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Enhancement Strategies for Cardiac Regenerative Cell Therapy: 
Focus On Adult Stem Cells

Kathleen M. Broughton, PhD, JD1 and Mark A. Sussman, PhD*,1

1San Diego State University Heart Institute and the Integrated Regenerative Research Institute 
5500 Campanile Drive, San Diego, CA 92182

Abstract

The idiom heart of the matter refers to the focal point within a topic and, with regard to health and 

longevity, the heart is truly pivotal for quality of life. Societal trends worldwide continue toward 

increased percent body fat and decreased physical activity with coincident increases in chronic 

diseases including cardiovascular disease (CVD) as the top global cause of death along with 

insulin resistance, accelerated aging, cancer. Although long-term survival rates for CVD patients 

are grim, intense research efforts continue to improve both prevention and treatment options. 

Pharmacological interventions remain the predominant interventional strategy for mitigating 

progression and managing symptoms, but cellular therapies have the potential to cure or even 

mediate remission of CVD. Adult stem cells are the most studied cellular therapy in both 

preclinical and clinical investigation. This review will focus on the advanced therapeutic strategies 

to augment products and methods of delivery, which many believe heralds the future of clinical 

investigations. Advanced preclinical strategies using adult stem cells are examined to promote 

synergism between preclinical and clinical research, streamline implementation, and improve this 

imminent matter of the heart.
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Introduction

Ensuring an effective means of regenerating cardiac tissue in damaged and/or aged hearts 

would provide a revolutionary means for restoration of function to pump oxygen-enriched 

blood through the body. Pharmacologics are well-established in the cardiovascular 

community for controlling multiple syndromes associated with cardiovascular dysfunction 

including but not limited to high blood pressure, arrhythmia, balanced Na+/Ca2+ exchange, 

low cardiac output and stroke volume, and prevention of sudden cardiac death. 

Unfortunately, current pharmacological strategies for treating heart failure usually serve to 
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delay death rather than provide hope for restoration of functional tissue and hemodynamic 

performance to the heart.

The quest to restore compromised function and regenerate lost tissue in the failing heart led 

to implementation of clinical trials using adult stem cells in the past fifteen years, rooted in 

successful utilization of stem cells since discovery of remarkable regenerative potential in 

the latter half of the twentieth century. Multiple clinical trials using various adult stem cells 

with varied trial design highlight the desperate need for new approaches to both the stem cell 

therapy treatment and the clinical trial design to further advance cardiac regenerative 

medicine. Numerous laboratories are pursuing diverse preclinical studies to improve 

therapeutic strategies involving stem cell-mediated treatment of heart failure. This review 

focuses upon established and visionary preclinical research strategies to augment adult 

cellular therapeutic products and how such products will advance clinical research intended 

to improve function in the failing myocardium.

Designing for Cardiac Regenerative Medicine

Classification of cardiac regenerative products with the Food and Drug Administration 

(FDA) can be organized into drug, device, biological product or combination product. 

Statutory definitions of FDA products are set forth in sections 201(g) and 201(h) of the 

Federal Food, Drug and Cosmetic Act (FD&C Act) and codified in Title 21 Chapter 9 of the 

United States Code [1–3]. Specific to regenerative products in the body, the FDA is likely to 

follow guidelines outlined in “Human Cells, Tissues, and Cellular and Tissue-Based 

Products (HCT/Ps)” in Title 21 of the Code of Federal Regulations, Part 1271 [4]. 

Regulatory clarification regarding classification will evolve with approval of additional cell 

therapies and advancement to the clinic [5]. Researchers should remain mindful of the 

importance of designing therapeutic products that demonstrate the necessary safety and 

efficacy required by the FDA.

As knowledge and understanding of cardiac regenerative medicine advances, described as 

“generational” advances [6–8], refinements are incorporated into design and evaluation of 

products and delivery methods. Potential products can be evaluated during preclinical stages 

in vitro or in vivo whereas clinical outcomes are focused on patient outcomes. Selected 

primary in vitro analysis include proliferation, cell-cycle behavior, anti-senescence, 

migration, non-oncogenic transformation, cardiomyogenesis, secretome release, and co-

culture response. Despite an impressive array of ex vivo metrics, in vivo preclinical 

performance is absolutely essential to determine potential success of the product as a 

therapeutic option. Unfortunately, meaningful determinations of important metrics such as 

cardiomyogenesis, proliferation, and a host of other measurements in the context of clinical 

trials with patients receiving stem cell treatments are impossible. Indeed, claims of 

regeneration based solely upon imaging cannot be validated without tissue-based analyses. 

Many early phase clinical trials are intended to assess safety and feasibility in relatively 

small patient cohorts without sufficient power for significant determinations of endpoints 

such as quality of life, long term adverse events, survival, and functional endpoints. As such, 

definitive research, novel approaches, and defining in vivo mechanisms remain critically 
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important to allow for development, optimization, and implemention of efficacious 

therapeutic strategies.

Benefits of the product are determined by a combination of responses to the therapeutic 

product including internal cellular responses, external endogenous responses to the product 

upon introduction into the system, external conditions of delivery and host response [6]. 

