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ABSTRACT

Chronic heart failure is a leading cause of death. The demand for new therapies and the poten-
tial regenerative capacity of bone marrow-derived cells has led to numerous clinical trials. We
critically discuss current knowledge of the biology and clinical application of bone marrow cells.
It appears unlikely that bone marrow cells can develop into functional cardiomyocyte after infu-
sion but may have favorable paracrine effects. Most, but not all, clinical trials report a modest
short- but not long-term benefit of infusing bone marrow-derived cells. Effect size appears to
correlate with stringency of study-design: the most stringent trials report the smallest effect-
sizes. We conclude there may be short- but not substantial long-term benefit of infusing bone
marrow-derived cells into persons with chronic heart failure and any benefit observed is
unlikely to result from trans-differentiation of bone marrow-derived cells into functioning cardi-
omyocytes. STEM CELLS 2015;33:3212–3227

SIGNIFICANCE STATEMENT

There is considerable controversy whether hematopoietic cell transplants (often incorrectly-
termed haematopoietic stem cell transplants) are effective therapy of heart disease in humans.
Few publications have reviewed this topic from a stem cell biologists’ point of view. In this
paper we focused on biology and then critically discuss results of clinical trials.

INTRODUCTION

Chronic ischemic heart disease is a leading
cause of death globally with 17 million esti-
mated deaths each year. In the U.S. heart fail-
ure contributes to one in nine deaths [1]. The
World Health Organization estimates 23 million
deaths per year from cardiovascular disease by
2030 [2].

The mammalian heart has limited regener-
ative capacity in response to injury. Although
revascularization strategies and drug therapies
improved outcomes of persons with heart fail-
ure, no therapy can replace lost cardiac muscle
or reverse the process. The presumed regener-
ative potential of stem cells (defined below)
has led to clinical trials of transplants of bone
marrow-derived cells to treat chronic heart dis-
ease. We review and critically evaluate these
data.

STEM CELL TERMINOLOGY

The term stem cell was coined in the late 19th
century to define the origin of the blood sys-
tem in embryology [3]. Since then it has been
used for many types of cells in developmental
biology, hematology, medicine, embryology,

and so forth. We previously reviewed this topic
comprehensively [4]. Briefly, the term stem
cell is used entirely differently in different dis-
ciplines (hematology, regenerative medicine,
gerontology, gene therapy, etc.), organism
being studied (Drosophila sp., mice, humans,
etc.), context such as persistence through life,
and other variables. Perhaps the most widely
accepted definition of a stem cell is: “A cell
which can continuously produce unaltered
daughters and also has the ability to produce
daughter cells that have different, more
restricted properties” [5]. Recent data indicate
that under special conditions it is possible to
confer some or all stem cell properties on
more differentiated cells which are not intrinsi-
cally stem cells. Such cells are termed induced
pluripotent stem cells (iPSCs).

The term hematopoietic stem cell or mes-
enchymal stem cell is often used by hematolo-
gists to describe cells in the postnatal bone
marrow of rodents and humans. However,
mammalian bone marrow cells are heteroge-
neous and only a very small proportion have
stem cell-like features. The estimated fre-
quency of hematopoietic stem cells in adult
human bone marrow is approximately 1 in 104

and of mesenchymal stem cells, 1 in 103.
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Because of differing definitions of these cells in clinical trials
we use the terms bone marrow-derived stem/progenitor
hematopoietic cells (HSCs) and mesenchymal stromal/stem
cells (MSCs) hereafter [4]. It should be understood most cells
or combinations of cells, if any, used in these studies are not
stem cells.

CARDIAC REGENERATION

Most data suggest muscle cells in adult mammalian heart
(cardiomyocytes) lack renewal capacity. However, recent data
suggest a limited but discrete capacity for myocardial regener-
ation after injury [6, 7]. Heart regeneration is well known in
amphibians, fish, and in the mammalian developing embryo
[8]. Some data suggest a very slow turnover of cardiomyo-
cytes in humans which decreases with age [8, 9] whereas
other studies report a considerable continuous cardiomyocyte
renewal in humans [10, 11]. Even if these studies are correct,
there is considerable debate over the origin of these newly
formed cardiomyocytes [12–14].

The frequency of cardiomyocyte apoptosis in the normal
human heart is estimated at approximately 1 in 105 cell.
Assuming this process is constant and continuous and apopto-
sis lasts for 4 hours, 2.2% of cardiomyocytes are lost annually
and approximately 95% of the cardiomyocyte mass would
turn over in 30 years [12, 13]. If these assumptions and calcu-
lations are correct, a big if, there must be an efficient mecha-
nism to generate new cardiomyocytes. Interestingly, the rate
of cardiomyocyte apoptosis in persons with chronic heart fail-
ure is estimated at 80–250 times greater than in the normal
heart.

Some groups attempted to answer this question by meas-
uring the rate of DNA synthesis in human cardiomyocytes.
Bergmann and coworkers measured cardiomyocyte age in
humans using a 14-carbon decay approach. They estimated a
cardiomyocyte renewal rate which was age-dependent,
approximately 1% annually at age 20 and 0.4% at age 75.
These kinetics suggest approximately 45% of cardiomyocytes
are renewed over a normal human lifespan [9]. Kajstura and
coworkers calculated the rate of DNA synthesis in cardiomyo-
cytes in cadaver hearts by iododeoxyuridine incorporation.
They reported high rates of cardiomyocyte labeling-indices
ranging from 2.5% to 46%. Based on these data, they esti-
mated a cardiomyocyte turn-over rate of 22% annually [14].
The difference in estimated cardiomyocytes in these studies
differs approximately 50-fold and the correct rate is unknown.
Some of the disparity may relate to the difficulty in distin-
guishing DNA repair from replication (reviewed in references
[15, 16]).

CARDIO-MYOCYTE RENEWAL

Several mechanisms can generate new cardiomyocytes includ-
ing: (a) replication of mature cardiomyocytes [10, 17]; (b) de-
differentiation of cardiomyocytes into stem cells or progenitors
[18, 19]; and (c) differentiation of resident stem/progenitor
cells in cardiomyocytes [20]. Some data support each mecha-
nism depending upon species being studies, age, experimental
conditions, including mechanism of cardiac injury, measurement
method, and other variables (reviewed in reference [21]). How-

ever, these data are controversial and some reports were
retracted [22].

STEM/PROGENITOR CELLS IN THE HEART

Several resident populations of cardiac stem/progenitor cells
are reported including side-population (SP) cells, C-KIT-positive
cells, SCA-1-positive, cardiospheres, Isl1-postive cells, and
others (reviewed in references 21, 23). Heart or cardiac stem
cells have been isolated using different approaches such as
targeting surface markers (C-KIT or SCA-1) and biological fea-
tures such as the ability to efflux fluorescent dye or generate
multicellular spheroids (reviewed in references 24, 25). In this
review, we focus on cardiac stem/progenitor cells (CSCs) with
a possible bone marrow origin. Other cardiac stem cells are
reviewed in reference [23].

