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Abbreviations

BiVAD: Biventricular Assist Device; BMD: Bone Marrow-Derived; BTT: 
Bridge to Transplant; CDC: Cardiosphere Derived Cell; CSC: Cardiac Stem 
Cell; CyA: Cyclosporin-A; DT: Destination Therapy; EPC: Endothelial 
Progenitor Cell; FN: Fibronectin; HSC: Hematopoietic Stem Cell; iPSC: 
Induced Pluripotent Stem Cell; LVAD: Left Ventricular Assist Device; 
MCS: Mechanical Circulatory Support; MI: Myocardial Infarction; MMF: 
Mycophenolatemofetil; MNC: Mononuclear Cell; MSC: Mesenchymal 
Stem Cell; PCL: Polycaprolactone; PEG: Polyethylene Glycol; PG: Poly(ε-
Caprolactone)/Gelatin; PSI: Proliferation Signal Inhibitor; SKM: Skeletal 
Myoblast; RVAD: Right Ventricular Assist Device; TAH: Total Artificial 
Heart; VAD: Ventricular Assist Device

Introduction

Cardiovascular disease was the cause of less than 10 % of deaths worldwide 
at the turn of the twentieth century and now has become the number one non-
communicable cause of death worldwide. More recently, the WHO estimated 
17.3 million deaths from cardiovascular diseases in 2008, representing 30% 
of all global deaths. The WHO also estimates that the number of deaths from 
cardiovascular disease will increase to 23.3 million by the year 2030, with 
cardiovascular disease remaining the leading cause of death. Of note, over 
80% of these deaths took place in low and middle-income countries [1].

Heart failure accounts for a significant portion of the cardiovascular 
disease burden. An estimated 38 million patients suffer from heart 
failure worldwide, and this number is also expected to increase with 
aging of the population. In high income nations, it is the most common 
diagnosis for admission to the hospital for patients age 65 and over [2].
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Abstract

Heart failure is a significant cause of morbidity and mortality globally. An estimated 38 million patients suffer from heart failure worldwide, and its 
prevalence is expected to increase. In Canada, 1% of the population suffers from heart failure and the number of admissions for this disease is expected 
to increase 300% from 1996 to 2050.  In the United States, the number of patients with heart failure is estimated to increase 25% by 2030 with an 
estimated cost of $69.8 billion. Despite advances in modern medical care, heart transplantation remains the definitive treatment. Heart transplantation 
has had progressive, improved success in survival due to improvements in immuno-suppression. However, the availability of donor organs remains 
limited. Mechanical circulatory support has been an increasingly utilized option for patients with end-stage heart failure as bridge-to-transplantation, or 
for permanent destination therapy, but multiple complications can occur. As an alternative, stem cell therapy has emerged as a promising new field for the 
treatment for heart failure. It brings the possibility of regenerating new functional myocardium from donated or autologous cells.  However, this field is still 
in its early stages and clinical success has been modest, to date. This field may gain assistance by developments in nanotechnology and tissue engineering 
where patches, grafts, and even whole replacement organs may shape the future of heart failure therapy. We review the current and future states of these 
advancing technologies.

Keywords Heart failure; Heart transplantation; Regenerative medicine; Stem cell
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In Canada, 1% of the population suffers from congestive heart failure [3] and 
the number of admissions for heart failure is expected to increase 300% from 
1996 to 2050. In the U.S in 2008, one out of every nine deaths mentioned 
heart failure on the death certificate [4], and according to the American 
Heart Association, an estimated 6.6 million Americans suffered from heart 
failure in 2010 [5]. This number is expected to increase by approximately 
3 million by the year 2030, representing a 25% increase in prevalence 
[6]. Also, the cost of heart failure in the U.S. in 2008 was $30.7 billion, 
which is expected to increase over 100% to $69.8 billion by 2030 [5,6].

In Europe, the incidence of heart failure was estimated to have increased 
from 296 per 100,000 person-years in 2000 to 390 per 100,000 person-
years in 2007 [7]. This also carried a risk-adjusted mortality from heart 
failure of 12.1% at 30 days, 28.8% at 1 year, and 61.4% at 4 years. 
Thus, heart failure is a significant cause of mortality worldwide, with 
a progressive increase in mortality risk over the course of the disease.  

Despite modern advances in medicine, heart failure still progresses to end-
stage failure with little impediment. The limited supply of donor replacement 
organs to supply the enlarging need for heart failure treatment has prompted 
the search for alternative treatments beyond management with medication. 