Primary benchmarks referenced to evaluate cellular product impact include durability, 

persistence, and endogenous response. The local microenvironment of the injection is 

influenced by inflammatory reaction, cell communication between product to endogenous 

tissue, and formation of new tissue. Another facet for critical consideration is the design and 

performance of the surgery including method of delivery and frequency of treatment. Lastly, 

and most important in evaluating a therapeutic product, is host condition and the host’s 

potential response to the therapeutic treatment, such as the severity of heart disease, 

biological age, and prognosis for functional recovery. Measurable outcomes are broader and 

more expansive in experimental models relative to limited analyses in clinical trials. 

Specifically, experimental research studies can encompass detailed cellular and molecular 

characterizations of inflammation, fibrosis, angiogenesis, and cellular regeneration along 

with functional assessments, such as wall thickness, load volume, ejection fraction and 

cardiac output (Figure 1). In comparison, clinical assessments or cellular and molecular 

mechanisms are narrow in scope or absent because of restricted sample availability from 

patients. Thus, clinical outcomes beyond functional assessments include standardized testing 

for patient quality of life and tracking for occurrences of adverse events. With a plethora of 

factors influencing outcomes, the complexity of efficacy evaluation presents a challenge to 

rigorously and fully evaluate regenerative therapy (Figure 1).

Enhancing Cellular Products

The desire to regenerate is fundamentally tied to the pathos of humanity since early 

civilization. Ancient Greek mythology tells the story of Prometheus who advanced human 

civilization by introducing mastery of fire; in return, Zeus punished Prometheus by chaining 

him to a rock where an eagle would peck out his liver every day and the liver would 

regenerate every night for eternity. The etymology of the name prometheus meaning 

forethought is serendipitous to the myth considering that the liver is one of the few naturally 

regenerative organs within the human body. Unlike the adult liver, the adult myocardium is 

ill-equipped for recovery of lost function or repopulation of damaged tissue. As such, 

cardiac tissue regeneration remains an important initiative for the medical research 

community as ischemic heart disease is the top cause of death and related complications, 

such as stroke and hypertensive heart disease, are additional top ten causes of death 

worldwide [9]. Cellular therapies for regenerative therapy are still in product development 

stages, but no commercial products are available in the United States [6].

To improve upon cardiac regenerative products, understanding the state of endogenous 

cardiac cellular responses in normal aging as well as disease is critical [10,11]. Challenges 

in the heart with age and/or disease are to 1) preserve existing functional myocardium, 2) 

generate new, healthy cardiomyocytes, and 3) integrate new cardiomyocytes into the tissue 

with necessary vascular supply to fuel their function. New myocyte formation occurs, albeit 
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at a very small, slow but steady rate of 0.45–1%, in normal physiologic circumstances within 

the adult heart [12]. The origin of new adult cardiomyocytes is still under investigation 

although the rate of cardiomyogenesis is demonstrably low under normal circumstances in 

the adult mammalian heart. Prevailing theories focus upon either preexisting cardiomyocytes 

[13,14] or adult stem cells [15–17] as the source, but reconciliation of these divergent origins 

for new myocytes may not require a single answer since the heart may possess more than 

one cardiomyogenic cell type, similar to the liver having multiple origins of new 

hepatocytes. Mechanisms of liver regeneration and cellular origins involved continue to be 

delineated [18], with origins including preexisting hepatocytes undergoing chromatin 

reduction to rapidly respond to new cell formation [19], and non-hepatocyte cells 

undergoing a progenitor state before transformation into hepatocytes [18,20]. Thus, the 

pursuit of clinically meaningful myocardial regeneration most likely also benefits from 

contributions of multiple cell types. Because clinical outcomes thus far have been less 

desirable than hoped or hyped, new strategies involving multiple cell types together with 

engineered approaches to augment regenerative potential are poised at the vanguard of next 

generation approaches to enhance cardiac cell therapies. Considering cellular products 

strictly, a number of enhancement strategies are in preclinical research intended to improve 

cardiac function in a diseased state. Cellular enhancement strategies can be categorized as 

combinatory, preconditioning and genetic enhancement with each strategy having its 

strengths and challenges towards clinical application. Enhanced therapeutic products 

discussed in this review are summarized in a Strengths Weaknesses Opportunities Threats 

(SWOT) analysis (Figure 2). Next generation approaches may evolve from observing basic 

mechanistic underpinnings of regeneration in organisms where such process are normal 

biological activities. Recapitulating regenerative capabilities of lower vertebrates using 

human cells and tissues has been frustratingly difficult. However, such biological activity is 

not beyond our organismal capabilities as humans do possess regenerative potential well into 

adulthood as evidenced in liver, lung, skin, and many other tissues. But specific constraints 

and barriers to regeneration in human myocardium have evolved consequential to functional 

performance. The challenge for cardiovascular researchers is to define those evolutionary 

boundaries, with the promise of future advancement resting upon innovation, creativity, and 

unnatural answers to enhance and promote myocardial regeneration in the human heart.

Combinatory Cell Therapy

Combinatory cell therapy evolved from initial investigations using a single adult stem cell 

product to treat heart failure. The rationale behind combinatory adult stem cell therapy is 

hinged upon a synergistic effect occurring between the two cell types leading towards better 

functional and structural improvement within the failing heart compared to either cell type 

alone. Mesenchymal Stem Cells (MSCs) are known to secrete cytokines towards the survival 

and continued function of cardiomyocytes [21,22], inhibition of fibrosis [22,23]. Cardiac 

Stem Cells (CSCs), also referred to as Cardiac Progenitor Cells (CPCs), are known to assist 

in mitigating damage and preserving cardiomyocytes after infarction [24–26], as well as 

preserving and/or repairing vascularization [27,28] through release of secretome [29,30]. 