CD117 or C-KIT is a receptor tyrosine kinase type-3 and a
receptor for stem cell factor (SCF) expressed on hematopoi-
etic stem/progenitor cells. C-KIT signaling is important in cell
proliferation, differentiation, and survival [26]. Lineage (Lin)-
negative C-KIT-positive stem/progenitor cells, first identified in
the bone marrow, are reported to have substantial regenera-
tive capacity and are found in human adult hearts [27, 28].

Some data suggest Lin-negative C-KIT-positive stem/pro-
genitor cells can regenerate approximately 70% of the adult
rodent heart after in vitro expansion followed by injection
back into recipients with infarction [27]. However, other data
suggest Lin-negative C-KIT-positive stem/progenitor cells from
adult rodents do not differentiate into cardiomyocytes in vivo
[29, 30]. For example, a recent study reported a minimal con-
tribution of C-KIT-positive cells in cardiomyocyte regeneration
in rodent heart. The level of C-KIT-positive-derived-
cardiomyocytes was <0.008% if cell fusion is considered [31]
(reviewed in reference [32]).

Stem cell antigen-1 (SCA-1)-positive cells are also present
in human bone marrow [33]. Sca-1-positive cells can be iso-
lated from human hearts and some data suggest regenerative
capabilities of these cells [33]. SP cells are another cell-type
initially described in human bone marrow [34]. Similar cells
have been identified in human hearts. Some data suggest
these cells are resident cardiac stem/progenitors cells but this
is controversial.

CAN BONE MARROW-DERIVED STEM/PROGENITOR CELLS

BECOME CARDIOMYOCYTES?

A 2001 study in rodents reported LIN-negative, C-KIT-positive
rodent bone marrow cells injected into the ischemic area
proximal to a myocardial infarct could regenerate >50% of
the infracted area in 9 days and that there was trans-
differentiation of HSC into cardiomyocytes [35]. A subsequent
report indicated SCF and granulocyte colony-stimulating factor
mobilization of LIN-negative, C-KIT-positive in rodent HSCs sig-
nificantly decreased infarct size, ventricle dilation, and dia-
stolic stress [36]. However, the accuracy of these data was
challenged by studies which reported rodent bone marrow-
derived HSCs do not form cardiomyocytes when given postin-
farction and that most infused HSCs differentiate into blood
cells under these experimental conditions [37–39]. Other data
suggest hematopoietic cells can fuse with cardiomyocytes at

Behbahan, Keating, Gale 3213

www.StemCells.com VC AlphaMed Press 2015



low frequency [40] giving the false impression HSCs had dif-
ferentiated into cardiomyocytes. In summary, there is consid-
erable uncertainty whether bone marrow-derived HSCs can
develop into functioning cardiomyocyte after infusion. Never-
theless, most studies in animal report improved cardiac func-
tion after infusing bone marrow cells. How does this happen?
If improvement is not from the infused cells directly, might it
be a paracrine effect (reviewed in reference [41])? We con-
sider this possibility below.

CAN MESENCHYMAL STROMAL/STEM CELLS BECOME CARDIO-

MYOCYTES?

Mesenchymal stem cells are a rare population of mesenchy-
mal cells with self-renewal and differentiation properties.
Mesenchymal stem cells and mesenchymal stromal cells are
frequently confused with one another (they share the same
abbreviation [MSC]). In most studies we discuss in this review,
MSCs refer to a plastic-adherent population of cells obtained
after in vitro culture. Most of these cells are mesenchymal
stromal cells and not mesenchymal stem cells [4].

Studies in different species report bone marrow-derived
MSCs can differentiate into cardiomyocytes in vitro after treat-
ment with the hypomethylating drug 5-azacitidine. Under this
condition, MSCs, mainly adopt myotube morphology, expressing
some cardiac-specific genes (e.g., MEF-2A/MEF-2D) and peptides
(e.g., myosin, desmin, actinin, and atrial natriuretic peptides)
[42–45]. Coculture of human MSCs and rat neonatal cardiomyo-
cytes results in the expression of two markers of cardiac lineage,
troponin T and GATA4 but no sarcomeric organization is reported.
These data suggest the cardiac microenvironment enhances the
maturation of MSC into cardio-myocytes [46]. Similar data are
reported after treating MSCs with cardiac tissue extracts [47],
angiotensin-II [48], nitric oxide [49], salvianolic acid B [50], and
micro-RNAs (miRNAs) [51–54]. However, these induced cardio-
myocytes may not be functional.

Two major pathways control differentiation of MSCs into other
cells, Wnt and the TGF-b superfamily [55]. Other factors including
epidermal growth factor, platelet-derived growth factor, and fibro-
blast growth factor may also operate (reviewed in reference 55).

miRNAs may play an important regulatory role in the heart.
Some data suggest miRNAs can enhance or inhibit cardiomyo-
cyte proliferation and survival, control postinfarct neo-
vascularization, regulate cardiac regeneration, and inhibit cardi-
oprotective effects of cardiac stem or progenitor cells (reviewed
in references 56, 57). Combinations of miRNAs 1, 133, 208, and
499 are reported to be able to re-program cardiac fibroblasts
into cardiomyocyte-like cells in vitro [58]. miRNAs 1, 16, 124,
and 499 were reported to induce MSCs to form cardiomyocytes
[51–54]. For example, miRNA 16 enhances G1 phase arrest in
human MSCs, contributing to their differentiation toward myo-
genic phenotypes in a cardiac microenvironment [51]. However,
no miRNAs has been shown to operate in vivo and the regener-
ative capacity of these cells and clinical benefits of in vitro dif-
ferentiation are unknown.

NEW CARDIOMYOCYTES VERSUS FUNCTIONAL CARDIOMYOCYTES

The target of cell therapy is generating mature functioning
cardiomyocytes which replace the damaged myocardium and

improve cardiac function. This goal is challenging and many
obstacles must be overcome. Most replacement strategies are
based on providing immature cardiomyocytes or committed
progenitors. Maturation and specification toward subtypes of
cardiomyocytes such as ventricular or atrial cardiomyocytes
require an understanding of the molecular pathways of car-
diac subtype specification and maturation.

Even if cardiomyocytes could be generated, the electro-
physiological behavior of these cells needs to be controlled.
Distribution of gap junctions plays a role in cardiomyocyte
coupling and electrical conduction in the heart. In humans,
neonatal ventricular cardiomyocytes are confined primarily to
intercalated discs for longitudinal conduction. As the heart
matures these neonatal cardiomyocytes must acquire the
adult pattern of gap junction distribution for the heart to
function normally. Most data suggest new cardiomyocytes
derived from adult bone marrow cells may not acquire this
adult distribution and resemble neonatal cardiomyocytes [59,
60]. Furthermore, mismatches in cell size and shape, macro-
scopic myocardial fiber alignment, persistent automaticity of
generated cardiomyocytes, and immaturity in intracellular cal-
cium handling capacity are necessary for new cardiomyocytes
to function properly. Whether this can be achieved is
unknown even if new cardiomyocytes can be generated
(reviewed in reference [60]).