This review discusses the current state and potential future for treatment 
options delivered by surgical methods or invasive procedures, including 
transplantation, mechanical circulatory support devices, and surgical or 
catheter-delivered cell-based therapies.    

Heart Transplantation

The Current State
Approximately 4,000 heart transplants are performed each year worldwide, 
according to the International Society for Heart and Lung Transplantation 
(ISHLT) (Figure 1) [8]. The number of heart transplants has not changed 
appreciably since the 1980’s despite a 20% increase in the number of adults 
on the heart transplant waiting list [9]. Also, achieving transplant wait-list 
status is difficult, with stringent criteria and priority reserved for patients with 
end stage heart failure. Only 6,679 patients were placed on the transplant list 
in the US in 2012, and of these, only 36% received a donor heart. Also, due 
to limited donor organ availability, only 2% of patients with a rejected or 
failed graft received a new transplant. This means that of the estimated 6.6 
million Americans with heart failure, only 2,378, or approximately 0.04%, 
will received definitive, long-term treatment.

 

Figure 1: Number of heart transplants (all recipient ages) by year (1982–2011) and geographic region. 
• ISHLT= International Society for Heart and Lung Transplantation. 
• Reprinted with permission from Lund et al. [9] 

Medical comorbidities among donors and recipients have also increased 
[12]. Recent donors have had more diagnoses of diabetes and hypertension 
while recipients have had higher percentages of malignancy (7%), diabetes 
(25%), allosensitization (33%), hypertension (45%), and priorsternotomy 
(46%) [13]. The demographics of transplant recipients have also changed 
with 30% of recipients being over the age of 60 [12]. 

The Future State
Over the last few decades, five year survival after heart transplant has been 
approximately 70%, median survival has been approximately 11 years, and 

the mortality rate per year has been approximately 3-4% [9]. Although a 
donor heart may be available, there are still problems of post-transplant 
morbidity and mortality. Hypertension, diabetes, and renal disease can 
cause morbidity as a result of chronic immunosuppression. Malignancies 
can also arise due to decreased immune surveillance. Cardiac allograft 
vasculopathy (CAV) can lead to coronary stenosis, myocardial ischemia, 
and increased mortality, and despite immunosuppression, graft rejection can 
occur, causing 44% of deaths during the first five years [10,14]. For this 
reason, graft rejection is the primary cause of death in the first few years 
after transplantation (Figure 2).
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Efforts to improve the current state of heart transplant morbidity and 
mortality have focused on improving immunosuppression and prevention 
of graft rejection due to this early mortality. Though, surgical technique 
for heart transplantation has changed little since the first transplant 
operations, significant improvements have been made in intraoperative and 
postoperative immunosuppression since the first procedures in the 1960’s. 
These advances have transformed transplantation into its current state as an 
acceptable treatment for heart failure today.  

A key to this success was the selective suppression of immune elements.  
Corticosteroids were effective immunosuppressants, but they are non-
selective, and there was significant morbidity and mortality from post-
transplant infections. Glucocorticoids inhibit expression of inflammatory 
cytokines as well as T-cell proliferation and B-cell receptor expression. When 
a postoperative infection emerged, this non-selective immunosuppression 
was reduced, leaving the graft vulnerable to rejection until the infection 
cleared.

This changed with the introduction of Cyclosporin-A (CyA) (trade name 
Neoral or Sandimmune). Sandoz laboratories (now Novartis) first produced 
Cyclosporinin 1970 from the fungus Tolypocladium inflatum isolated from 
Norwegian soil samples [15]. It was used in experimental transplantation in 
1978 and was introduced into clinical practice in 1983 as the first lymphocyte-
specific immunosuppressant [16]. While glucocorticoids affect multiple arms 
of the immune system, Cyclosporin specifically inhibits calcineurin which 
is integral to T-cell activation signal transduction and IL-2 transcription. 
This allowed suppression of graft rejection while freeing other immune 
elements to combat infection and it changed the success of transplantation 
as a field. In the late 1960’s and the early 1970’s, the 1 year survival rate 

after heart transplantation was approximately 30%, while with the use of 
Cyclosporin, 1 year survival improved to almost 90% in the 2000’s [16,17]. 

