following MI[24,25]. For this reason, the manipulation of the Hippo-YAP pathway could be a potential therapeutic tool for treating cardiac injury and triggering endogenous cardiac regeneration in humans, though more details on this pathway remain to be discovered. Nonetheless, determining the source and the extent of normal physiologic cardiac regeneration and cardiac renewal after injury is critical, as it would identify pathways that could be manipulated and amplified for therapeutic purposes. If endogenous cardiomyocyte turnover rate is low, therapeutic strategies should focus on replacing lost or damaged cardiomyocytes. Conversely, if endogenous renewal rates are higher than current estimations, efforts should be focused on amplifying intrinsic regenerative mechanisms.

RESULTS
This section will focus on past, present and future clinical trials that use stem cells as a treatment modality for HF and their degree of success in improving various parameters of cardiac function such as left ventricular ejection fraction (LVEF), left ventricular end systolic volume (LVESV), left ventricular end diastolic volume (LVEDV) end-systolic volume (ESV) and end diastolic volume (EDV). Though there are varying degrees of success depending on the cell type, successful application relies heavily on the engraftment and survivability of stem cells into the host myocardium, their revascularization potential and electromechanical coupling to beat in synchrony with resident cardiomyocytes[26].

Pluripotent stem cells
Both ESCs and iPSCs are considered pluripotent stem cells (PSCs). By definition, these cells are those that can form all three germ layers of the embryo[27]. Although there are some subtle differences in potency between the two cell types, the major distinction between the two comes from their difference in origin. Embryonic stem cells are derived from human embryos, while iPSCs are derived from mature somatic cells that have been engineered in laboratories to regain pluripotent capacity. Nonetheless, PSCs have the unique advantage of being able to be differentiated in a tightly controlled, stepwise fashion. This allows researchers to create lineage-specific progenitors such as cardiac progenitor cells (CPCs)[28].
To date, there have been few preclinical or clinical trials investigating the safety and efficacy of ESCs in animals and humans. In non-human primates, human ESC-derived cardiomyocytes were administered via the intramyocardial (IM) route in two preclinical trials[29,30]. In these studies, human ESC-derived cardiomyocytes were administered 2- and 4-wk post-MI into immunocompromised Macaque monkeys. These studies produced some positive results: as hearts exhibited significant remuscularization within the infarcted area, ESC-grafts successfully reperfused the host vasculature and electromechanically coupled with host cardiomyocytes. There were also no signs of immune rejection or teratoma formation. However, there was no significant improvement in LVEF and non-fatal ventricular arrhythmias were seen in all monkeys[29,30]. Interestingly, these findings were reproduced in a similar preclinical experiment administering human ESC-derived cardiomyocytes into a post-MI porcine model[31]. Together, these three studies demonstrated the feasibility of producing and using human ESC-derived cardiomyocytes on a clinical scale and opened the door for phase 1 clinical trials in humans. The first human trial using human ESC-derived CPCs to treat HF was completed and illustrated some encouraging preliminary results[32]. The ESCORT trial investigated the feasibility and safety of implanting a fibrin patch embedded with human ESC-derived CPCs on the epicardium during coronary artery bypass grafting (CABG). In total, 6 patients with left ventricular (LV) dysfunction (EF < 35%) and a history of MI received treatment. The study produced positive safety outcomes, as no patients presented with arrhythmias and there were no tumours detected during follow-up[32]. Notably, three of the six patients presented with clinically silent alloimmunization. At the 1-year follow-up, all patients reported a symptomatic improvement via the NYHA functional class, a median increase in the 6 min walk test, a significant increase in heart wall motion of cell treated areas and a modest increase in LVEF, though statistically insignificant. Results of this study should be interpreted with caution as the sample size was extremely small and there are various confounding variables involved. Nonetheless, the principal discovery of this trial was successful in showing that human ESC-derived CPCs can be produced on a clinical scale and show no major signs of adverse effects after implantation. This trial displays the potential for human ESCs to be used in the treatment of HF, and further clinical trials that incorporate larger sample sizes are certainly warranted to investigate the full extent of their clinical usefulness.
There has been great interest in the therapeutic potential of iPSCs as they serve as an unlimited source of cells with an extensive proliferation potential[11]. They have been investigated for various diseases, including Parkinson’s disease, immunotherapy for cancer and now heart disease[33]. Several preclinical studies have validated that iPSCs could play an important role in cardiac repair. It was demonstrated that the IM administration of a fibrin patch embedded with human iPSC-derived cardiomyocytes, among other cells and growth factors, produced a significant improvement in LV function and decreased infarct size in a post-MI porcine model[34]. In a recent study, extracellular vesicles secreted by murine iPSCs were shown to cause a significant improvement in LV function and a decrease in infarct size in a post-MI mouse model[35].
There are currently two clinical trials that have been approved for utilizing iPSCs in the treatment of chronic cardiomyopathy in humans. The world's first clinical trial was approved in Japan in 2018 and aims to administer a patch of human reprogrammed iPSC cardiomyocytes into the damaged myocardium[36]. Details about the trial are scarce, but three patients with chronic ischemic cardiomyopathy have been treated and the clinical trial aims to involve 10 patients over three years. Follow-up will occur at 1-year post-implantation and the primary endpoints investigated will be safety and efficacy. The second clinical trial is an open-label trial taking place in China. Five patients with HF will be treated with direct epicardial injection of allogeneic human iPSC-derived cardiomyocytes and assessed for safety and efficacy. There are currently no published results from either trial, although these should be expected within the next year.
One of the major barriers that arose during preclinical trials is that cardiomyocytes derived from PSCs (ESCs or iPSCs) have an immature phenotype compared to human adult cardiomyocytes[26]. Moreover, human PSC-derived cardiomyocytes are functionally immature in terms of sarcomere organization, calcium handling properties, and metabolism compared to adult cardiomyocytes[37]. This hinders their ability to efficiently integrate with host cardiomyocytes and is believed to be the reason that ventricular arrhythmias can arise[38]. The problem may not be with the potency of the cells themselves, but rather, the differentiation techniques that are currently used to create cardiomyocytes. Strategies that enhance the differentiation of PSC-derived cardiomyocytes include the use of bioengineered scaffolds, chemical factors, mechanical loading, and electrical stimulation[38]. Although clinical trial data is still quite limited, initial results regarding safety are quite promising, suggesting that the challenges of cell integration surrounding the immature cardiomyocyte phenotype may not be as severe in humans. Future studies should shift towards confirming safety in larger cohorts and optimizing the efficacy of PSCs.