POSSIBLE MECHANISMS BY WHICH BONE MARROW CELLS

MIGHT IMPROVE CARDIAC FUNCTION

As we discussed, initial reports suggested bone marrow-
derived cells trans-differentiated into cardiomyocytes. More
recent data suggest trans-differentiation to cardiomyocytes is
rare and that other mechanisms may operate such as cell-
fusion. However, this also is a rare event [37, 38, 61, 62].
Amplification of vascular endothelial cells and neo-
vascularization is another possible mechanism of improving
cardiac function by bone marrow-derived cells. For example,
some in vitro studies report the potential of MSCs cell to dif-
ferentiate into endothelial cells [63]. Some studies in rats and
dogs report increased expression of CD31, von Willebrand fac-
tor, and smooth muscle (SM)-actin and increased capillary
density in MSCs after transplant, resulting in improved cardiac
performance [64, 65]. In the rat, transplanted allogeneic MSCs
are detectable in infarcted myocardium for up to 6 months
and express markers suggesting muscle and endothelium phe-
notypes [66]. MSCs may be attracted to the infarct zone, pos-
sibly mediated by pleiotropic factors such as stromal cell-
derived factor-1a through activation of the PI3K/AKT pathway
[67]. The hypoxic environment of the infarct zone increases
vascular endothelial growth factor, hepatocyte growth factor,
and insulin-like growth factor 1 expression by transplanted
MSCs which may contribute to angiogenesis by inducing pro-
liferation of endothelial cells and a-SM actin-positive cells
[68]. In a pig model of chronic ischemic cardiomyopathy, allo-
geneic MSCs were reported to differentiate into cardiomyo-
cytes, SM cells, and endothelial cells [69]. However, these
results could not be replicated in a dog model [64].

Numerous paracrine effects of bone marrow cells, alone or
combined, are alleged to improve cardiac function including:
(a) immune-modulation; (b) altered CSCs metabolism; (c)
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stimulation of resident CSCs; (d) recruitment of endothelial pro-
genitor cells; (e) increased contractile capabilities of residual
cardiomyocytes; (f) antiapoptosis; (g) altered cell-cell interac-
tions; (h) cardiac niche reconstitution; (i) inhibition of cardiac
fibroblasts; (j) altered extracellular matrix; (k) decreased
arrhythmias; and (l) increased nerve regeneration. The sheer
number of suggested mechanisms suggests none is convincingly
proven (reviewed in references [41, 68]; Figure 1).

CLINICAL TRIALS

Chronic heart disease results from loss of contractile cardio-
myocytes. Different types of cells have been evaluated for
their ability to replace this loss, including skeletal myoblasts,
bone marrow-derived cells, cardiac stem cells, and mesenchy-
mal stem cells [70]. Studies in animals, reviewed above, sug-
gested that infusing (often referred to as transplanting)
autologous or genetically identical bone marrow-derived cells
could improve chronic heart failure. Mechanisms by which
this improvement might occur are reviewed above. These
observations led to many clinical trials of this approach in per-
sons with acute and chronic heart disease from diverse
causes. Here, we critically review trials done to improve
chronic heart failure (Tables 1–3). Trials of this approach in
acute heart failure are reviewed elsewhere [71–73].

METHODS

Evaluating results of clinical trials of cell therapy of chronic
heart disease requires analyzing the source, composition, and
route of delivery of the cell product. In most studies, 80–
250 ml of bone marrow is aspirated from the subject’s iliac
crest and the mononuclear cell fraction isolated [72]. Some-
times CD133-postive or CD34-postive cells are selected by
immunological methods such as monoclonal antibodies
attached to magnetic beads.

The method and route of cell delivery is a crucial variable
in analyzing results of clinical trials (reviewed in reference
[72]). Current techniques are depicted in Figure 2 [72]. Intra-
venous injection is a relatively inefficient route because few
infused cells reach the infarct site [72, 121]. Normal coronary
blood flow is 80 ml/minute which is about to approximately
3% of cardiac output. Consequently, there would need to be
many circulation passages for most or all the injected cells to
reach an infract-related artery (assuming there was perfusion,
direct or collateral, to the infarct zone). An alternative, pre-
sumably more efficient route is intracoronary injection. PET
scanning after this approach shows a cardiac retention rate of
<3% [122]. During intracoronary artery injection cells are typi-
cally injected into the perinecrotic area of the infarct-related
artery. During this time of vessel occlusion, cells are infused
via the intracoronary route through the balloon. Percutaneous
transluminal coronary angioplasty prevents backflow of cells
and produces a stop flow beyond the site of balloon inflation
to facilitate migration of cells into the infarct zone [72]. In
some studies adhesion molecules are introduced to facilitate
homing of infused cells to the site of ischemia-reperfusion
injury [123].

Another approach involves trans-endocardial intramyocar-
dial injection into the ischemic area. This approach appears

safe in chronic ischemic heart disease and intractable angina
(see Tables 1–3). However, orientation by electro-mechanical
mapping requires technical expertise and cell loss into the
ventricle, incorrect injections sites, ventricular arrhythmias,
and cardiac tamponade may occur [72].

Epicardial intramyocardial injection is sometimes done
into exposed ischemic areas, allowing for multiple injections
within and around the infarct area. This approach is usually
done concurrently with coronary artery bypass graft (CABG)
(see tables). Injections are performed after the graft coronary
artery anastomosis is complete, the ischemic area visualized,
and cells injected into the border zone of the infarct [72].

TRIALS USING BONE MARROW-DERIVED

MONONUCLEAR CELLS

Bone marrow mononuclear cells are heterogeneous popula-
tions of lymphocytes, monocytes, endothelial progenitor cells,
mesenchymal stromal/progenitor cells, and hematopoietic
stem/progenitor cells. Most clinical trials of bone marrow
mononuclear cells were done in subjects with acute, not
chronic, heart disease. The few with chronic heart disease
report short-term safety and improvement in cardiac function
and quality of life (Table 1).

Recently, van Ramshorst et al. reported a randomized
double-blinde clinical trial of intramyocardial injection of bone
marrow mononuclear cells in subjects with chronic myocardial
ischemia refractory to medical treatment. There was approxi-
mately a 3% absolute increase in left ventricular ejection frac-
tion (LVEF) after 3 months, improved MRI-derived and tissue
Doppler imaging-derived parameters of diastolic function, and
a substantial increase in quality-of-life score [86, 93]. In
another study with chronic heart failure subjects received
intracoronary bone marrow mononuclear cells after treatment
of the heart with low-energy ultrasound shock waves. The
authors reported a modest, but statistically significant
increase in LVEF and a decrease in the number of major
adverse cardiac events [95].