Further improving on the success of CyA, a newer calcineurin inhibitor, 
Tacrolimus (trade name Prograf or Advagraf), has become a mainstay 
of immune suppression (Figure 3). Today, over 80% of heart transplant 
recipients are undergoing maintenance immunosuppression with Tacrolimus, 
while less than 20% are maintained with Cyclosporine. These are nearly 
opposite percentages from maintenance therapy in the year 2000 [10,14]. 

Though it has similar action to Cyclosporin, Tacrolimus has a greater effect 
with fewer episodes of rejection and improved survival [15]. A Cochrane 
Review of 16 randomized trials found liver transplant patients treated with 
Tacrolimus had decreased 1-year acute rejection (RR 0.81, 95% CI 0.75 to 
0.88), steroid-resistant rejection (RR 0.54, 95% CI 0.47 to 0.74), graft loss 
(RR 0.73, 95% CI 0.61 to 0.86), and mortality (RR 0.85, 95% CI 0.73 to 
0.99). Also, when taking Tacrolimus plus MycophenolateMofetil (MMF), 
cardiac transplant patients in a randomized trial had fewer Grade 2R or 
higher infections and fewer treated episodes of graft rejection than patients 
taking Cyclosporine plus MMF [18].

Mycophenolate Mofetil (MMF) (trade name Cell Cept) or Mycophenolate 
Sodium (trade name Myfortic) is an anti-proliferative agent or proliferation 
signal inhibitor (PSI) and has become another mainstay of modern 
immunosuppression. Derived from the fungus P. echinulatum, it reversibly 
inhibits the guanosine monophosphate pathway of purine synthesis involved 
in expansion of B and T-cells. Together with a corticosteroid and a calcineurin 
inhibitor, the addition of a PSI forms the standard three-compound regimen 
for immunosuppression. 

Figure 2: Causes of death (1994-June 2013) by primary vs different indications for retransplantation in adult heart primary transplants and retransplants. 

• CAV= cardiac allograft vasculopathy; CMV= cytomegalovirus; PTLD= post-transplant lympho-proliferative disorder. 
• Reprinted with permission from Lund et al. [86] 
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Meanwhile, to further target other specific pathways in the immune response, 
newer immunosuppressants are being developed and tested. Bortezomib, 
for example, is an inhibitor of the 26S proteasome shown to be effective 
in CD30+ lymphocytes and may be responsible for increasing cell death by 
increasing the presence of apoptotic factors in a cell [19]. According to small 
studies, this drug could be useful for refractory antibody-mediated rejection, 
or if given preoperatively, for reducing the possibility of rejection in highly 
sensitized patients [20]. 

Another newer agent is Belatacept, a selective blocker of T-cell activation. 
It is a fusion protein of an immunoglobulin G1 (IgG1) Fc segment and part 
of a cytotoxic lymphocyte associated-4 (CTLA-4) marker which blocks co-
stimulation of T-lymphocytes. In a small study of renal transplant patients, 
when compared to Cyclosporin, delivering Belatacept resulted in similar 
percentages of graft rejection with improved glomerular filtration rate 
[21,22]. 

To target another pathway, To facitinib is an inhibitor of the Janus-kinase 
signal transducer and activator of transcription (JAK-STAT) signaling 
system. Inhibition of this pathway prevents the production of inflammatory 
mediators and activation of some T-cells and natural killer cells. In a study of 
renal transplant patients, it was found to be as effective as Tacrolimus [23].  
However, when used in combination with MMF, its use was associated with 
a higher incidence of viral infections.

Also recently studied, Sotrastaurin is a protein C kinase inhibitor which 
targets T-lymphocytes [24]. This inhibition of protein C kinase showed 
improved graft survival in heart transplanted rats, and also prolonged graft 
survival in humans after renal transplants [25]. 

Another important pathway for suppression is the compliment pathway 
since compliment activation causes significant deterioration of allografts. 
Eculizamab is a monoclonal antibody of compliment protein C5 that 
prevents inflammation and assembly of the complement membrane attack 

complex. In renal transplant patients, it has been reported to prevent 
antibody-mediated rejection [26]. It could also have potential for improved 
graft survival after heart transplantation.