Adult stem cells
The use of cardiac stem cells (CSCs) in clinical research showed great promise in the literature until it was discovered that the field was heavily compromised due to Dr. Piero Anversa, who was accused of scientific misconduct. He falsely claimed that CSCs did, in fact, produce viable and functional myocardium, which sparked a huge interest in the medical community and public media[39]. Many researchers attempted to replicate Anversa’s findings but failed to do so. Following these events, Harvard Medical School and the Brigham and Women’s Hospital launched investigations on Anversa, which in 2014 led to the retraction of the SCIPIO trial that used c-kit+ CSCs in patients with HF[40]. By October 2018, the investigation revealed that 31 publications included falsified or fabricated data. Following these events, the National Institute of Health suspended the CONCERT-HF trial in November 2018 due to its scientific foundations. This trial was the first to evaluate a combination of c-kit+ CSCs and mesenchymal stem cells (MSCs) in patients with HF[41]. These alarming findings had a major impact on cardiac cell therapeutics and discredited the current advancements being made in this field.
To date, c-kit+ CSCs and cardiosphere-derived cell (CDC) phenotypes have been utilized in clinical trials. In the CADUCEUS trial, the intracoronary (IC) injection of CDCs has shown to reduce scar tissue size, improve regional contractility and viable heart mass on MRI. However, changes in ESV, EDV and LVEF did not differ between groups[42]. This clinical trial did not note any significant adverse events, alluding to a positive safety profile for CDCs. Likewise, the TAC-HFT-II trial will soon compare therapy with autologous MSCs alone vs MSCs combined with c-kit+ CSCs[41]. Indeed, the field of adult stem cells is highly compromised and has yet to demonstrate any clinical benefit for patients. Clinical trials with rigorous scientific standards are warranted in order to confirm the true efficacy of CSCs in the future. However, it is likely that the implications of Piero Anversa’s 31 retracted papers will remain far-reaching within the field.
Bone marrow-derived stem cells (BMDSCs) have been one of the most heavily tested cell types in the treatment of cardiovascular disease to date. Previous studies have shown that autologous bone marrow mononuclear cells (BMMNCs) have the potential to improve heart function through angiogenesis and direct myocardial regeneration[43]. Additionally, BMMNCs are an attractive source for therapy, as they have been found to be safe for clinical use and are easily harvested. When isolated, their biological characteristics are largely unaffected. The first-ever clinical trial using autologous BMMNCs was published in 2003. It included 21 patients with chronic HF who received transendocardial injection of autologous BMMNCs. After 4 mo, there was a significant increase in LVEF and a reduction in ESV, improvements in perfusion and myocardial contractility[44]. No significant safety concerns were noted. Similar results were found in the TOPCARE-CHD trial, which showed a significant improvement in global cardiac function, regional contractility, a decrease in brain natriuretic peptide and decreased mortality in response to IC administration of BMMNCs[45]. The STAR-heart study demonstrated that up to 5 years after IC administration, autologous bone marrow cells improved long-term mortality, LVEF and NYHA functional class[46]. In addition, a decreased LV preload, ESV, systolic wall stress, occurrence of arrhythmias, and area of infarction was noted. To this point, all clinical trials had also demonstrated a positive safety profile for BMDSCs. This initial success set the stage for the larger phase 2, randomized, double-blind FOCUS-CCTRN trial. This trial enrolled 92 patients with chronic HF and aimed at administering autologous BMMNCs via transendocardial injection. The positive results from smaller clinical trials could not be replicated, as there were no significant improvements in LVEF, maximal oxygen consumption, or infarct size[47]. Results were similar in the CELLWAVE trial, where IC or transendocardial injection of BMMNCs produced only modest improvements in LV function, maximal oxygen consumption and reversibility of ischemia[48].
In the TAC-HFT trial, patients received either transendocardial injections of autologous BMMNCs, autologous MSCs, or placebo. Results showed that only MSC therapy decreased infarct size, improved the 6 min walk test distance and regional function of the heart[49]. No improvements were noted in LVEF. The Cardio133 clinical trial noted a high frequency of adverse events in patients receiving CD133 (+) bone marrow cells delivered via CABG. It was concluded that although some improvements in scar size and perfusion may have occurred, injection of CD133 (+) cells has no effect on clinical symptoms of HF nor on global LV function[50]. Another clinical trial with 60 participants showed that the administration of BMMNCs via CABG improved LVEF, LVESV, wall motion index score and improved distance on the 6 min walk test and increased exercise tolerance. Moreover, brain natriuretic peptide levels decreased significantly, indicating that BMMNCs can improve heart function in patients with previous MI who suffer from chronic HF[43]. These cells may have a positive impact on the long-term prognosis of HF. After more than a decade of research, a systematic review and meta-analysis was published, providing clarity on the overall effectiveness of BMDSCs in the treatment of HF. In total, 38 randomized controlled trials including 1907 participants were included in the updated review. It was found that there is low-quality evidence that treatment with BMDSCs reduces mortality and improves LVEF on short and long-term follow-up[51]. There was also low-quality evidence that BMDSCs improve NYHA functional class in people with HF. Notably, 23 trials of the 38 were at high or unclear risk of selection bias. Given these findings, there is no current consensus on whether or not BMDSCs are truly efficacious in improving outcomes for HF patients. However, there are generally few safety concerns surrounding BMDSCs aside from the Cardio133 trial.
Mesenchymal stem cells are located in various tissues of the body including the bone marrow, adipose tissue and umbilical cord tissue. Evidence in preclinical and clinical studies suggests that MSCs may provide some benefits in the treatment of MI and HF due to a greater likelihood of vascular proliferation and direct myocardial regeneration[2,52]. Other BMDSCs have different mechanisms as they seem to trigger favorable forms of inflammation[2] rather than direct regeneration. Moreover, MSCs exhibit important reparative properties such as immunomodulation and promote antifibrotic, pro-angiogenic and anti-oxidative effects, making them great contenders for treating cardiomyopathies such as HF[53]. Among the different BMDSCs, MSCs seem to show the greatest promise for regeneration of myocardium, likely due to their strong paracrine effect[28]. The MSC-HF trial was the first placebo-controlled study conducted in chronic HF patients, which indicated that IM injection of autologous MSC is safe, improves myocardial function and reduces hospital admissions[54]. The POSEIDON randomized control trial compared the transendocardial delivery of autologous and allogeneic MSCs in HF patients. Results indicate that in a post-MI state, both autologous and allogeneic MSCs reduced adverse cardiac remodeling, infarct size and improved LV function. These structural and functional improvements were witnessed without significant safety concerns[55]. Similarly, the POSEIDON-DCM clinical trial demonstrated greater improvements in functional capacity and quality of life with allogeneic MSCs vs autologous MSCs in patients with non-ischemic dilated cardiomyopathy. Interestingly, allogeneic MSCs produced a constellation of clinically significant effects, such as improvements in EF, the 6 min walk test and higher scores in the Minnesota Living With HF Questionnaire vs autologous MSCs[56]. Evidence supports the superiority of allogeneic MSCs in regards to efficacy and endothelial function. Like the POSEIDON trial, transendocardial injection of autologous and allogeneic MSCs provided a highly acceptable safety profile in the POSEIDON-DCM trial.
Cardiopoietic stem cells are more specialized cells derived from a pure MSC population in the bone marrow. The C-CURE trial is one of the first using cardiopoietic cells in the treatment of HF. Findings demonstrated an increased LVEF, improved quality of life and a lower LVESV after 2 years while demonstrating feasibility and safety in chronic HF patients[57]. The findings of the C-CURE trial catalyzed larger studies to take place such as the CHART-1 trial which had a greater sample size, sharing similar results as the latter[58]. Both the C-CURE and CHART-1 trials indicate that stem cell therapy is safe and has the potential to provide long-lasting benefits on cardiac function in those affected by HF[57-59]. Larger randomized controlled trials, along with a comprehensive assessment of the impact of MSCs on cardiac function, would further establish a conclusive risk-benefit ratio for MSCs.