Multiple groups have demonstrated fusion between cardiomyocytes and CPCs [30,31] as 

well as formation of new myocytes from CPCs [15,17,31], both contributing to the 

functional value of CSC/CPC as a therapeutic treatment. Large-animal swine preclinical 

Broughton and Sussman Page 4

Circ Res. Author manuscript; available in PMC 2019 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myocardial infarction modeling using the combinatorial approach of 200M MSCs with 1M 

CSC demonstrated cardiac recovery to nearly baseline [32], with a 21.1% scar size reduction 

compared to a reduction of 10.4% or 9.9% in CSCs and MSCs, respectively [32]. A follow-

up large-animal (swine) preclinical study of ischemia/reperfusion injury with a three-month 

delay after injury before treatment with allogeneic MSCs, MSCs and CSCs or placebo 

demonstrated significant reduction in scar size of the treatment groups at three months post 

cell therapy [33]. A second follow-up study focused upon combining allogeneic MSCs and 

CSCs in a large-animal (swine) model [34]. Results at three months post injection 

demonstrate a reduced scar size in all treatment groups with ejection fraction improved in all 

cell treatment groups compared to placebo [34]. These large animal studies provide insight 

into study design at the clinical level.

The clinical trial Prospective Randomized Study Of MEsenchymal Stem Cell THErapy in 

Patients Undergoing Cardiac Surgery (PROMETHEUS) was a double blind (participant, 

investigator) study with randomized treatment groups (clinicaltrials.gov: NCT00587990). 

Treatment groups included six patients with chronic ischemic cardiomyopathy undergoing 

coronary artery bypass grafting (CABG) with either 20 or 200 million autologous MSCs 

[23]. Magnetic resonance imaging was used to measure scar, perfusion wall thickness and 

contractility at baseline, 3, 6 and 18 months after treatment. After 18 months, overall left 

ventricle ejection fraction (LVEF) was improved (+9.4±1.7%) and scar mass was decreased 

(47.5±8.1%), compared to baseline [23]. Similar to PROMETHEUS, The Stem Cell 

Infusion in Patients with Ischemic CardiOmyopathy (SCIPIO) trial was an open label study 

with randomized treatment groups (clinicaltrials.gov: NCT00474461) performed in CABG 

patients with post-infarction EF of ≤40% [24]. CSCs were isolated from the patient’s right 

atrial appendage and re-infused intracoronarily 4±1 months after CABG surgery. 20 patients 

in total were treated with 1 million autologous CSCs and 13 patients did not receive cellular 

treatment. By one year, CSC-treated patients demonstrated an improved LVEF (10.3±2.2%) 

and a decrease in scar mass (43.2%) compared to non-treated patients (no significant 

change) [24]. A two-year follow-up study revealed that LVEF continued to improve over 

baseline in treated patients (11.9±2.7%) compared to nontreated patients (3.66±4.5) and scar 

mass continued to decrease (46.4%) [25]. The successful demonstration of MSCs and CPCs 

in clinical trials prompted advancing combinatory cellular therapy, which demonstrated 

improved results over a single cellular therapy in preclinical studies.

Two clinical trials are currently focused on the combinatory cell approach using MSCs and 

CSCs. The Combination Of MeseNchymal and C-kit+ Cardiac StEm Cells as Regenerative 

Therapy for Heart Failure (CONCERT-HF) is a multi-center, randomized, quadruple blinded 

(participant, care provider, investigator, outcomes assessor) Phase 2 clinical study evaluating 

the safety, feasibility and efficacy of autologous 150M MSCs and 5M CSCs, alone or in 

combination, compared to placebo, and administered transendocardially in subjects with 

ischemic heart failure (clinicaltrials.gov: NCT02501811). This study is currently underway. 

The Transendocardial Autologous Cells (hMSC) or (hMSC) and (hCSC) is Ischemic Heart 

Failure Trial (TAC-HFT-II) is a randomized single blinded (participant) Phase I/II placebo-

controlled safety and efficacy study in patients with chronic ischemic left ventricular 

dysfunction and heart failure secondary to MI (clinicaltrials.gov: NCT02503280). In this 
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trial, patients will receive either 200M MSCs, a mixture of 199M MSC with 1M CSC or a 

placebo; the trial is currently scheduled to begin enrollment in 2025.

In an alternative combinatory approach, the use of CSCs with saphenous vein-derived 

pericytes (SCPs) was tested in a small animal model [35]. Results demonstrated a reduction 

in infarction size with improved vascularization but not statistically improved contractility in 

comparison to the individual cellular therapy. An advanced combinatory approach is the use 

of CPCs, cardiac MSCs and endothelial progenitor cells (EPCs), which can be concurrently 

isolated from a single human cardiac biopsy [36]. With the concurrent isolation of these 

three stem cells, an autologous three-dimensional ‘CardioCluster’ can be formed through an 

in vitro mixing of well-defined cell types in predetermined three-dimensional architecture 

and diameter prior to injection [37]. CardioClusters provide a cellular scaffold, which allows 

cells to engraft better and persist longer within the tissue post injection compared to 

injecting individual cells (Figure 2). Preclinical in vivo studies are underway and highly 

anticipated given the known improved vascularization and cardiac repair and preservation 

mediated by EPCs [38,39]. Combinatory therapy approaches are demonstrating to be a safe 

and improved method of treating heart failure with immediate clinical implications.