Mechanical Circulatory Support Devices

The Current State

With the limited availability of donor organs, some patients with end-stage 
heart failure have been supported with mechanical devices. These blood 
pumps augment or replace one or both ventricles, serving as temporary or 
long-term circulatory support. Depending on the degree of support needed, a 
patient can receive a left ventricular assist device (LVAD), right ventricular 
assist device (RVAD), both LVAD and RVAD (BiVAD), or total artificial 
heart (TAH). A ventricular assist device (VAD) assists the heart in situ 
(Figure 4) while a TAH requires removal of the native heart. Currently, the 
use of VADs outnumbers the use of total artificial hearts TAHs. LVADs have 
provided effective support with patients showing significant functional gains 
in the first year such as improvements in distance walked and peak oxygen 
consumption [27].

Figure 3: Maintenance immunosuppression at 1-year and 5-year follow-up by location and 
type of transplant for adult heart primary transplants and retransplants (2008-June 2013)
• MMF= mycophenolatemofetil, MPA= mycophenolic acid. 
• Reprinted with permission from Lund et al. [86]

Figure 4: External view of the HeartMate II LVAD
• Reprinted with permission from John R. [87] 
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In 2007, 337 mechanical assist devices were implanted and this increased 
to 2,671 devices in 2013 [28]. Most often used as bridge-to-transplant 
(BTT) therapy, over 40% of adult heart transplant recipients were bridged 
to transplant with devices in 2012, more than double the percentage bridged 

in 2000 [29]. Also, as a result of the success with adult transplant recipients, 
pediatric patients have also been increasingly supported with mechanical 
devices (Figure 5).

Figure 5: Percentage of patients bridged with mechanical circulatory support by year (transplants: January 
2005-December 2012). 
• ECMO= extracorporeal membrane oxygenation; LVAD= left ventricular assist device; RVAD= right ventricular 
assist device; TAH= total artificial heart; VAD= ventricular assist device. 
• Reprinted with permission from Benden et al. [88] 

While VADs have been effective means of support as BTT, they have also 
become increasingly effective as destination therapy (DT), or permanent 
implantation without a plan for transplantation. VAD implantations for DT 
comprised 14% of devices placed in 2007, and this increased to 42% in 
2013 [15]. 

TAHs have also been implanted for BTT or DT, though experience with 
these devices is more limited. In 2007, the Syncardia Cardio West TAH, 
the only US FDA fully approved TAH, was implanted in 22 patients. This 
increased to 73 patients in 2013, accounting for 3% of implanted devices 
that year. The longest implantation time with a Cardio West TAH before 
successful transplant was 1,373 days [29]. 

The Future State

Mechanical support devices, however, have had several complications. 
Frequently, they have arisen in the form of infection, hemorrhage, 
thromboembolism, and mechanical failure [30]. Device-related, and non-
device-related, infections cause significant morbidity and mortality from 
pneumonia, wound infections, sepsis, driveline infections, and hematogenous 
seeding of artificial surfaces. Among patients with VADs, infection occurs in 
up to 42% of patients by day 60 and upto 94% of patients at 1 year [29,31].

Hemorrhage, including gastrointestinal and intracranial hemorrhage, has 
been another source of morbidity and mortality due to anticoagulation to 
prevent thromboembolism.Gastrointestinal bleeding is common among 
patients with VADs, occurring in 10–40% [31-34]. Most commonly involve 
the small bowel. 

Another set of complications has been from local thrombi and distant emboli, 
including stroke, transient ischemic attack, and infarction of other organs. 
Thromboemboli formed on artificial surfaces and in turbulent blood flow 
due to shear forces caused by mechanical devices. Though not all strokes 
are from thromboembolism, recent reports have found approximately 
15% of patients with devices present with stroke and 12% present with 
transient ischemic attack (TIA) [35-37]. Arterial and venous thrombosis and 
thromboembolism also occur in 7-9% of patients with devices after 1 year 
[35,38].

Mechanical devices have also had unexpected device malfunctions or 
structural failures as well as difficulty with device durability after long 
implantations. In the past three years, the mortality rate from device failure 
has been approximately 3% [35,39].
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The future success of these devices depends on prevention of these major 
causes of morbidity and mortality. To reduce device-related infections, 
drivelines could be reduced or eliminated. Hemorrhage could be reduced by 
decreased need for anticoagulation through improved pump-blood contact 
surfaces with less thrombogenicity. Thromboembolism could be reduced 
with improved flow characteristics that cause less blood stasis or shear 
forces within the pump. Finally, improved designs with less friction or wear 
on moving parts could lead to less mechanical device failure.