Perin et al. reported using trans-endocardial injection of
autologous bone marrow mononuclear cells into the peri-
infarct viable myocardium using a specialized (NOGA Myostar)
catheter in subjects with chronic heart failure (CHF) [75, 124].
They reported improved LVEF, reduced end-systolic volume,
improved cardiac performance assessed by SPECT, increased
myocardial perfusion, and exercise capacity compared with
controls [75, 94, 125]. In another study where the injection
was into the scar tissue and in which the authors reported
improved early outcomes, no benefit in late outcomes was
detected including percent myocardial defect, total defect
size, fixed defect size, regional wall motion, or clinical
improvement in the cell therapy arm [73, 94].

TRIALS OF BONE MARROW-DERIVED CD1331 CELLS

CD133 antigen (prominin-1) is a trans-membrane glycoprotein
expressed on immature hematopoietic stem/progenitor cells.
Some data suggest CD133 may be an alternative marker to
CD34 which is commonly used to identify hematopoietic
stem/progenitor cells [125]. Results of studies using CD133-
positive cells to treat chronic heart failure are similar to those
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at
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b
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p
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it
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p
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p
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ra
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p
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[C
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reported with bone marrow mononuclear cells. Initial studies
reported safety and feasibility of intramyocardial injection of
these cells (Table 2). In one randomized trial, CD133-positive

cells were injected into the infarct border zone during CABG
[105]. LVEF was moderately but significantly increased at 6
months in the cell therapy cohort. However, the small size of

Figure 1. Possible mechanisms by which bone marrow-derived cells may contribute in cardiac regeneration. Abbreviations: CSCs, car-
diac stem/progenitor cells; VSMCs, vascular smooth muscle cell.

Figure 2. Routes of injections for cardiac cell therapy. Abbreviations: CFX, circumflex artery; LAD, a left anterior descending artery; LV,
left ventricle; RCA, right coronary artery (adopted from reference [72] with permission).
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this study limits the conclusion [105]. Another randomized,
double-blind, placebo controlled multicenter clinical trial of
142 subjects is likely to be published soon [108].

TRIALS OF BONE MARROW-DERIVED MSCs

Results of studies of MSCs are summarized in Table 3. In one
study, 60 subjects were randomized to receive a trans-
endocardial injection of MSCs, bone marrow mononuclear
cells, or a placebo. Serious adverse events were similar in the
cohorts. Better quality of life was reported in both cell ther-
apy cohorts compared with placebo. Improvement in 6-
minute walk distance, reduction in infarct size, and improved
regional myocardial function were detected only in subjects
receiving MSCs. However, there was no change in ventricular
chamber volume or ejection fraction [118]. In another
randomized and blinded study, MSCs were expanded in vitro
and partially differentiated toward cardiomyocytes before
injection. Most injected cells were MEF-2C-(myocyte-specific
enhancer factor 2C)-positive, a marker of heart cells. These
investigators reported improved LVEF (from 27.5% to 34.5%;
p< .0001) and an increase in the 6-minute walk at 6 months
[116]. However, there are discrepancies in various reports of
this study [126]. Although the authors corrected some errors,
these data have not been replicated independently [127].

In another study, five subjects received trans-endocardial
injections of MSCs. Thirty additional subjects were then
randomized to receive trans-endocardial injections of autolo-
gous versus allogeneic MSCs. Both cohorts showed reduced
infarct size and improved ventricular remodeling compared to
baseline. A comparison of function of injected versus nonin-
jected area of the myocardium showed small scar size in all
segments, especially near injected sites. The greatest improve-
ment was seen in severe segmental left ventricular dysfunc-
tion [128]. Only the allogeneic MSC cohort had reduced left
ventricle end-diastolic volumes whereas paradoxically,
improved 6-minute walk distance and quality of life score
were mainly observed in the autologous MSC cohort [113].
However, there is not placebo control in this study.

CONCLUSIONS

There is progress, albeit small, after more than a decade of
preclinical and clinical studies of using bone marrow-derived
cells to treat chronic heart failure. It is now reasonably certain
bone marrow-derived cells do not differentiate to cardiomyo-
cytes and that the benefit of this intervention, if any, is on
cardiac function from paracrine effects of the infused or
injected cells. Most studies, but not all, report a small
improvement in heart function but appropriate controls are
often lacking. There are some biases, inconsistencies, and dis-

crepancies in reporting (reviewed in reference [71]) and a
trend of decreasing effect-size with increasingly stringent
study-designs. For example, we found the magnitude of bene-
fit measured by an increase in LVEF is inversely related to
study-design stringency with the more carefully designed
studies showing the smallest effect-size (Fig. 3). There are also
many unknowns such as whether any cell type or delivery
route is better, or whether live cells are needed. If benefit is
predominately from a paracrine effect perhaps injecting intact
living cells versus cell extracts or dead cells versus condi-
tioned medium or other bioactive agents would work as well.
These are important questions for the future.

Perhaps more promising areas for near future studies to
treat chronic heart failure involve development of mechanical
replacement hearts, cardiac scaffolds (such as with three-
dimensional-printing and the biomembranes of cardiomyo-
cytes) and use of iPSCs-derived cardiomyocyte. More research
is needed.

ACKNOWLEDGMENT

RPG acknowledges support from the National Institute of
Health Research (NIHR), Biomedical Research Centre funding
scheme and educational grant from Celgene corp.

AUTHOR CONTRIBUTIONS

I.S.B., A.K., and R.P.G.: conception, design, research, writing,
approval of final manuscript, and financial support.

DISCLOSURE OF POTENTIAL CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Mozaffarian D, Benjamin EJ, Go AS et al.
Heart disease and stroke statistics—2015
update a report from the American Heart
Association. Circulation 2014:CIR.000000
0000000152.

2 Mathers CD, Loncar D. Projections of
global mortality and burden of disease from
2002 to 2030. PLOS Med 2006;3:e442.

3 Ramalho-Santos M, Willenbring H. On
the origin of the term “Stem Cell.” Cell Stem
Cell 2007;1:35–38.

4 Behbahan IS, Keating A, Gale RP. Concise
review: Bone marrow autotransplants for
liver disease? STEM CELLS 2013;31:2313–2329.

5 Smith A. A glossary for stem-cell biology.
Nature 2006;441:1060–1060.

6 Xin M, Olson EN, Bassel-Duby R. Mend-
ing broken hearts: Cardiac development as a

Figure 3. Increase in left ventricular ejection fraction after cell
therapy in chronic heart failure studies according to the type of
study (the size of circle represents the number of patients in
each study). Abbreviation: EF, ejection fraction.

3224 Cell Therapy for Heart Disease

VC AlphaMed Press 2015 STEM CELLS



basis for adult heart regeneration and repair.
Nat Rev Mol Cell Biol 2013;14:529–541.

7 Mercola M, Ruiz-Lozano P, Schneider MD.
Cardiac muscle regeneration: Lessons from
development. Genes Dev 2011;25:299–309.