Umbilical cord MSCs have also been utilized in various clinical trials. The RIMECARD trial investigated the intravenous infusion of such cells in a sample of 30 patients. Results demonstrate that umbilical MSCs were not associated with significant acute adverse events or other safety concerns[60]. Moreover, there were improvements in LVEF, but no noteworthy reductions in LVESV or LVEDV. Another study delivered umbilical cord MSCs via the IC method, in combination with various medications, such as beta-blockers, angiotensin converting enzyme-inhibitors or ARBs, diuretics and digoxin[61]. HF symptoms such as cough, chest tightness, dyspnea and shortness of breath were alleviated 24 h after transplantation. In contrast, symptoms of fatigue, chest tightness and dyspnea were high in the treatment group after 1 mo of transplantation. There were some improvements in the 6 min walking distance test, but no improvements in LVEF. In addition, the mortality rate and NT-pro brain natriuretic peptide levels were statistically lower than those in the control group[61]. Results must be interpreted with caution, as the improvements seen may have been linked to the medications that were prescribed in addition to the MSCs.
Another study looked into the transendocardial injection of mesenchymal precursor cells (MPCs) to a cohort of 60 patients. Adverse events and all-cause mortality were similar across groups, suggesting the safety and feasibility of MPCs. This study suggests that high-dose allogeneic MPC treatment may reduce HF-major adverse cardiac events, reduce adverse LV remodeling and provide a readily available, off-the-shelf cell product that may be available in the future[62]. A recent study did not note any significant safety concerns in the intramyocardial injection of MSCs in HF patients. Results demonstrated improvements in LVEF, stroke volume and myocardial mass in HF patients[63]. More studies are required to confirm this hypothesis. Other trial results are pending, such as the DREAM-HF-1 trial that is evaluating the efficacy of transendocardial delivery of allogeneic MPCs in patients with advanced chronic HF[64].
A systematic review and meta-analysis investigated the efficacy of MSC therapy on ischemic and non-ischemic cardiomyopathy. Of the 29 randomized controlled trials, the majority demonstrated clinical benefits including improvements in LVEF, LVESV, NYHA functional class, quality of life and exercise capacity[65]. More specifically, patients who received stem cells in combination with CABG had the greatest improvements in LVEF vs other techniques. Reductions in LVESV were observed in more than half of the trials, suggesting that MSC therapy may decrease adverse cardiac remodeling in HF patients. Another recent systematic review and meta-analysis which included 23 studies in total, investigated the safety and efficacy of adult stem cell therapy for the treatment of acute MI and HF. In total, 12 of the 23 studies evaluated the efficacy of adult MSCs in ischemic HF. Post-treatment, there was a significant improvement in LVEF, but no differences in mortality between groups[52]. However, upon further subgroup analysis, improvements in LVEF were no longer found to be significant. Positive results were observed in other clinical outcomes of HF, as there were significant improvements in quality of life and the 6 min walk test. Overall, evidence suggests that MSC therapy seems to be safe, as no association between treatment and acute adverse outcomes for patients were noted[52]. Larger randomized, double-blind trials with longer follow-up periods are warranted to determine which combination of cell type and route of administration will yield the greatest improvements and reduce safety concerns in HF patients. The surge of incoming clinical trials should help clarify the true therapeutic potential of MSC therapy.
Early preclinical trials showed promise as skeletal myoblasts (SMs) appeared to have the capabilities to differentiate into cardiomyocytes and improve cardiac function in animal models[66,67]. The fact that these cells are abundant in the body and are already differentiated into muscle cells made them an attractive option. As a result, SMs were quickly rushed into clinical trials, and the results were disappointing. In the myoblast autologous grafting in ischemic cardiomyopathy (MAGIC) trial, the intramyocardial injection of SMs did not improve LVEF and failed to improve regional and global heart function. In addition, patients receiving SMs had a significantly greater risk of arrhythmias vs placebo[68]. On long-term follow-up, the findings of the MAGIC trial were confirmed, as SMs did not improve LV function[69]. Notably, the follow-up cohort only consisted of 7 patients while the original group consisted of 120 patients. For this reason, it is very difficult to establish the true long-term clinical impact of this study. Another small-sample study with 7 patients investigated the safety and efficacy of SM sheets for the treatment of severe HF. In 5 out of the 7 subjects, LVEF was maintained and showed improvement over time on echocardiography at 26 wk post-transplantation[70]. Among the 6 subjects, improvements in NYHA functional class and some improvements in the 6 min walk were noted, though this study had a very small sample size and there was no control group. No arrhythmias were noted and no other serious adverse effects were observed. Similar to the MAGIC trial, the MARVEL study did not demonstrate improvements in LV function or changes in the Minnesota Living with HF score, although some moderate improvements in the 6 min walk test distance were noted[71]. The MARVEL trial also revealed that the IM injection of SMs posed an increased risk of developing ventricular tachycardia, although such a complication appears to be transient and treatable[71]. Interestingly, a small clinical trial discovered that the transfection of muscle-derived progenitor cells with the connexin-43 gene administered transendocardially attenuated the proarrhythmic potential of SMs in the myocardium[72]. Nonetheless, since these landmark trials have come out, researchers have transitioned away from using skeletal myoblasts in hopes of finding a safer, more effective alternative cell type (Tables 1 and 2).
In the last decade, there has been a considerable amount of interest in the role of exosomes and microvesicles and their role in cardiovascular homeostasis. Exosomes are extracellular microvesicles that deliver active ribonucleic acid, lipids, proteins and various signaling molecules to a cell target[73,74]. Various cell types including cardiomyocytes, cardiac fibroblasts and endothelial cells release exosomes to help the survival, proliferation and normal apoptotic processes of cells, promoting a stable biological environment in the heart[75]. An MI damages the resident cardiac cells, subsequently reducing these endogenous, protective processes[73]. Exosomes can be derived from a range of stem cells including MSCs, CPCs, and iPSCs, all of which can be harnessed to provide a cell-free strategy with the goal of improving cardiac function and endogenous regeneration, reducing the risk of eliciting an immune response[73,76].
It is established that MSCs possess important paracrine signaling properties, which have shown to reduce inflammation and induce cell growth[77,78]. Thus, the premise of using exosomes as a therapeutic tool is that the majority of the benefit from stem cell therapy comes from paracrine effects. Preclinical studies indicate that extracellular vesicles from MSCs provided anti-apoptotic effects, reduced infarct size post-MI and reduced cardiomyocyte necrosis post-injury[79-82]. In addition to MSCs, iPSCs and ESCs have shown also to possess cardioprotective exosomes that may improve outcomes in HF patients[73]. Although many preclinical studies show promise in exosome-based therapeutics, there has yet to be a major breakthrough in human clinical trials. Recently, a small phase 1 clinical trial was initiated using allogeneic MSC-derived exosomes in the treatment of acute ischemic stroke (trial ID: NCT03384433). Exosomes are incredibly complex and we are still unsure on various parameters of therapy such as the loading, targeting and optimal method of delivery. Successful human clinical trials in the treatment of HF are still required before reaching any conclusions on whether or not exosomes are a feasible, safe, and effective solution in cardiac regeneration.