Cellular Therapy

The Current State

In recent years, attempts have been made to improve failing hearts by 
introduction of stem cells to revive or regenerate myocardial tissue. Stem

cells can be harvested from embryonic sources to be used as allografts, or from 
adult donors to be used as allografts or autografts. Common adult sources 
have been skeletal muscle, bone marrow, peripheral blood, and cardiac 
tissue. Cells are harvested from other donors or patients, then stimulated 
to expand and differentiate into cardiac tissue. Once expanded, the cells 
are introduced or reintroduced to the patient by intravenous, intracoronary, 
or intramyocardial routes (Figure 6). Allogenic sources may have the 
advantages of being more readily available or available well in advance 
of treatment, but autologous sources may causeless immunogenicity. Also, 
embryonic stem cells have been studied less extensively than adult donor or 
autologous sources due to issues of scarcity, ethical or political difficulties. 
The following are several categories of stem cells that have been tested with 
potential for cardiac regeneration in humans, and (Table 1) shows recent 
clinical trials using these cell populations.

Figure 6: Schematic representation of the potential sequence of events involved in successful regenerative stem cell treatment of cardiac 
tissue in an infarcted heart. 
• BMMNC= Bone Marrow Mononuclear Cell, CSC= Cardiac Stem Cell, EPC= Endothelial Progenitor Cell, ESC= Embryonic Stem Cell, 
iPSC= Induced Pluripotent Stem Cell, MSC= Mesenchymal Stem Cell, SKM= Skeletal Myoblast.  
• Reprinted with permission from Matar and Chong [89] 



Enliven Archive | www.enlivenarchive.org

 
 
2015 | Volume 1 | Issue 17

Cell
Type

Source Study Heart Failure Patients Delivery 
Route

Follow up 
(months)

LVEF Increase NCT Identifier

BMD Autologous REPAIR-AMI [77] Ischemic 204 IC 12 +2.5% (p=0.01) NCT00279175

BMD Autologous TOPCARE-CHD [78] Ischemic 121 IC 12 +1.8% (p<0.001) NCT00962364

BMD Autologous BOOST [79] Ischemic 60 IC 6 +6.7% (p=0.003) NCT00224536

BMD Autologous STAR-heart [80] Ischemic 391 IC 60 +6.2% (p<0.017) N/A

BMD Autologous Bocchi et al. [81] Non-Ischemic 22 IC 15 +8.8% (p=0.016) N/A

BMD Autologous Seth et al. [82] Non-Ischemic 85 IC 36 +5.9% (p<0.05) N/A

MNC Autologous ASTAMI [83] Ischemic 100 IC 6 No change NCT00199823

MNC Autologous FocusHF [84] Ischemic 30 IM 6 No change NCT00824005

MSC Autologous PROMETHEUS [53] Ischemic 45 IM 18 +9.4 (p=0.002) NCT00587990

MSC Autologous TAC-HFT [54] Ischemic 67 IM 12 No change NCT00768066

CSC Autologous SICIPIO [60] Ischemic 14 IC 4 +8.2% (p=0.001) NCT00474461

CDC Autologous CADUCEUS [62] Ischemic 25 IC 6 No change NCT00893360

CDC Allogenic ALLSTAR Ischemic Enrolling IC Pending Pending NCT01458405

EPC Autologous Cardio133 [85] Ischemic 60 IM 6 No change NCT00462774

Table 1: Recent Stem Cell Trials
BMD= Bone marrow-derived stem cells without specific lineage, these could include hematopoietic, mononuclear, mesenchymal, or other stem cells, 
CSC= Cardiac stem cell, EPC= Endothelial progenitor cell, IC= Intracoronary, IM= Intramedullary, MNC= Mononuclear cells, MSC= Mesenchymal 
stem cell

Skeletal Myoblasts

Skeletal myoblasts (SKMs), the precursor cells to mature skeletal myocytes, 
have been tested as potential stem cell therapy for heart failure but the 
results have been discouraging. In one randomized trial, SKMs were 
injected epicardially into hearts with left ventricular (LV) dysfunction 
during coronary artery bypass grafting (CABG) [29]. However, there was 
no improvement in LV function at six months follow-up. Also, ventricular 
arrhythmias were prevalent and attributed to islands of skeletal muscle cells 
which were unable to propagate cell signaling between cardiomyocytes 
adequately. This led to the realization that connexin-43 is an important 
factor for arrhythmia prevention during stem cell therapy since it provided 
channels for cardiomyocyte intercellular coupling and depolarization during 
signal transduction [40]. 