In vitro Preconditioning

Adoptive transfer of in vitro expanded stem cells has, in general, demonstrated preclinical 

challenges of poor engraftment and persistence. Clinically, although improved over no 

treatment, patients rarely if ever recover substantial heart function after stem cell therapy. 

This presents the opportunity to improve the stem cell therapy treatment through 

augmentation of the cells in vitro during expansion, prior to delivery, as well as after 

adoptive transfer. One method to enhance these cells is through preconditioning by 

treatments with growth factors, anti-aging compounds, or hypoxia to induce higher 

secretome release, modifying their function and improving their therapeutic efficacy after 

injection. Most research on preconditioning of stem cells to date is in preclinical models but 

evidence of clinical effectiveness prompts further exploration of this enhancement strategy.

Preconditioning stem cells with growth factors is rooted in research from the late 2000’s. As 

bone-marrow MSCs are a popular choice for study due to their ease of isolation and 

purported efficacy in allogeneic settings, a number of preclinical preconditioning 

experiments were performed. Bone marrow MSCs were preconditioned with transforming 

growth factor-alpha (TGF-α) to promote vascular endothelial growth factor (VEGF) as well 

as paracrine activity via a p38 mitogen-activated protein kinase (MAPK) dependent 

mechanism [40]. Using an ex-vivo ischemia/reperfusion model in Sprague-Dawley rats, 

bone marrow MSCs from C57BL/6J mice that were expanded in vitro and preconditioned 

with TGF-α or TGF-α with a p38 MAPK inhibitor and injected into the ex-vivo hearts prior 

to ischemia and compared to a placebo and non-preconditioned MSCs. Results observed 

include an improved left ventricular developed pressure and greater +dP/dt along with 

−dP/dt at end-reperfusion after TGF-α MSCs injection compared to the p38 MAPK 

inhibitor TGF-α MSCs injection. Additionally, VEGF production was increased in the TGF-

α preconditioned MSC and downregulated in p38 MAPK negated TGF-α MSCs. In another 

study bone marrow MSCs from Fisher 344 rats were preconditioned with: fibroblast growth 
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factor (FGF) −2, insulin-like growth factor (IGF) −1 and bone morphogenetic protein (BMP) 

−2 and the combinatory growth-factor preconditioned MSCs were used in an adoptive 

transplant of a rat myocardial infarction model. [41]. Results demonstrate a statistically 

significant reduced scar size after eight weeks in the growth-factor preconditioned MSC-

injected hearts, compared to the untreated MSC-injected hearts along with a statistically 

significant improved fractional shortening by four weeks, sustained through eight weeks, in 

the combinatory growth-factor preconditioned MSCs compared to non-preconditioned 

MSCs or placebo group. The group also found enhanced gap junction formation in the 

growth-factor preconditioned MSC group and cited this as a probable mechanism as to why 

the growth-factor preconditioned MSC group performed better than the non-treated MSC or 

placebo group [41]. In vitro experimentation has also demonstrated IGF-1 and FGF-2 

preconditioning improves functional characteristics of diabetes-impaired MSCs through 

upregulation of VEGF and Angiopoietin 1 and downregulation of p16Ink4a, indicating 

improved angiogenesis potential [42].

Preconditioning of bone marrow MSCs into cardiac progenitor phenotypes prior to injection 

has also led to extensive preclinical and clinical research with attendant strengths and 

weaknesses (Figure 2). Terzic and colleagues used a defined cocktail of recombinant TGF-

β1, BMP-4, IGF-1, FGF-2, Activin-A, retinoic acid, α-thrombin and interleukin (IL) −6 to 

transform hMSCs into cardiac progenitor-like cells, coined ‘cardiopoietic’ stem cells [43]. 

These cardiopoietic stem cells were then injected into infarcted myocardium of nude mice 

and followed over one year, with comparison to hMSCs and saline control injected mice. 

One-year results demonstrated a reduced global fibrosis and scar size in cardiopoietic-

treated hearts 8±6% and 3±2%, respectively, compared to naïve hMSC-treated hearts at 

32±4% and 12±2%, respectively. Absolute LVEF was statistically improved in 

cardiopoietic-treated hearts compared to baseline after infarction with an improvement from 

35% to 45% at one year, with a peak at two months post treatment at 55%. Naïve hMSC-

treated hearts resulted in little LVEF improvement over baseline at one year and no 

statistical difference was found between saline and naïve hMSC-treated hearts. This study 

led to a randomized, single blinded (outcomes assessor) Phase II/III clinical trial 

Cardiopoietic stem Cell therapy in heart failURE (C-CURE) which focused on the safety, 

feasibility and efficacy of using cardiopoietic stem cells for treating ischemic 

cardiomyopathy heart failure patients (clinicaltrials.gov: NCT00810238). After exclusion of 

a potential 320 screened patients, 21 patients received cardiopoietic hMSCs and 15 patients 

received typical standard of care treatment [44]. Follow-up was performed at six months and 

two years with the study completed in 2012. Results at six months revealed a 7% LVEF 

improvement in the treatment group from 27.5±1.0% to 34.5±1.1%, whereas the LVEF was 

unchanged in the control group (27.8±2.0% to 28.0±1.8%). Additional improvements with 

the 6-min walk distance and LV end-systolic volume were documented. The subsequent 