LIMITATIONS OF STEM CELLS IN HEART FAILURE
Although the overall efficacy of stem cell therapy is at best, modest, the safety profile of cell therapy appears satisfactory. Understanding the many factors that are currently limiting the efficacy of treatment is critical if we are to optimize stem cell therapeutic regimens in the future.

Cell type
At this moment, there is no consensus on the best cell source and type suitable for cardiac regeneration. An ideal stem cell would have contractile and electrophysiological properties, would have the potential to proliferate, engraft and survive in an ischemic area and have the ability to induce a paracrine effect to stimulate endogenous cardiac regeneration, though no type of stem cell has met all of these expectations in clinical trials[26]. So far, MSCs have been of particular interest in trials due to their ease of isolation along with their capacity for in vitro expansion, multipotent differentiation potential and low immunogenicity and paracrine potential[32,54]. Recent research has focused on more purified stem cell populations to increase regenerative potential, like CSCs. Although this cell type has shown to improve some aspects of cardiac function in HF patients, isolation of autologous CSCs is invasive, culture takes time and the field of CSCs is heavily compromised[40,54]. For the moment, iPSCs and ESCs seem to hold the most promise for cardiac regeneration. However, some derivatives of iPSCs such as cardiomyocyte-derived human iPSCs carry a risk of tumorigenicity[54]. Just like the cell source and type, the exact timing of administration of cells has not been confirmed. It is hypothesized that the longer the time interval between myocardial injury and administration of stem cells, the less there is a probability of benefit. Nonetheless, the timing of cell injection is a challenging obstacle to overcome in HF.