Bone Marrow Derived Mononuclear Cells

Within bone marrow derived mononuclear cells (MNCs) harvested, there is 
a small percentage (less than 0.1%) consisted of hematopoietic stem cells 
[41]. Favorable effects were first observed in mice injected with these bone 
marrow derived cells [43], and since then, multiple trials in humans have 
taken place. Recent conclusions from these experiments have shown that 
bone marrow derived cells do not differentiate well into cardiomyocytes, 
but more likely have a positive, regenerative effect through paracrine effects 
that stimulate resident cardiomyocytes, cardiac progenitor cells, or epithelial 
progenitor cells to promote cardiomyocyte growth and angiogenesis [42]. 
The FOCUS trial by the Cardiovascular Cell Therapy Research Network 
(CCTRN) did not find a significant change in left ventricular end-systolic 
volume but a few meta-analyses have found minor clinical improvements 

after implantation of MNCs [44,45]. Currently, a large, multi-center 
Phase 3 randomized trial (The Effect of Intracoronary Reinfusion of Bone 
Marrow-derived Mononuclear Cells on All Cause Mortality in Acute 
Myocardial Infarction: BAMI) is being performed in Europe to investigate 
the effectiveness of intracoronary delivery of MNCs on mortality after MI.  
With an estimated enrollment of 3000 patients, it should be completed in 
2018 (NCT01569178).    

Bone Marrow Derived Mesenchymal Cells

Mesenchymal stem cells (MSCs) can be found in bone marrow and adipose 
tissue. Also known as colony-forming unit fibroblasts, they can differentiate 
into mature cardiomyocytes if co-cultured with other adult cardiomyocytes 
[46-48]. In animal studies, treatment with MSCs showed improved cardiac 
function after induced myocardial infarction [49,50]. A recent randomized 
trial (Prospective Randomized Study of MSC Therapy in Patients Undergoing 
Cardiac Surgery: PROMETHEUS) also found improvement in left 
ventricular ejection fraction (LVEF) (+9.4 ± 1.7%, p=0.002) and decreased 
infarction scar mass (-47.5 ± 8.1%, p<0.0001) after 18 months in patients with 
ischemic cardiomyopathy treated with intramyocardial injections of MSCs 
[51,52]. In another study (Transendocardial Autologous Cells in Ischemic 
Heart Failure Trial: TAC-HFT), percutaneous intramyocardial injections of 
MSCs improved ventricular function (peak Eulerian circumferential strain 
-4.9%, p=0.03) and reduced infarct size (-18.9%, p=0.004) [53].
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Endothelial Progenitor Cells

Some bone marrow-derived stem cells expressing the CD34 or CD133 
markers have been found to differentiate into vascular endothelium. These 
endothelial progenitor cells (EPCs) could promote neovascularization in 
ischemic myocardium by direct differentiation into endothelial cells, as they 
do in wound healing, or by paracrine mechanisms with release of endothelial 
growth factors. Currently, a Phase 3 clinical trial to investigate the potential 
of EPCs has begun recruiting patients (Efficacy and Safety of Targeted 
Intramyocardial Delivery of Auto CD34+ Stem Cells for Improving Exercise 
Capacity in Subjects with Refractory Angina: RENEW, NCT01508910).

Induced Pluripotent Stem Cells

Some adult somatic cells have been found to be able to become induced 
into pluripotent stem cells (iPSCs) [54]. Since these autologous cells could 
have significant potential for cardiac regeneration, there is much interest 
in their development. Human dermal fibroblasts were recently converted 
to iPSCs with a retrovirus containing Oct3/4, Sox2, Klf4, and c-Myc 
transcription factors. These cells were differentiated into cardiomyocytes 
with approximately 90% yield and implanted into pigs with surgically-
created ischemic cardiomyopathy. There was a significant improvement 
in LVEF (+25% at 4 and 8 weeks, p<0.01). However, the human cells 
did not have long-term survival in the porcine model [55]. Large trials 
for treatment of heart failure with iPSCs have not been attempted to date.