Phase III Congestive Heart Failure CArdiopoietic Regenerative Therapy (CHART-1) 

clinical trial, held in multiple European countries and Israel (clinicaltrials.gov: 

NCT01768702), was randomized, double blinded (participant and outcomes assessor) and 

focused upon using a “guided cardiopoiesis” approach, meaning the cardiopoietic stem cells 

were delivered using an endoventricular injection catheter with key assessment points at 52 

and 104 weeks post-injection [45]. Three hundred fifteen patients were enrolled in the study, 
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which was officially completed in August 2017. Reported results at thirty-nine weeks were 

primarily neutral but LVEF appeared to improve in patients with the cell therapy [46]. Sixty 

percent of the cell therapy treatment group was reported to exhibit statistically significant 

positive outcomes and post-hoc analyses are now identifying key attributes of this patient 

subpopulation to better define candidates for stem cell therapy treatment. The trial serves as 

a basis for designing the CHART-2 US trial, which is not yet scheduled to begin enrollment.

An alternative approach to preconditioning with growth factors is use of an environmental 

stimulus. After an infarction, the ischemic region is infiltrated with inflammatory cells and 

signals with a substantial concentration of reactive oxygen species (ROS) [47]. This results 

in a challenging microenvironment for endogenous cells as well as transfused cells. 

Mimicking the ischemic environment rich in ROS through preconditioning stem cells with 

hydrogen peroxide was hypothesized to render adoptively transferred cells more tolerant and 

communicative with the ischemic environment in vivo. Indeed, CPCs preconditioned with 

hydrogen peroxide improve their therapeutic effect over non-preconditioned CPCs in 

infarcted rat hearts by stimulating neoangiogenesis in the infarction border zone [48]. 

Interestingly, MSCs pretreated with hydrogen peroxide resulted in a decrease of focal 

adhesion proteins and less adherence in the infarcted heart region of Sprague-Dawley rats 

[49]. To improve adhesion and migration of these preconditioned hydrogen peroxide MSCs 

the cells were co-injected with free radical scavenger N-acetyl-L-cysteine, which resulted in 

reduced fibrosis and infarction size. An alternative preconditioning microenvironment to 

ROS provided by hydrogen peroxide is the use of hypoxia, which mimics the infarction 

region insofar as a lack of oxygen. Preconditioning MSCs in a hypoxic environment and 

injecting these cells into the peri-infarction region of rats resulted in increased pro-

angiogenesis, statistically smaller infarctions and improved systolic and diastolic pressure in 

the left ventricle, measured six weeks after infarction [50]. Likewise, hypoxia 

preconditioned CPCs demonstrated better survival seven days after injection into C57BL/6 

mice as well as improved LVEF and FS, as compared to normoxic CPCs or placebo [51]. 

The use of environmental stimulus preconditioning technique typically demonstrated 

improved functional effects in the infarcted heart as compared to non-treated cells, but the 

transience of such preconditioning approaches remains a concern. Therefore, other studies 

have pursued permanent modification to improve cellular function and response to adoptive 

transfer in search of superior in vivo results.

Gene Enhancement

Lentiviral vectors in gene therapy are a method in which genes can be inserted, deleted or 

modified in cells using a lentivirus. Lentivirus is a retrovirus with a single stranded RNA 

genome with a reverse transcriptase enzyme that allows for transcription of the viral genetic 

material upon entering the cell. Lentiviral vectors integrate into sites away from 

transcriptional regulatory sites, making them a safe therapeutic option [52] and have, in fact, 

become incorporated into clinical therapies [53] for advanced forms of HIV infections [54], 

Parkinson’s disease [55], and inherited disorders affecting hematopoietic cells [56]. This 

past August the FDA approved the first lentiviral gene therapy available in the US for the 

treatment of refractory B-cell acute lymphoblastic leukemia (ALL), a cancer of the bone 

marrow and blood, in patients up to 25 years old [57].
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Chimeric antigen receptor (CAR) T-cell immunotherapy mediated by Tisagenlecleucel 

(Kymriah, Novartis Pharmaceuticals Corp) has generated excitement using autologous T 

cells collected during a leukapheresis procedure and genetically modified to insert a CAR 

protein. The modified T-cells are capable of identifying CD19-expressing normal and 

malignant cells and after these modified T-cells are reintroduced into the patient in a single 

treatment, the modified T-cells target and eliminate CD19-expressing cells. The first 

pediatric global CAR-T cell therapy was an open label Phase 2, single arm, multicenter trial 

with twenty-five centers involved throughout the US, EU, Canada, Australia and Japan 

(clinicaltrials.gov: NCT02228096). Sixty-eight patients were infused and 63 were evaluated 

for efficacy with 83% of the patients achieving complete remission or complete remission 

with incomplete blood count recovery within three months of infusion with no minimal 

residual disease, indicating potential relapse, detected among patients [58]. One of the main 

side effects is cytokine release syndrome (CRS), causing high fever and flu-like symptoms, 

as well as neurological events, both of which can be life-threatening. In response to treat 

CAR, the FDA approved Actemra (tocilizumab), which was resolved 69% of the time with 

one or two doses within two weeks after treatment [59]. This ground-breaking treatment 

demonstrates the advancement of gene therapy treatments involving permanent ex vivo cell 

modification from the clinic as a tractable commercial strategy as well as the effectiveness of 

a gene therapeutic strategy for mitigating human disease.