Dosage
The ideal dosage of stem cells to achieve a therapeutic effect has yet to be discovered. On average, 1 billion cardiomyocytes are lost after MI[83]. Studies show large variabilities of cell dosages, ranging from 1 × 106 to 2 × 108 cells administered to patients, which is much lower than the cells lost after myocardial injury. Cell engraftment and survival upon transplantation is quite low, suggesting a need for larger doses of cells to be administered if the goal is to regenerate injured myocardium. However, large doses of cells may cause aggregates, increasing the risk of arrhythmias[84]. Interestingly, several clinical trials have demonstrated that a lower dose of cells is more effective than a higher dose, possibly due to increased paracrine effects, protective factors, activation of angiogenesis and inducing cardiomyocyte hypertrophy[54]. For the moment, results on cell dosage are conflicting. Ongoing and future clinical trials will hopefully address this issue.

Cell retention, engraftment, survival and rejection
Cell retention, engraftment and survival rates are one of the most important obstacles to overcome in cardiac stem cell therapy. In preclinical and clinical trials, cell retention in the heart 24 h post-administration does not seem to exceed 10%[85-87]. The low percentage of retention is due to the rapid washout of cells once injected and poor engraftment potential[88]. The inflamed heart post-MI, phagocytosis of cellular debris and a lack of tolerance to high mechanical forces in donor cells all contribute to the magnitude of cell death during SC therapy[54]. These shortcomings have encouraged the development of approaches that enhance cell retention. Many examples include: plugging the injection site with a fibrin compound to prevent the backflow of cells, the transplantation of constructed cell sheets and the use of natural or synthetic polymers to improve cell retention, engraftment and survival of administered cells[88,89]. Rejection of transplanted cells is another important component to consider, particularly when the source is allogeneic. This has led to a push in cells that require minimal or no immunosuppression, such as ESC-derived cells, MSCs and MPCs. Novel approaches to enhance acute cell retention and decrease the risk of cell rejection continue to improve the long-term efficacy of cell therapy.

Route of administration
To date, there is no consensus on the most effective method of delivery, yet it is one of the most important factors in successful stem cell treatment[53]. It can affect the potency of the cells, their retention and survival in the recipient[54]. A successful cell delivery will depend on the ability of the cells to migrate to the proper target area, the engraftment potential, and the ability of the cells to function in synchrony with the heart’s natural rhythm without interference. Multiple methods of delivery have been studied preclinically: IM, IC, IV, transendocardial, retrograde intracoronary sinus, open surgical epicardial injection and more recently, three dimensional (3D) scaffolding[37,90,91]. In humans, common routes include IM, IC, IV, transendocardial and 3D scaffolding.
Intramyocardial injection provides cells in the targeted area of the heart. This guarantees adequate blood supply to the cells, which is essential for their survival[92]. This technique provides the highest rate of cell retention, greater engraftment and remuscularization potential but exhibits minimal paracrine effects[90,92]. Though, it is a more invasive and challenging technique that presents risks of myocardial perforation, emboli formation, vascular injury and arrhythmias[90,92].
Intracoronary infusion of stem cells is the most common and safer methods of delivery observed in clinical studies given the central role of catheter-based revascularization of the heart[2,90]. It is superior to the IM route, as it is less invasive, increases cell survival rates due to the rich oxygen and nutrient content in the coronary circulation. Moreover, the IC route has been shown to cause less damage to the myocardium and allows for a more uniform distribution of cells in the target area[92]. Moreover, it is associated with paracrine effects and minimal inflammation post-transplantation. Though this technique presents several advantages, the IC route is associated with minimal cell retention due to rapid washout in humans, resulting in inefficient remuscularization[90]. Larger cells and large doses of cells cannot be delivered via the IC route as this can result in obstruction of coronary arteries, ischemia and myocardial cell death, further complicating the process[90,93,94].
The intravenous approach is attractive, as it is a simple, non-invasive procedure that has demonstrated positive safety parameters[28]. It has been found to attract cells to the site of injury, although there are concerns of poor cell engraftment and retention[53,91]. Moreover, the majority of the cells remain trapped in the lung or are eliminated by phagocytic cells in the reticuloendothelial system[93]. Although this is a less invasive technique, it is less efficacious than the IM and IC route[91]. To improve the efficacy, approaches to improve cellular homing to the heart are essential.
The transendocardial route is minimally invasive and shows greater cell retention potential, yet also carries a small risk of perforation and arrhythmias[2,53]. Currently, there are a limited number of studies and insufficient data on the safety profile of retrograde intracoronary sinus injections[95].
Recently, bioengineering has entered the field of regenerative medicine. This involves culturing and implanting stem cells in 3D environments to improve both cell differentiation and survivability. One of the current goals is to create a scaffold that mimics the microenvironment of the heart and can be grafted with your cell type of choice into the heart[37]. The first application of cardiac patches was in the ESCORT trial in which a fibrin patch embedded with human ESC-derived CPCs was implanted epicardially during CABG[32]. This method has been validated in preclinical models and appears to yield higher rates of cell retention[96]. In addition to fibrin, other biomaterials used in scaffolding such as collagen, hyaluronic acid, and alginate, as well as a large variety of synthetic polymers have shown great variability in advantages and disadvantages[37]. Although the optimal combination of stem cell types and scaffolding materials has yet to be confirmed, PSCs seem to be one of the better candidates for engineering functional heart tissue since they have a greater potential to integrate into the myocardium[29,97]. Two main types of tissue engineering are currently being investigated: hydrogel-based and cell sheet engineering[97]. Although many methods of delivery exist, cell retention within the myocardium remains very low. To date, very few studies have directly compared therapeutic differences between various routes of administration of stem cells. It is believed that the most efficacious method is likely dependent on the type of cell in question[53]. The ideal route of administration in HF patients may ultimately depend on a multitude of factors. The cell type, patient characteristics and the degree of cardiac disease may all play a role in the successful or unsuccessful administration of stem cells into the host[54]. Larger clinical studies that compare these methods directly such as the REGENERATE-IHD trial may provide some answers (Figure 3).