Cardiac Stem Cells

The adult heart has been found to contain small numbers of stem cells that 
are capable of regenerating myocardium. This challenged the theory that 
the heart is a terminally differentiated organ, and since then, these cardiac 
progenitor cells have been harvested from both animals and humans 
[56]. One population, known as c-kit, or CD 117, positive cells have had 
success in animal testing and have recently been studied in a human clinical 
trial. In rats, c-kit+ cardiac stem cells (CSCs) injected after myocardial 
infarction improved cardiac function, causing angiogenesis and forming 
new cardiomyocytes [57-59]. In humans, during the Stem Cell Infusion in 
Patients with Ischemic Cardiomyopathy (SCIPIO) trial, patients receiving 
intracoronary infusion of c-kit+ CSCs after coronary artery bypass 
grafting (CABG) for myocardial infarction had increased LVEF (+8.2%, 
p=0.001) and decreased infarction scar size (-30% at 1 year, p=0.04) [58].

Also, groups of cardiac stem cells, known as “cardiospheres”, retrieved 
from cardiac biopsies have been tested for therapeutic potential. These 
collections contain c-kit+ CSCs as well as other surrounding cells, 
including CD105+ stromal cells [60]. In mice, these cardiosphere-
derived cells (CDCs) differentiated into functional endothelial cells and 
cardiomyocytes. Left ventricular function was also better preserved in 
mice treated with CDCs with greater fractional shortening of infarcted 
anterior walls (36.9% vs 17.9%, p=0.05). In a recent study in humans 
(Cardiosphere-Derived Autologous Stem Cells to Reverse Ventricular 
Function, CADUCEUS), CDCs from endocardial biopsies from patients 
with MI were re-introduced by intracoronary injection [61]. Patients treated 
with CDCs showed reduced infarction scar mass (p=0.001), increased 

viable heart mass (p=0.01), and increased regional ventricular wall 
contractility (p=0.02) at 6 months by MRI. A new randomized trial is also 
currently also underway to test the effectiveness of CDCs for treatment of 
ischemic heart failure (Allogenic Heart Stem Cells to Achieve Myocardial 
Regeneration, ALLSTAR, NCT1458405). Similar to the CADUCEUS 
trial, it will deliver CDCs by intracoronary injection after myocardial 
infarction. However, the source of the cells will be allogenic, not autologous.    

The Future State

New advances in nanotechnology and tissue engineering are enhancing 
the field of stem cell therapy. By creating new scaffolds for cell culturing 
and cell delivery, nanotechnology may improve the quality of stem 
cell products and facilitate their incorporation into patients to provide 
improved myocardial function. Tissue engineering could also establish 
a new paradigm with the creation of whole organ replacements from 
stem cells combined with nanofiber or biological cardiac scaffolds.  

Nanofiber cell culturing environments have already shown improvements 
over conventional stem cell culturing methods. To best prepare stem cells 
for replacement of native tissue, it is best to mimic the structural, chemical, 
and physical environment in which cardiomyocytes are produced. Native 
myocardium undergoes changes during development that is guided in part 
by external cues and stresses. Growth hormones and physical stresses 
such as cell-cell tension and electrical stimulation are important for 
developing elongated, interconnected, and dynamic cardiomyocytes [62]. 

For these reasons, research has shown that cells grown on patterned surfaces, 
such as those with nanoscale ridges, have shown greater tissue organization, 
contractile strength, and electrochemical conduction than those grown on 
non-patterned surfaces. In a rat model of myocardial infarction, the use of a 
polyethylene glycol (PEG) culturing scaffold with patterned ridges improved 
stem cell retention, growth, and integration over non-ridged surfaces [63]. In 
another study, cells grown on a surface with pillars of PEG had significantly 
greater cell adhesion, three-dimensional growth, signal conduction, and 
contractility [64]. Carbon nanofiber scaffolds which improve electrical 
signal conduction during development have also been shown to improve 
growth of functional cardiomyocytes [65]. 

To improve delivery of stem cells for heart failure therapy, researchers have 
developed nanofiber patches (Figure 7). In one study, poly (ε-caprolactone)/
gelatin (PG) nanofiber patches were seeded with rat bone marrow-derived 
MSCs, then placed in areas of infarction on the rat left ventricular walls. The 
MSCs within the patches migrated toward the infarction scars and promoted 
angiogenesis [66]. After addition of the patches, there was reduced overall 
infarction scar size (p<0.01) and improved LVEF (p<0.01) over control group.