Gene therapy using adult stem cells to treat heart failure is a therapeutic approach with 

preclinical data dating back to early 2000’s. Rat MSCs genetically enhanced with 

prosurvival gene Akt1 demonstrated improved cardiac output and a blunting of lost 

myocardial volume and remodeling, compared to control lacZ MSCs and saline treated 

ischemic rat myocardium, in a dose-dependent manner [60]. Similarly, nuclear Protein 

kinase B (Akt) overexpression in murine CPCs demonstrated increased proliferation and 

paracrine factor secretion in vitro as well as increased recruitment of endogenous ckit+ cells 

in vivo, compared to non-enhanced CPCs [61]. Stromal-derived factor-1 (SDF-1) is a 

chemokine required for homing and increasing survival of progenitor cells. MSCs 

engineered to overexpress SDF-1 were found to improve cardiac function 5 weeks after 

injection by nearly 240% compared to saline control and 70% in non-engineered MSCs 

within an acute myocardial infarction rat model [62]. MSCs engineered to overexpress 

CXCR4, the cognate receptor for SDF-1, were also found to decrease ventricular remodeling 

in response to myocardial infarction in a rat model after 30 days [63]. Mechanistically, the 

basis for potentiation of reparative responses mediated by such modifications can include 

enhanced survival, proliferation, persistence, engraftment, or secretion from adoptively 

transferred cells.

Few, if any, preclinical ex vivo genetic modifications for cardioreparative therapy are better 

documented for mechanism and efficacy than the proto-oncogene Pim-1 (Proviral 

Integration Moloney Kinase 1). Pim-1 is a highly conserved serine/threonine kinase unique 

by constitutive activation, meaning it is active in its nascent translated form rather than 

having to become “activated” like most kinases [64,65]. Pim-1 activity is regulated by 

concerted control of gene transcription, mRNA translation and protein degradation. The 

target phosphorylation consensus sequence for Pim-1 is found in proteins mediating 

transcription, cell growth, proliferation, and survival [66,67]. Transgenic mouse experiments 
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[68–70] and cell culture experiments [71–74] demonstrate Pim-1 exerts potent synergistic 

activity with c-MYC, p21Cip1/WAF1, STAT3, JNK, and survivin, as well as with other 

proteins particularly when the protein function involves proliferation and cell survival. 

Pim-1’s role in cell survival is related to the fact that it is a downstream target of Akt kinase 

and Akt-dependent survival is attributed, in part, to the interaction of Pim-1 with Bad, a 

primary apoptotic initiator [75]. Pim-1 also regulates activity independent of the Akt 

pathway, with regulation of the ASK1 proapoptotic pathway [76] as well as p38 MAPK 

[77]. Pim-1 is naturally found within cardiac tissues.

Pim-1 is produced in response to stress or pathologic injury in the myocardium. Pim-1 is 

also expressed in stem cells [78] upon activation as well as in endothelial [79] and vascular 

smooth muscle cells [80]. Primary downstream molecular targets of Pim-1 regulate cell 

survival and mitotic activity [81]. Pim-1 expression is higher in fetal human CPCs (hCPCs) 

and correlation exists between Pim-1 expression and youthful phenotypic characteristics of 

hCPCs, regardless of human cell line or age [82]. Pim-1 enhanced human CPCs (hCPCeP) 

demonstrate youthful characteristics that provide statistically significant improvement over 

other stem cell therapy treatments for myocardial infarction [82,83], with numerous 

strengths (Figure 2). Salutary effects of Pim-1 modification on cardiac progenitor cells in 
vitro proliferation, normal karyotyped diploid content [83] and sustained telomere lengths 

were consistent with suppression of p53 and p16 and blunting of the senescent phenotype 

[82]. Using adult SCID mice, human CPCs rejuvenated with Pim-1 overexpression were 

delivered by intramyocardial injection concurrent with myocardial infarction and compared 

to non-enhanced hCPCs or vehicle alone [83]. Persistence, expansion, and integration of 

Pim-1 enhanced hCPCs into myocardial tissue translate into progressive improvement in 

myocardial structure and function up to 20 weeks post-delivery relative to control hCPCs or 

vehicle [83]. The in vitro and small animal in vivo findings using Pim-1 enhanced hCPCs 

warranted further studies using a large animal model.

In a large animal model using adult female Yorkshire swine, the swine underwent closed-

chest ischemic reperfusion myocardial infarction [84] and received cell therapy two weeks 

after infarction challenge [85]. Swine treated with Pim-1 enhanced hCPCs exhibit ~3-fold 

decrease in scar mass compared to non-enhanced hCPCs at 8 weeks post-injection at 

−29.2±2.7% versus −8.4±0.7%, respectively (p<0.003). Pim-1 enhanced hCPC treated 

animals also had a sustained significantly increased ejection fraction at both 4 and 8 weeks 

post injection, compared to improvements in the hCPC-treated animals only found at 4 

weeks post injection. Importantly, cardiac output and ejection fraction by 8 weeks post 

injection was comparable with the pre-infarction measurement in swine treatment with Pim1 

enhanced-hCPCs. Mechanoenergetic recoupling improved in the Pim1 group. Importantly to 

note, biopsies were taken from each slice to include infarct zone (IZ), border zone (BZ), and 

remote zone (RZ) for 30 biopsies from each heart and examined by an experienced 

pathologist blinded to the treatment groups. Transmural infarcts were observed in all hearts 

characterized by densely collagenized scar tissue with mild-to-moderate cellularity. 