Patient characteristics
Patient-related comorbidities play a role in the effectiveness of stem cell therapy. Age, hypertension, smoking, diabetes, medications and mental health status all play a key role in cell therapy success and impact both the quality of the cell and the reaction of the recipient to the transplanted cells[98]. Careful patient selection is crucial to mitigate these risks. The degree of cardiac disease in the patient may affect the efficacy of cell therapy[55]. Data indicates that patients with lower levels of baseline cardiac function receive the most positive impacts of cell therapy. For example, patients who had a low EF, LVEF, and larger infarct zones experienced more pronounced effects vs patients who had better baseline cardiac function[99-101]. It has become increasingly evident that the greatest benefits of stem cell therapy fall on patients with weaker hearts and that have a poorer prognosis[54]. The majority of clinical trials do not have thresholds for heart function parameters, which may impact the level of improvement post-treatment. Moreover, it is important to favour stem cell donations from young, healthy donors rather than obtaining cells from older individuals that may have additional comorbidities which can jeopardize the quality of the cell. This is particularly important in MSCs, as they lose some form of efficacy due to ageing[2].

Combination therapy
A different approach to cellular therapy may involve using a combination of different cells to achieve maximal efficacy. The rationale behind combining cell types revolves around being able to activate different regenerative pathways because of the underlying physiologic role of each cell type. This idea was put to the test in various preclinical trials, some displaying very promising results[53]. Three separate preclinical trials showed that the co-administration of MSCs and CPCs in the treatment of chronic ischemic cardiomyopathy provided improved cardiac outcomes compared to MSCs alone or placebo[102-104]. These outcomes varied between studies but included increased EF, decreased infarct size, improved contractility and increased cell retention compared to MSCs administered alone. Independently, MSCs are believed to act primarily via paracrine signaling mechanisms: stimulating proliferation and differentiation of endogenous CPCs, as well as pro-angiogenic effects[103]. Cardiac progenitor cells are believed to have pro-angiogenic capabilities and the potential to promote differentiation of existing cardiac lineages. However, evidence of their long-term engraftment has been lacking[104]. Although numerous cell-cell interactions are likely indicated, MSCs are believed to increase the proliferation, differentiation and migration of CPCs via various signaling cascades[103]. Recently, another combination therapy trial has sprung up on clinicaltrials.gov. The TAC-HFT-II trial aims at assessing the safety and efficacy of the transendocardial injection of human MSCs in combination with CSCs vs human MSCs alone in patients with chronic HF secondary to MI. The phase 1/2 trial operating out of Miami University is currently aiming to be completed by March 2032. The combination of MSCs and CPCs is also not the only dual stem cell therapy that is being attempted. In 2019, a novel preclinical trial using a rodent model of MI implanted an epicardial patch contained human iPSC-derived cardiomyocytes in combination with human MSCs and compared it to each respective treatment alone[96]. Not surprisingly, the combination therapy group showed a greater improvement in EF, fractional shortening, percentage of cardiac fibrosis and capillary density in the border zone.
Although regenerative therapies likely still have significant potential to treat chronic cardiomyopathy, there are still several limitations preventing the outpouring of positive clinical outcomes that we have been highly anticipating. Low cell survival rates, low cellular retention after transplantation and ineffective differentiation of progenitor cells into functional cardiomyocytes are a few of the major problems that have plagued the field thus far[105]. Recently, tissue engineering and biomaterials have converged with the field of cardiovascular regeneration medicine and this may hold the key to improving cell delivery and retention[106]. Tissue engineering is a multidisciplinary field that utilizes the combination of cells, scaffolds and chemical/physical stimulation in order to maintain or restore function to a tissue[107]. With regards to cardiovascular therapy, tissue engineering can be utilized via two approaches: scaffolds that provide the progenitor cells with appropriate chemical and physical signals to differentiate into the desired cell phenotype, and constructs interlaced with cells or biologically active molecules that co-transplanted into the heart to improve cell retention rates[105]. Both of these approaches have already been validated in preclinical studies as it was demonstrated that with appropriate physical conditioning, human immature iPSC-derived cardiomyocytes could generate human heart microtissues after culture on a fibrin gel[108]. After four weeks of culture, the tissues displayed organized sarcomere structure and length, a 30% density of mitochondria, an adult-like gene expression profile, a positive force-frequency relationship and the presence of functional calcium handling[108]. Another preclinical trial investigated the IM transplantation of human iPSC-derived cardiomyocytes, smooth muscle cells, endothelial cells and insulin growth factor loaded onto a 3D fibrin patch. The transplanted cells were able to integrate into the host myocardium, contribute to host vasculature, organize sarcomere structure and most importantly, demonstrated positive clinical outcomes; significantly improving LVEF, reducing infarct size and improving arteriolar density[34]. Furthermore, a separate study demonstrated that co-transplantation of human iPSC-derived cardiomyocytes in a porcine model produced significantly greater improvement in EF and cell survival rate than a cell-sheet[109]. To date, there have been very few clinical trials assessing the feasibility of transplanting stem cells on bioengineered constructs for the treatment of HF. With the early success of tissue engineering in preclinical and clinical trials, further investigation is most certainly warranted for this exciting new field of research.