8 Laflamme MA, Murry CE. Heart regener-
ation. Nature 2011;473:326–335.

9 Bergmann O, Bhardwaj RD, Bernard S
et al. Evidence for cardiomyocyte renewal in
humans. Science 2009;324:98–102.
10 Kajstura J, Leri A, Finato N et al. Myo-
cyte proliferation in end-stage cardiac failure
in humans. Proc Natl Acad Sci USA 1998;95:
8801–8805.
11 Beltrami AP, Urbanek K, Kajstura J et al.
Evidence that human cardiac myocytes divide
after myocardial infarction. N Engl J Med
2001;344:1750–1757.
12 Kajstura J, Gurusamy N, Og�orek B et al.
Myocyte turnover in the aging human heart.
Circ Res 2010;107:1374–1386.
13 Olivetti G, Abbi R, Quaini F et al. Apo-
ptosis in the failing human heart. N Engl J
Med 1997;336:1131–1141.
14 Kajstura J, Urbanek K, Perl S et al. Cardi-
omyogenesis in the adult human heart. Circ
Res 2010;107:305–315.
15 Steinhauser ML, Lee RT. Regeneration of
the heart. EMBO Mol Med 2011;3:701–712.
16 Senyo SE, Lee RT, K€uhn B. Cardiac
regeneration based on mechanisms of cardio-
myocyte proliferation and differentiation.
Stem Cell Res 2014;13:532–541.
17 Senyo SE, Steinhauser ML, Pizzimenti CL
et al. Mammalian heart renewal by pre-
existing cardiomyocytes. Nature 2013;493:
433–436.
18 Jopling C, Sleep E, Raya M et al. Zebra-
fish heart regeneration occurs by cardiomyo-
cyte dedifferentiation and proliferation.
Nature 2010;464:606–609.
19 Kikuchi K, Gupta V, Wang J et al. tcf211

epicardial cells adopt non-myocardial fates
during zebrafish heart development and
regeneration. Dev Camb Engl 2011;138:
2895–2902.
20 Hsieh PCH, Segers VFM, Davis ME et al.
Evidence from a genetic fate-mapping study
that stem cells refresh adult mammalian car-
diomyocytes after injury. Nat Med 2007;13:
970–974.
21 Leri A, Rota M, Pasqualini FS et al. Ori-
gin of cardiomyocytes in the adult heart. Circ
Res 2015;116:150–166.
22 Kajstura J, Rota M, Cappetta D et al.
Cardiomyogenesis in the aging and failing
human heart. Circulation 2012;126:1869–
1881.
23 van Berlo JH, Molkentin JD. An emerging
consensus on cardiac regeneration. Nat Med
2014;20:1386–1393.
24 Segers VFM, Lee RT. Stem-cell therapy
for cardiac disease. Nature 2008;451:937–
942.
25 Passier R, van Laake LW, Mummery CL.
Stem-cell-based therapy and lessons from
the heart. Nature 2008;453:322–329.
26 Edling CE, Hallberg B. c-Kit—A hemato-
poietic cell essential receptor tyrosine kinase.
Int J Biochem Cell Biol 2007;39:1995–1998.
27 Beltrami AP, Barlucchi L, Torella D et al.
Adult cardiac stem cells are multipotent and
support myocardial regeneration. Cell 2003;
114:763–776.

28 Ferreira-Martins J, Og�orek B, Cappetta D
et al. Cardiomyogenesis in the developing
heart is regulated by c-kit-positive cardiac
stem cells. Circ Res 2012;110:701–715.
29 Zaruba M-M, Soonpaa M, Reuter S et al.
Cardiomyogenic potential of C-kit(1)-express-
ing cells derived from neonatal and adult
mouse hearts. Circulation 2010;121:1992–
2000.
30 Jesty SA, Steffey MA, Lee FK et al. c-
kit1 precursors support postinfarction myo-
genesis in the neonatal, but not adult, heart.
Proc Natl Acad Sci USA 2012;109:13380–
13385.
31 Berlo JH van , Kanisicak O, Maillet M
et al. c-kit1 cells minimally contribute cardi-
omyocytes to the heart. Nature 2014;509:
337–341.
32 Nadal-Ginard B, Ellison GM, Torella D.
Absence of evidence is not evidence of
absence: Pitfalls of cre knock-ins in the c-Kit
locus. Circ Res 2014;115:415–418.
33 Oh H, Bradfute SB, Gallardo TD et al.
Cardiac progenitor cells from adult myocar-
dium: Homing, differentiation, and fusion
after infarction. Proc Natl Acad Sci USA 2003;
100:12313–12318.
34 Goodell MA, Brose K, Paradis G et al.
Isolation and functional properties of murine
hematopoietic stem cells that are replicating
in vivo. J Exp Med 1996;183:1797–1806.
35 Orlic D, Kajstura J, Chimenti S et al.
Bone marrow cells regenerate infarcted myo-
cardium. Nature 2001;410:701–705.
36 Orlic D, Kajstura J, Chimenti S et al.
Mobilized bone marrow cells repair the
infarcted heart, improving function and sur-
vival. Proc Natl Acad Sci USA 2001;98:10344–
10349.
37 Balsam LB, Wagers AJ, Christensen JL
et al. Haematopoietic stem cells adopt
mature haematopoietic fates in ischaemic
myocardium. Nature 2004;428:668–673.
38 Murry CE, Soonpaa MH, Reinecke H
et al. Haematopoietic stem cells do not
transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature 2004;428:664–
668.
39 Ellison GM, Vicinanza C, Smith AJ et al.
Adult c-kitpos cardiac stem cells are neces-
sary and sufficient for functional cardiac
regeneration and repair. Cell 2013;154:827–
842.
40 Nygren JM, Jovinge S, Breitbach M et al.
Bone marrow-derived hematopoietic cells
generate cardiomyocytes at a low frequency
through cell fusion, but not transdifferentia-
tion. Nat Med 2004;10:494–501.
41 Gnecchi M, Zhang Z, Ni A et al. Para-
crine mechanisms in adult stem cell signaling
and therapy. Circ Res 2008;103:1204–1219.
42 Wakitani S, Saito T, Caplan AI. Myogenic
cells derived from rat bone marrow mesen-
chymal stem cells exposed to 5-azacytidine.
Muscle Nerve 1995;18:1417–1426.
43 Balana B, Nicoletti C, Zahanich I et al. 5-
Azacytidine induces changes in electrophysio-
logical properties of human mesenchymal
stem cells. Cell Res 2006;16:949–960.
44 Makino S, Fukuda K, Miyoshi S et al.
Cardiomyocytes can be generated from mar-
row stromal cells in vitro. J Clin Invest 1999;
103:697–705.