Histological evaluation findings for oncogenic transformation, tumorigenicity, teratomas, 

ectopic tissue formation or similar neoplastic plastic processes were all negative for all CPC 

treated animals on whole body necropsy either at 4 or 8 weeks following study product 

administration [85] Durability of repair, demonstrated safety and lack of oncogenic activity 
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and superior improvement of myocardial hemodynamic performance in both the small and 

large animal, supports use of Pim-1 enhanced hCPCs in a clinical setting. With the 

advancements in lentiviral vectors and CAR-T therapy, ex vivo autologous gene therapy 

such as Pim-1 modification is gaining acceptance as a safe and effective means to treating 

disease.

Designer Cells

As an adjective, “designer” refers to the aesthetics of an object in which it may perform a 

specific function or combat a specific problem. For example, a designer baby is a baby 

genetically engineered for specially selected traits, whereas designer drugs are structural 

analogues with similar properties and effects to the parent drug intended to enhance 

performance while avoiding detection or classification (e.g. professional sports doping). In 

these instances, the intent is deliberate modification of the original agent in order to enhance 

fitness and performance. A similar strategy can also be employed to develop designer cells 
as genetically engineered cellular products with modified properties to serve as enhanced 

therapeutic agents to combat human disease and assist in repair and regeneration. This 

avant-garde approach relies heavily upon design thinking [86] and will lead to new scientific 

discoveries and understandings with basic science to provide new, clinically relevant 

opportunities to cure heart failure. Such next generation approaches also resonate with the 

Precision Medicine Initiative, taking into account an individual’s variability in genes, 

environment and lifestyle when defining prevention strategies and treatment for specific 

diseases.

Design of therapeutic cells is intended to overcome clinical challenges revealed from testing 

multiple stem cell types, expanded in vitro and used in an autologous or allogeneic manner, 

with safe but marginal outcomes overall [6]. Endogenous stem cell reparative capabilities are 

likely compromised by aging and heart disease [9, 87–89], highlighting the need to develop 

novel methodologies to improve stem cell treatment through identification and optimization 

of important cellular and in vivo performance characteristics [90,91]. Designing cells to 

optimize their performance empowers capabilities to deal with challenges of the harsh 

microenvironment and compromised tissue structure typical for pathologic injury or age 

[92,93]. Conceptually, designing cellular therapeutic products for cardiac repair and 

regeneration represents “cutting edge” engineering to overcome limitations inherent in cell 

therapy and optimize induction of repair and regenerate the pathologically injured heart 

[94,95]. Two examples of designer approaches involving innovative adaptations of adult 

stem cells are provided below.

One approach explored in creating designer cells is the formation of a hybrid stem cell [94], 

based upon the idea of fusing two stem cells and selecting clonally expanded cell lines 

demonstrating the most beneficial characteristics to treat the myocardium. Fusion has been 

identified to naturally occur in vivo, specifically with respect to stem cells in the heart 

[31,96]. The mechanism behind endogenous fusion and any benefits, specific to these fused 

cells in vivo, has not yet been identified. Chemically-induced fusion of FVB mouse MSCs 

with mouse CPCs using Sendai virus resulted in a hybrid stem cell, termed 

‘CardioChimera’, demonstrating properties of both parent cells [97], with various strengths, 
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weaknesses, opportunities and threats as a therapeutic product (Figure 2). These distinct and 

clonally derived cells have an in vitro proliferation rate similar to CPCs and statistically 

faster to MSCs with a secretome profile enhanced to MSCs and statistically higher than 

CPCs. Treatment of infarction injury with CardioChimeras normalized left ventricular wall 

structure and sustained improved cardiac function for at least 18 weeks after treatment, 

compared to either of the parent cells or a combination of the two parents. These initial 

studies were performed using chimeric murine lines, and translational research is ongoing to 

determine the potential of human CardioChimeras.

A second approach to design a novel stem cell with enhanced reparative potential draws 

upon observations of DNA content and ploidy [95]. Increasing DNA and chromatin content 

have been hypothesized as a strategic biological evolutionary approach to overcome 

challenges imposed by environmentally stressful environments that mimics highly 

regenerative life, such as plants [98,99] and lower vertebrate organisms including fish 

[100,101] and newts [102]. Zebrafish, a frequently used model organism, are capable of 

regenerating 20% of the heart after ventricular resection [103]. Zebrafish are also known to 

have undergone whole genomic duplication [101], making their DNA content equivalent to 

that present in a polyploid organism. Also, certain species undergo genome duplication in 

response to environmental stress, possibly as an adaptive strategy for easing the burden of 

regeneration and adaptation to stress [104]. Analysis of CPC ploidy content shows that 

mouse CPCs possess mononuclear tetraploid content, whereas human CPCs possess 

mononuclear diploid content [105]. This fundamental biological difference between species 

may provide insight regarding differentially greater improvement in small mammal models 

relative to clinical outcomes revealed by meta-analysis [106], although cell treatment is 

demonstrably better than no treatment in a clinical setting [107]. Current research regarding 

stem cell ploidy is focused upon investigating mechanisms supporting improved regenerative 

capacity when tetraploid cells are used in adoptive transfer studies as well as developing 

“designer” human tetraploid stem cells, termed ‘CardioEvolver’ to mimic lower vertebrates 

and test the possibility that higher ploidy will confer a functional advantage (Broughton and 

Sussman, in preperation), with associated strengths, weaknesses opportunities and threats as 

a therapeutic product (Figure 2). Futuristic approach using designer cells requires substantial 

basic scientific research and concomitant mechanistic understanding before achieving 

clinical implementation. Nevertheless, benefits of expanding knowledge and understanding 

of genomic content and how specific genes influence regenerative capacity will further the 

potential to heal the human heart during pathologic injury as well as potentially offer 

advanced longevity options impacting whole body processes.