Ethical issues
In an attempt to lower the global burden of HF and other cardiovascular diseases, cell-based therapies are being explored at an unprecedented rate. The use of stem cells in research prompts many of the same historical issues seen before such as patient autonomy, respect, justice, risks and many others[110]. It also generates novel ethical, political and religious concerns not seen in other types of clinical trials.
The central ethical issue arises from the morality of using human ESCs in research. The process of creating a human ESC line involves the extraction of the inner cell mass from the blastocyst at the 5-7 d stage. This destroys the embryo, terminating the potential for human life. This dilemma also begs the question; when does human life begin? Some believe that it begins immediately after fertilization of the oocyte. From this perspective, the destruction of an embryo to create an immortal cell line is akin to murder[111]. Conversely, others believe that human life begins further down the line of development or even at birth. Thus, attempting to appease both sides of the argument is a burdensome endeavour. In Canada, the Tri-council has implemented a policy statement ensuring various ethical beliefs, values and attitudes are taken into consideration[112]. Article 12.10 states that embryos used in stem cell research must have been originally created for reproductive purposes and are no longer required for such purposes. Researchers are also not allowed to coerce or entice participants to donate more embryos than are deemed necessary for reproductive purposes. In the minds of many, these guidelines ease the ethical burden surrounding the morality of human ESCs. However, some may still feel too strongly about using human ESCs for research purposes. In those cases, the use of alternative stem cell types eliminates concerns regarding the destruction of potential human life. Induced pluripotent stem cells are currently a very attractive alternative as they are derived from adult stem cells and are genetically programmed back to a higher state of potency. Adult stem cells are also viable options. However, these cells lack the potency of ESCs and have a more limited utility[113].
Several other concerns should be raised regarding the ethics of stem cell regenerative medicine. The rapid expansion of stem cell therapeutics has not gone unnoticed in the public eye. Stem cell treatments are often being falsely marketed as a cure for various conditions without sufficient evidence of clinical efficacy or safety to back it up. The provision of these unproven stem cell treatments is termed “stem cell tourism” and is currently a growing trend around the world[114]. In many instances, the public is ill-equipped to gauge whether or not treatments offered in some clinics are safe and credible. Many of these unregulated clinics are blatantly exploiting their patients for their own profits by charging a substantial fee; $30000 on average, for an unproven service[115]. Only 29% of clinics offering stem cell treatments are internationally recognized and accredited to do so[116]. Most of the time, these advertisements and claims lack scientific evidence and/or approval from the United States Food and Drug Administration’s Center for Biologics Evaluation and Research[116]. According to the Center for Disease Control and Prevention, these unregulated clinics can cause more harm than good as many patients have experienced adverse effects following stem cell injections; ranging from pain and inflammation, to secondary bacterial infections, further deteriorating the pre-existing condition[117]. It is up to physicians to impartially analyze the literature and address the potential risks of these treatments when patients consult them about stem cell tourism[118].
The promising results of many of these trials excite people looking for new modes of regenerative therapy, hence, resulting in the passing of “Right to Try” laws in many United States. These laws suggest that critically ill patients in the United States are able to contact and ask to try such unproven therapies. Naturally, there are a lot of ethical arguments over this, yet supporters argue that terminally ill patients should be given a choice to experiment with drugs and therapies which have shown positive results[119]. Public opinion is fluid with time; thus it is important for governments and regulatory bodies to construct laws and policies that coincide with current public views, at the same time providing an environment where stem cell research can succeed, advance, and keep patients safe.
It is without question that severe breaches of scientific integrity were observed in regenerative medicine. The findings of the Anversa investigations had a devastating impact on cardiac cell therapeutics and discredited the current advancements being made in this field. Enthusiasm and optimism are natural components of research but we must adhere to the most rigorous of standards when conducting research. Positive claims with lack-of supporting evidence cannot be viewed positively when presenting a novel therapeutic approach as it can put the lives of many in danger and promote distrust of the scientific community.

CONCLUSION
Cardiovascular diseases are the leading cause of death worldwide and mortality rates are steadily increasing[120]. Over the past two decades, the use of stem cells to treat heart failure has been a promising novel strategy but has met considerable obstacles. Currently, therapeutic strategies rely on treating comorbidities and improving the quality of life for patients, which is why the regenerative capabilities of stem cells have created so much promise for the field. There has recently been a drastic shift from bench to bedside studies as thousands of patients have been enrolled in clinical trials within the last decade. However, the original excitement surrounding the regenerative potential of stem cells has been dampened by the results of clinical trials that have generally produced only moderately positive or neutral clinical outcomes. This does not imply, however, that the cells have no therapeutic value. Rather, it may reflect the infancy of clinical trials and the limited knowledge about the optimal cell type, cell dosing, method of delivery, patient parameters or even the endogenous cardiac repair mechanisms. Nonetheless, the lack of significant results has generated skepticism among the scientific community, which is likely due to the tremendous expectations that have been placed on stem cell therapeutics. However, all hope is not lost, as there are also several positive results to report from clinical trials, including demonstrations of positive safety profiles in ESCs, CSCs, MSCs and BMDSCs.
The therapeutic use of stem cells to treat HF is still a relatively novel concept and there are a plethora of clinical trials on the horizon. Many important questions still remain. Should we be focusing on techniques that involve activating endogenous repair mechanisms within the heart? Or should we be focusing on strategies that improve the engraftment of implanted cells? What is the most effective type of cell? What is the ideal dose and route of administration? It currently appears that the field is diverging into two: one involves using 3D bioengineered scaffolds to improve retention rates of transplanted stem cells. The other involves using no cells at all but instead delivering exosomes suspended with proteins, deoxyribonucleic acid, micro ribonucleic acids, and various other growth factors. These questions will need to be addressed in clinical trials before cellular therapeutics become a staple in clinics. All things considered, this form of therapy may save millions of lives in the future if proven to be safe and effective. We remain cautiously optimistic that the therapeutic use of stem cells could represent the next generation of treatment for heart failure.
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[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Figure 1 Schematic of the Framingham criteria. A: Major criteria; B: Minor criteria. In order to diagnose heart failure, 2 major criteria or 1 major criterion with 2 minor criteria must be present[4].
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Figure 2 Representation of various stem cell lineages. Embryonic stem cells are totipotent and differentiate into many types of adult stem cells. Adult stem cells further differentiate into hematopoietic bone marrow-derived stem cells, cardiac stem cells and skeletal myoblasts. By introducing transcription factors to mature somatic cells, we can induce specialized cells to become pluripotent cells again, which can subsequently be differentiated into any desired cell phenotype. iPSCs: Induced pluripotent cells; CDC: Cardiosphere-derived cell; MSC: Mesenchymal stem cell; BMMNC: Bone marrow mononuclear cell.
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Figure 3 Schematic depicting the common routes of administration of cells in humans. On the left, we can appreciate the intracoronary technique and cells embedded in a three-dimensional scaffold, placed on the epicardium. On the right, we can appreciate the intravenous, transendocardial and intramyocardial techniques.