45 Moscoso I, Centeno A, L�opez E et al.
Differentiation “in vitro” of primary and
immortalized porcine mesenchymal stem
cells into cardiomyocytes for cell transplanta-
tion. Transplant Proc 2005;37:481–482.
46 Koninckx R, Hensen K, Dani€els A et al.
Human bone marrow stem cells co-cultured
with neonatal rat cardiomyocytes display lim-
ited cardiomyogenic plasticity. Cytotherapy
2009;11:778–792.
47 Liu X-N, Yin Q, Zhang H et al. Tissue
extracts from infarcted myocardium of rats in
promoting the differentiation of bone mar-
row stromal cells into cardiomyocyte-like
cells. Biomed Environ Sci 2008;21:110–117.
48 Xing Y, Lv A, Wang L et al. The combina-
tion of angiotensin II and 5-azacytidine pro-
motes cardiomyocyte differentiation of rat
bone marrow mesenchymal stem cells. Mol
Cell Biochem 2012;360:279–287.
49 Kanno S, Kim PKM, Sallam K et al. Nitric
oxide facilitates cardiomyogenesis in mouse
embryonic stem cells. Proc Natl Acad Sci USA
2004;101:12277–12281.
50 Gao Q, Guo M, Jiang X et al. A cocktail
method for promoting cardiomyocyte differ-
entiation from bone marrow-derived mesen-
chymal stem cells. Stem Cells Int 2014;2014:
162024.
51 Liu J-L, Jiang L, Lin Q-X et al. MicroRNA
16 enhances differentiation of human bone
marrow mesenchymal stem cells in a cardiac
niche toward myogenic phenotypes in vitro.
Life Sci 2012;90:1020–1026.
52 Huang F, Tang L, Fang Z et al. miR-1-
mediated induction of cardiogenesis in mes-
enchymal stem cells via downregulation of
Hes-1. Biomed Res Int 2013;2013:216286.
53 Zhang L, Liu J, Liu F et al. MiR-499 indu-
ces cardiac differentiation of rat mesenchy-
mal stem cells through wnt/b-catenin
signaling pathway. Biochem Biophys Res
Commun 2012;420:875–881.
54 Cai B, Li J, Wang J et al. microRNA-124
regulates cardiomyocyte differentiation of
bone marrow-derived mesenchymal stem
cells via targeting STAT3 signaling. STEM CELLS
2012;30:1746–1755.
55 Augello A, Bari C De. The regulation of
differentiation in mesenchymal stem cells.
Hum Gene Ther 2010;21:1226–1238.
56 Boon RA, Dimmeler S. MicroRNAs in
myocardial infarction. Nat Rev Cardiol 2015;
12:135–142.
57 Piubelli C, Meraviglia V, Pompilio G
et al. microRNAs and cardiac cell fate. Cells
2014;3:802–823.
58 Jayawardena TM, Egemnazarov B, Finch
EA et al. MicroRNA-mediated in vitro and in
vivo direct reprogramming of cardiac fibro-
blasts to cardiomyocytes. Circ Res 2012;110:
1465–1473.
59 Chang MG, Tung L, Sekar RB et al.
Proarrhythmic potential of mesenchymal
stem cell transplantation revealed in an in
vitro coculture model. Circulation 2006;113:
1832–1841.
60 Chen H-SV, Kim C, Mercola M. Electro-
physiological challenges of cell-based myocar-
dial repair. Circulation 2009;120:2496–2508.
61 Alvarez-Dolado M, Pardal R, Garcia-
Verdugo JM et al. Fusion of bone-marrow-
derived cells with Purkinje neurons, cardio-

Behbahan, Keating, Gale 3225

www.StemCells.com VC AlphaMed Press 2015



myocytes and hepatocytes. Nature 2003;425:
968–973.
62 Kajstura J, Rota M, Whang B et al. Bone
marrow cells differentiate in cardiac cell line-
ages after infarction independently of cell
fusion. Circ Res 2005;96:127–137.
63 Oswald J, Boxberger S, Jørgensen B
et al. Mesenchymal stem cells can be differ-
entiated into endothelial cells in vitro. STEM
CELLS 2004;22:377–384.
64 Silva GV, Litovsky S, Assad JAR et al.
Mesenchymal stem cells differentiate into an
endothelial phenotype, enhance vascular
density, and improve heart function in a
canine chronic ischemia model. Circulation
2005;111:150–156.
65 Jiang W, Ma A, Wang T et al. Homing
and differentiation of mesenchymal stem
cells delivered intravenously to ischemic
myocardium in vivo: A time-series study.
Pfl€ug Arch Eur J Physiol 2006;453:43–52.
66 Dai W, Hale SL, Martin BJ et al. Alloge-
neic mesenchymal stem cell transplantation
in postinfarcted rat myocardium: Short- and
long-term effects. Circulation 2005;112:214–
223.
67 Yu J, Li M, Qu Z et al. SDF-1/CXCR4-
mediated migration of transplanted bone
marrow stromal cells toward areas of heart
myocardial infarction through activation of
PI3K/Akt. J Cardiovasc Pharmacol 2010;55:
496–505.
68 Wen Z, Zheng S, Zhou C et al. Repair
mechanisms of bone marrow mesenchymal
stem cells in myocardial infarction. J Cell Mol
Med 2011;15:1032–1043.
69 Quevedo HC, Hatzistergos KE, Oskouei
BN et al. Allogeneic mesenchymal stem cells
restore cardiac function in chronic ischemic
cardiomyopathy via trilineage differentiating
capacity. Proc Natl Acad Sci USA 2009;106:
14022–14027.
70 Fox IJ, Daley GQ, Goldman SA et al.
Stem cell therapy. Use of differentiated pluri-
potent stem cells as replacement therapy for
treating disease. Science 2014;345:1247391.
71 Nowbar AN, Mielewczik M, Karavassilis
M et al. Discrepancies in autologous bone
marrow stem cell trials and enhancement of
ejection fraction (DAMASCENE): Weighted
regression and meta-analysis. BMJ 2014;348:
g2688.
72 Strauer B-E, Steinhoff G. 10 years of
intracoronary and intramyocardial bone mar-
row stem cell therapy of the heart: From the
methodological origin to clinical practice.
J Am Coll Cardiol 2011;58:1095–1104.
73 Sanganalmath SK, Bolli R. Cell therapy
for heart failure a comprehensive overview
of experimental and clinical studies, current
challenges, and future directions. Circ Res
2013;113:810–834.
74 Silva GV, Perin EC, Dohmann HFR et al.
Catheter-based transendocardial delivery of
autologous bone-marrow-derived mononu-
clear cells in patients listed for heart trans-
plantation. Tex Heart Inst J 2004;31:214–219..
75 Perin EC, Dohmann HFR, Borojevic R
et al. Improved exercise capacity and ische-
mia 6 and 12 months after transendocardial
injection of autologous bone marrow mono-
nuclear cells for ischemic cardiomyopathy.
Circulation 2004;110(11 suppl 1):II213–218.