In another study, umbilical cord blood-derived MSCs were seeded onto 
fibronectin (FN)-immobilized polycaprolactone (PCL) nanofibers [67]. 
The nanofibers improved cell elongation and adhesion, and there was 
upregulation of genes for mesenchymal differentiation and angiogenesis. 
After induction of MI in rats, the nanofiber with MSC patches were implanted 
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into infarction zones. Results at 4 weeks showed decreased infarction size and fibrosis (p<0.05) and increased LVEF (p<0.05) compared to controls.  

Figure 7: Schematic illustration of fabrication of functionalized nanofibers for myocardial infarction
• A: Polycaprolactone (PCL) nanofibers were prepared and coated with poly (glycidylmethacrylate) (pGMA) by initiated chemical vapor 
deposition. Fibronectins (FN) were immobilized onto the pGMA-PCL nanofibers
• B: Umbilical cord blood (UCB)-derived mesenchymal stem cells were seeded onto the FN-immobilized PCL nanofibers and transplanted onto 
a myocardial infarction model rat
• Reprinted with permission from Kang et al. [68] 

Meanwhile, beyond creating stem-cell seeded patches, researchers have 
begun engineering tissues to create whole new organs [68]. Their goal has 
been to create heart scaffolds populated with progenitor cells that differentiate 
into cardiomyocytes, stromal cells, and blood vessels. Using large animal or 
human cadaveric hearts, these organs have been decellularized by detergent 
washing and left bare of native cellular material, leaving only fibrous 
tissue. The decellularized skeletons then become the culturing scaffold 
for multiple stem cells with the hope of creating a functional, beating 
heart. Artificial nano- and micro-fibrous scaffolds also have potential, but 
at this time, biological scaffolds are superior to synthetic matrices since 
the complexity of a native biologic structure is difficult to reproduce.

In 2008, the first hearts from dellecularized organ matrix were bioengineered 
by repopulation with stem cells [69]. Intact collagen cardiac skeletons 
were created from rat hearts dissolved of cellular components in detergent 
solution. After injection of cardiac and vascular progenitor cells, the 
seeded scaffolds were supported in an organic reactor that simulated  the

preload and afterload of native cardiac physiology. The results after 
8 days were the detection of macroscopic cardiac contractions and an 
overall pump strength equivalent to 2% of an adult heart, or 25% of a 
functional 16-week fetal heart [70]. For larger models, porcine hearts 
have been decellularized for potential re-injection with cells [71-73] 
and a human heart has been decellularized as a scaffold for potential 
repopulation with human mesenchymal cells and murine cardiomyocytes. 

Conclusion

Heart failure is a prevalent disease worldwide and its burden is estimated 
to increase. Despite improvements in modern medications, restorative 
medical treatment for heart failure remains elusive. Heart transplantation 
still remains the only definitive therapy to date. 

Major advances in the field of transplantation have been made due to 
improved understanding and manipulation of the immune response to donor 
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grafts. However, despite these advances and improved recipient survival, 
there are only a limited number of donor organs available each year and 
therefore, only a small percentage of patients on transplant waiting lists 
receive a heart. 

For these reasons, recent and future research will continue to focus on 
mechanical circulatory support, stem cell therapies, nanotechnology, and 
tissue engineering to mend or replace the failing hearts. VADs and TAHs 
will likely support greater numbers of patients with ventricular failure 
without hope for myocardial recovery until transplantation or as permanent 
support without transplantation. Stem cell therapies are still in the early 
stages of testing, but could one day provide routine cell injections or off-the-
shelf replacement patches for patients with cardiomyopathy or to replace 
tissue loss after myocardial infarction. Tissue engineering may even be able 
to provide whole hearts in the future for an alternative to transplantation. 
These may even be derived from a patient’s own cell lines without the need 
for or complications of immunosuppression. 
 
Important hurdles still exist, including the difficulty of large-scale 
production of cardiomyocytes from stem cells and potential complications 
from pluripotent cells such as unwanted differentiation, including teratoma 
formation from iPSCs, in particular [74]. Also, though tissue engineering 
avoids problems with synthetic materials or mechanical devices for heart 
failure which are subject to foreign-body reactions and hardware or software 
malfunction, it is still difficult to reproduce the exact cell lineages in proper 
concentration and alignment, under the proper stimulating conditions, to 
engineer a coordinated, beating heart with the strength to work against adult 
physiologic afterload. For now, heart failure remains a pervasive disease with 
limited treatment options, but if the challenges mentioned are overcome, 
then there is a bright future for one or several of these technologies [75,76].
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