Table 1 Summary of landmark human clinical trials
	Cell type
	Clinical trial
	Sample size
	Results
	Ref.

	ESCs
	ESCORT
	6
	Improvement in NYHA functional class, 6 min test and heart wall motion
	[32]

	iPSCs
	Cyranoski, 2018
	10
	Trial results pending
	[36]

	
	HEAL-CHF
	5
	Trial results pending
	[36]

	CSCs
	CADUCEUS
	31
	Improvements in scar size, regional contractility and heart mass; no differences in EDV, ESV and LVEF between groups
	[42]

	BMMNCs
	Perin et al[44], 2003
	21
	Improvements in LVEF, perfusion and contractility; Reductions in ESV
	[44] 

	
	TOPCARE-CHD
	121
	Improvements in global cardiac function and contractility, decreased BNP and mortality
	[45] 

	
	STAR-heart;
	191
	Improvements in LVEF, NYHA functional class and long-term mortality; Decreased LV preload, ESV and infarct area
	[46]

	
	FOCUS-CCTRN
	92
	No improvements in LVEF, maximal O2 consumption and infarct size
	[47]

	BMMNCs and autologous MSCs
	TAC-HFT
	65 
	Decreased infarct size and improvements in 6 min walk test and regional function of the heart in MSC group only
	[49] 

	CD133(+)
	CARDIO33
	60
	No improvements in LV function or clinical symptoms
	[50] 

	BMDSCs
	Systematic review and meta-analysis
	1907
	Low-quality evidence that BMDSCs reduce mortality, improves LVEF and improves NYHA functional class
	[51]

	Autologous MSCs
	MSC-HF
	60
	Improvements in LVEF, stroke volume and myocardial mass
	[54]

	Autologous and allogeneic MSCs
	POSEIDON
	30
	Improvements in LV functions with reductions in adverse remodeling, infarct size
	[55]


	
	POSEIDON-DCM
	37
	Greater improvements seen in allogeneic MSCs regarding functional capacity, quality of life, EF, 6 min walk test, and the Minnesota Living with HF questionnaire
	[56]

	Cardiopoietic
	C-CURE
	36
	Improvements in LVEF, quality of life and decreased LVESV
	[57]

	
	CHART-1 
	351
	Decreased LVESV and LVEDV
	[58]

	Umbilical MSCs

	RIMECARD
	30
	Improvements in LVEF but no improvements in LVESV or LVEDV
	[60]

	
	Zhao et al[61], 2015
	59
	No improvements in LVEF but some improvements in the 6 min walk test, mortality rate and NT-pro brain natriuretic peptide levels
	[61]

	MPCs

	DREAM-HF-1
	566
	Trial results pending
	[64]


	MSCs
	Systematic review and meta-analysis
	29 studies
	Improvements in LVEF, LVESV, NYHA functional class, quality of life and exercise capacity
	[65]


	
	Systematic review and meta-analysis
	12 studies
	No significant improvements in LVEF. Improvements in quality of life and the 6 min walk test
	[52}

	SMs
	MAGIC
	120 with 7 patients on f/u
	No improvements in LVEF or global heart function
	[68,69] 

	
	MARVEL
	23
	No improvements in LV function; Moderate improvements in 6 min walk test
	[71]


ESCs: Embryonic stem cells; NYHA: New York Heart Association; iPSCs: Induced pluripotent cells; CSCs: Cardiac stem cells; ESV: End-systolic volume; LVEF: Left ventricular ejection fraction; BMMNCs: Bone marrow mononuclear cells; MSCs: Mesenchymal stem cells; BMDSCs: Bone marrow-derived stem cells; MPCs: Mesenchymal precursor cells; HF: Heart failure; LVESV: Left Ventricular end systolic volume; MAGIC: Myoblast autologous grafting in ischemic cardiomyopathy; LV: Left ventricular; SMs: Skeletal myoblasts.

Table 2 Safety parameters of various stem cell types
	Cell type
	Safety parameters
	Ref.

	ESCs
	· Animal models → risk of ventricular arrhythmias but no concerns of immune rejection or teratoma formation; Positive safety profile in one human clinical trial – silent alloimmunization in 3 of 6 patients
	[29,30,32,37]

	iPSCs
	· No published human clinical trials completed; Derivatives pose risk of tumorigenicity
	[36,54]

	CSCs
	· Heavily compromised field of research due to lack of scientific integrity; Suggestions in positive safety profile of CDCs
	[40,42]

	BMDSCs
	· Positive safety profile demonstrated in allogeneic and autologous human clinical trials; Easy to harvest; Decrease in arrhythmogenic risk; Noteworthy increase in adverse events → CARDIO133 trial
	[43,44,46,48,50]

	MSCs
	· Positive safety profile demonstrated in multiple human clinical trials; Dyspnea, fatigue and chest tightness 1-mo post-transplantation, though small sample
	[54-61]

	SMs
	· Risk of ventricular arrhythmias
	[68]


CSCs: Cardiac stem cells; iPSCs: Induced pluripotent cells; ESCs: Embryonic stem cells; MSCs: Mesenchymal stem cells; BMDSCs: Bone marrow-derived stem cells; BMMNCs: Bone marrow mononuclear cells; CDCs: Cardiosphere-derived cell; SMs: Skeletal myoblasts.
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