76 Beeres SLMA, Bax JJ, Dibbets P et al.
Effect of intramyocardial injection of autolo-
gous bone marrow-derived mononuclear cells
on perfusion, function, and viability in
patients with drug-refractory chronic ische-
mia. J Nucl Med 2006;47:574–580.
77 Beeres SLMA, Bax JJ, Kaandorp TAM
et al. Usefulness of intramyocardial injection
of autologous bone marrow-derived mononu-
clear cells in patients with severe angina pec-
toris and stress-induced myocardial ischemia.
Am J Cardiol 2006;97:1326–1331.
78 Beeres SLMA, Bax JJ, Dibbets-Schneider
P et al. Sustained effect of autologous bone
marrow mononuclear cell injection in
patients with refractory angina pectoris and
chronic myocardial ischemia: Twelve-month
follow-up results. Am Heart J 2006;152:
684.e11–16.
79 Beeres SLMA, Zeppenfeld K, Bax JJ et al.
Electrophysiological and arrhythmogenic
effects of intramyocardial bone marrow cell
injection in patients with chronic ischemic
heart disease. Heart Rhythm 2007;4:257–265.
80 Beeres SLMA, Bax JJ, Zeppenfeld K et al.
Feasibility of trans-endocardial cell transplan-
tation in chronic ischaemia. Heart Br Card
Soc 2007;93:113–114.
81 de la Fuente LM, Stertzer SH, Argentieri
J et al. Transendocardial autologous bone
marrow in chronic myocardial infarction
using a helical needle catheter: 1-year fol-
low-up in an open-label, nonrandomized,
single-center pilot study (the TABMMI study).
Am Heart J 2007;154:79.e1–7.
82 Nasseri BA, Kukucka M, Dandel M et al.
Intramyocardial delivery of bone marrow
mononuclear cells and mechanical assist
device implantation in patients with end-
stage cardiomyopathy. Cell Transplant 2007;
16:941–949.
83 Yelda T, Berrin U, Murat S et al. Intra-
coronary stem cell infusion in heart trans-
plant candidates. Tohoku J Exp Med 2007;
213:113–120.
84 Beeres SLMA, Lamb HJ, Roes SD et al.
Effect of intramyocardial bone marrow cell
injection on diastolic function in patients
with chronic myocardial ischemia. J Magn
Reson Imaging 2008;27:992–997.
85 van Ramshorst J, Atsma DE, Beeres
SLMA et al. Effect of intramyocardial bone
marrow cell injection on left ventricular dys-
synchrony and global strain. Heart Br Card
Soc 2009;95:119–124.
86 van Ramshorst J, Bax JJ, Beeres SLMA
et al. Intramyocardial bone marrow cell injec-
tion for chronic myocardial ischemia: A
randomized controlled trial. JAMA 2009;301:
1997–2004.
87 Gao LR, Xu RY, Zhang NK et al. Increased
apelin following bone marrow mononuclear
cell transplantation contributes to the
improvement of cardiac function in patients
with severe heart failure. Cell Transplant
2009;18:1311–1318.
88 Pokushalov E, Romanov A, Chernyavsky
A et al. Efficiency of intramyocardial injec-
tions of autologous bone marrow mononu-
clear cells in patients with ischemic heart
failure: A randomized study. J Cardiovasc
Transl Res 2010;3:160–168.
89 Willerson JT, Perin EC, Ellis SG et al.
Intramyocardial injection of autologous bone

marrow mononuclear cells for patients with
chronic ischemic heart disease and left ven-
tricular dysfunction (First Mononuclear Cells
injected in the US [FOCUS]): Rationale and
design. Am Heart J 2010;160:215–223.
90 Pokushalov E, Romanov A, Corbucci G
et al. Cardiac resynchronization therapy and
bone marrow cell transplantation in patients
with ischemic heart failure and electrome-
chanical dyssynchrony: A randomized pilot
study. J Cardiovasc Transl Res 2011;4:767–
778.
91 Hu S, Liu S, Zheng Z et al. Isolated coro-
nary artery bypass graft combined with bone
marrow mononuclear cells delivered through
a graft vessel for patients with previous myo-
cardial infarction and chronic heart failure: A
single-center, randomized, double-blind, pla-
cebo-controlled clinical trial. J Am Coll Car-
diol 2011;57:2409–2415.
92 Rodrigo SF, Ramshorst J van , Beeres SL
et al. Intramyocardial injection of bone mar-
row mononuclear cells in chronic myocardial
ischemia patients after previous placebo
injection improves myocardial perfusion and
anginal symptoms: An intra-patient compari-
son. Am Heart J 2012;164:771–778.
93 Ramshorst J van , Antoni ML, Beeres
SLMA et al. Intramyocardial bone marrow-
derived mononuclear cell injection for
chronic myocardial ischemia: The effect on
diastolic function. Circ Cardiovasc Imaging
2011;4:122–129.
94 Perin EC, Willerson JT, Pepine CJ et al.
Effect of transendocardial delivery of autolo-
gous bone marrow mononuclear cells on
functional capacity, left ventricular function,
and perfusion in chronic heart failure: The
FOCUS-CCTRN trial. JAMA 2012;307:1717–
1726.
95 Assmus B, Walter DH, Seeger FH et al.
Effect of shock wave-facilitated intracoronary
cell therapy on LVEF in patients with chronic
heart failure: The CELLWAVE randomized clin-
ical trial. JAMA 2013;309:1622–1631.
96 Honold J, DeRosa S, Spyridopoulos I
et al. Comparison of the Seattle heart failure
model and cardiopulmonary exercise capacity
for prediction of death in patients with
chronic ischemic heart failure and intracoro-
nary progenitor cell application. Clin Cardiol
2013;36:153–159.
97 Honold J, Fischer-Rasokat U, Seeger FH
et al. Impact of intracoronary reinfusion of
bone marrow-derived mononuclear progeni-
tor cells on cardiopulmonary exercise
capacity in patients with chronic postinfarc-
tion heart failure. Clin Res Cardiol 2013;102:
619–625.
98 Pompilio G, Cannata A, Peccatori F et al.
Autologous peripheral blood stem cell trans-
plantation for myocardial regeneration: A
novel strategy for cell collection and surgical
injection. Ann Thorac Surg 2004;78:1808–
1812.
99 Hendrikx M, Hensen K, Clijsters C et al.
Recovery of regional but not global contract-
ile function by the direct intramyocardial
autologous bone marrow transplantation:
Results from a randomized controlled clinical
trial. Circulation 2006;114(1 suppl):I101–107.
100 Goussetis E, Manginas A, Koutelou M
et al. Intracoronary infusion of CD1331 and
CD133-CD341 selected autologous bone