Perspective

After over a decade of myocardial regenerative research studies, the initial optimism and 

enthusiasm that fueled rapid and widespread adoption of cellular therapies for heart failure 

has given way to more pragmatic, realistic, and achievable goals. Indeed, substantial 

progress and increased understanding has developed that guides future directions of 

experimental cell therapy studies. However, it comes as no surprise to anyone familiar with 

myocardial biology that the process of endogenous mammalian cardiac regeneration is 

extremely inefficient with debatable relevance for clinical treatment as currently 
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implemented. These realities, while challenging, should not be misinterpreted as a basis for 

abandoning the concept of myocardial cell therapy. Instead, the clear message from the 

cumulative literature is that large mammals do not possess reparative potential of lower 

vertebrates and that dependence upon endogenous reparative mechanisms to mediate 

clinically meaningful regeneration is a long shot, especially in the typical large market target 

population of elderly patients in need of such interventional approaches. Truthfully, 

accepting that humans are not zebrafish or mice is one of the few universal consensus facts 

that all researchers engaged in regenerative therapy can agree upon. Given that reality, 

attention turns toward the differences that define the remarkable reparative potential of lower 

vertebrates relative to humans. Reproducibly demonstrable regeneration can be studied in 

organisms such as zebrafish or neonatal mice, indicating that such capabilities are natural 

and biologically normal in those specific systems. Continued translational research spanning 

invertebrate through small mammals and humans will undoubtedly blaze new trails for 

unraveling differences in regulatory control of cardiomyogenesis in adults. Nevertheless, 

expecting larger mammals to recapitulate the impressive regenerative capabilities of lower 

species remains a disappointing endeavor for one primary reason: the imposition of a 

demand to respond unnaturally and contrary to the biology of the adult mammalian 

myocardium. Therefore, it stands to reason that promotion of regeneration in a context 

where such processes do not naturally occur will by necessity require an unnatural solution. 

Of course, even the protocol of delivering exogenous cells to injured or aged tissue is in 

itself unnatural – and also evidently insufficient to yield desired results. Even as cell therapy 

continues to evolve, concurrent post stem cell generational findings including cell products 

or cell product components (secretomes, exosomes, modified versions of them, etc.) could 

ultimately be a legacy of stem cell biomedicine. Additional layers of “outside the box” 

strategies concurrently applied to the basic premise of cell therapy do indeed yield additional 

benefits as covered in this review. From proven preclinical approaches of combinatorial cell 

treatments, preconditioning cells, and genetic engineering to the next generation of 

“designer” cells, future advances in cell therapy will undoubtedly need to confront inherent 

limitations by incorporation of visionary concepts not present in normal human myocardial 

biology.
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SCPs Saphenous Vein-derived Pericytes

CABG coronary artery bypass grafting

LVEF left ventricle ejection farction

C-CURE Cardiopoietic stem Cell therapy in heart failURE

CHART-1 Congestive Heart Failure CArdiopoietic Regenerative 

Therapy

CONCERT-HF Combination Of MeseNchymal and C-kit+ Cardiac StEm 

Cells as Regenerative Therapy for Heart Failure

PROMETHEUS Prospective Randomized Study Of MEsenchymal Stem 

Cell THErapy in Patients Undergoing Cardiac Surgery

SCIPIO Stem Cell Infusion in Patients with Ischemic 

CardiOmyopathy

TAC-HFT-II Transendocardial Autologous Cells (hMSC) or (hMSC) 

and (hCSC) is Ischemic Heart Failure Trial

Akt Protein kinase B

BMP bone morphogenetic protein

CAR Chimeric antigen receptor

c-MYC cellular Myelocytomatosis Viral Oncogene Homolog

FGF fibroblast growth factor

IGF insulin-like growth factor

IL interleukin

JNK Jun Amino-terminal Kinases

MAPK mitogen-activated protein kinase

Pim-1 Proviral Integration Moloney Kinase 1

SDF-1 Stromal-derived factor-1

STAT3 Signal Transducer and Activator of Transcription 3

TGF-α transforming growth factor-alpha

VEGF vascular endothelial growth factor

WAF1 Wild-type P53-Activated Fragment 1
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Figure 1. In Vivo Outcome Assessment when testing cardiac therapeutic products
A mixture of form and functional attributes are measured to assess the overall effectiveness 

of a cardiac therapeutic option.
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Figure 2. SWOT Analysis of Adult Stems Cells Enhancement Strategies for Cardiovascular 
Therapy
The SWOT analysis focus is the individual adult stem cell therapeutic treatment options 

based on current clinical trial results and ongoing pre-clinical research.
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