3226 Cell Therapy for Heart Disease

VC AlphaMed Press 2015 STEM CELLS



marrow progenitor cells in patients with
chronic ischemic cardiomyopathy: Cell isola-
tion, adherence to the infarcted area, and
body distribution. STEM CELLS 2006;24:2279–
2283.
101 Klein HM, Ghodsizad A, Marktanner R
et al. Intramyocardial implantation of
CD1331 stem cells improved cardiac func-
tion without bypass surgery. Heart Surg
Forum 2007;10:E66–69.
102 Manginas A, Goussetis E, Koutelou M
et al. Pilot study to evaluate the safety and
feasibility of intracoronary CD133(1) and
CD133(-) CD34(1) cell therapy in patients
with nonviable anterior myocardial infarction.
Catheter Cardiovasc Interv 2007;69:773–781.
103 Ahmadi H, Baharvand H, Ashtiani SK
et al. Safety analysis and improved cardiac
function following local autologous transplan-
tation of CD133(1) enriched bone marrow
cells after myocardial infarction. Curr Neuro-
vasc Res 2007;4:153–160.
104 Yerebakan C, Kaminski A, Liebold A
et al. Safety of intramyocardial stem cell
therapy for the ischemic myocardium:
Results of the Rostock trial after 5-year fol-
low-up. Cell Transplant 2007;16:935–940.
105 Stamm C, Kleine H-D, Choi Y-H et al.
Intramyocardial delivery of CD1331 bone
marrow cells and coronary artery bypass
grafting for chronic ischemic heart disease:
Safety and efficacy studies. J Thorac Cardio-
vasc Surg 2007;133:717–725.
106 Pompilio G, Steinhoff G, Liebold A
et al. Direct minimally invasive intramyocar-
dial injection of bone marrow-derived
AC1331 stem cells in patients with refrac-
tory ischemia: Preliminary results. Thorac
Cardiovasc Surg 2008;56:71–76.
107 Yerebakan C, Kaminski A, Westphal B
et al. Impact of preoperative left ventricular
function and time from infarction on the
long-term benefits after intramyocardial
CD133(1) bone marrow stem cell transplant.
J Thorac Cardiovasc Surg 2011;142:1530–
1539.e3.
108 Donndorf P, Kaminski A, Tiedemann G
et al. Validating intramyocardial bone marrow
stem cell therapy in combination with coro-
nary artery bypass grafting, the PERFECT
Phase III randomized multicenter trial: Study
protocol for a randomized controlled trial.
Trials 2012;13:99.
109 Forcillo J, Stevens L-M, Mansour S
et al. Implantation of CD1331 stem cells in
patients undergoing coronary bypass surgery:
IMPACT-CABG pilot trial. Can J Cardiol 2013;
29:441–447.

110 Mohyeddin-Bonab M, Mohamad-
Hassani M-R, Alimoghaddam K et al. Autolo-
gous in vitro expanded mesenchymal stem
cell therapy for human old myocardial infarc-
tion. Arch Iran Med 2007;10:467–473.
111 Trachtenberg B, Velazquez DL, Williams
AR et al. Rationale and design of the trans-
endocardial injection of autologous human
cells (bone marrow or mesenchymal) in
chronic ischemic left ventricular dysfunction
and heart failure secondary to myocardial
infarction (TAC-HFT) trial: A randomized,
double-blind, placebo-controlled study of
safety and efficacy. Am Heart J 2011;161:
487–493.
112 Zeinaloo A, Zanjani KS, Bagheri MM
et al. Intracoronary administration of autolo-
gous mesenchymal stem cells in a critically ill
patient with dilated cardiomyopathy. Pediatr
Transplant 2011;15:E183–186.
113 Hare JM, Fishman JE, Gerstenblith G
et al. Comparison of allogeneic vs autologous
bone marrow-derived mesenchymal stem
cells delivered by transendocardial injection
in patients with ischemic cardiomyopathy:
The POSEIDON randomized trial. JAMA 2012;
308:2369–2379.
114 Mathiasen AB, Jørgensen E, Qayyum
AA et al. Rationale and design of the first
randomized, double-blind, placebo-controlled
trial of intramyocardial injection of autolo-
gous bone-marrow derived mesenchymal
stromal cells in chronic ischemic heart failure
(MSC-HF Trial). Am Heart J 2012;164:285–
291.
115 Mathiasen AB, Haack-Sørensen M,
Jørgensen E et al. Autotransplantation of
mesenchymal stromal cells from bone-
marrow to heart in patients with severe sta-
ble coronary artery disease and refractory
angina—Final 3-year follow-up. Int J Cardiol
2013;170:246–251.
116 Bartunek J, Behfar A, Dolatabadi D
et al. Cardiopoietic stem cell therapy in heart
failure: The C-CURE (Cardiopoietic stem Cell
therapy in heart failURE) multicenter
randomized trial with lineage-specified bio-
logics. J Am Coll Cardiol 2013;61:2329–2338.
117 Karantalis V, DiFede DL, Gerstenblith G
et al. Autologous mesenchymal stem cells
produce concordant improvements in
regional function, tissue perfusion, and
fibrotic burden when administered to
patients undergoing coronary artery bypass
grafting: The Prospective Randomized Study
of Mesenchymal Stem Cell Therapy in
Patients Undergoing Cardiac Surgery (PRO-
METHEUS) trial. Circ Res 2014;114:1302–
1310.

118 Heldman AW, DiFede DL, Fishman JE
et al. Transendocardial mesenchymal stem
cells and mononuclear bone marrow cells for
ischemic cardiomyopathy: The tac-hft
randomized trial. JAMA 2014;311:62–73.
119 Brahmanandam V, McGraw S, Mirza O
et al. Regression of cardiac amyloidosis after
stem cell transplantation assessed by cardio-
vascular magnetic resonance imaging. Circu-
lation 2014;129:2326–2328.
120 Mathiasen AB, Qayyum AA, Jørgensen
E et al. Bone marrow-derived mesenchymal
stromal cell treatment in patients with
severe ischaemic heart failure: A randomized
placebo-controlled trial (MSC-HF trial). Eur
Heart J 2015;36:1744–1753.
121 Li S-H, Lai TYY, Sun Z et al. Tracking car-
diac engraftment and distribution of
implanted bone marrow cells: Comparing
intra-aortic, intravenous, and intramyocardial
delivery. J Thorac Cardiovasc Surg 2009;137:
1225–1233.e1.
122 Hofmann M, Wollert KC, Meyer GP
et al. Monitoring of bone marrow cell hom-
ing into the infarcted human myocardium.
Circulation 2005;111:2198–2202.
123 Szilvassy SJ, Bass MJ, Zant G. Van et al.
Organ-selective homing defines engraftment
kinetics of murine hematopoietic stem cells
and is compromised by Ex vivo expansion.
Blood 1999;93:1557–1566.
124 Perin EC, Dohmann HFR, Borojevic R
et al. Transendocardial, autologous bone mar-
row cell transplantation for severe, chronic
ischemic heart failure. Circulation 2003;107:
2294–2302.
125 Donndorf P, Steinhoff G. CD133-posi-
tive cells for cardiac stem cell therapy: Cur-
rent status and outlook. Adv Exp Med Biol
2013;777:215–227.
126 Mielewczik M, Cole GD, Nowbar AN
et al. The C-CURE randomized clinical trial
(Cardiopoietic stem Cell therapy in heart fail-
URE). J Am Coll Cardiol 2013;62:2453.
127 Bartunek J, Behfar A, Dolatabadi D
et al. Reply: The C-CURE randomized clinical
trial (Cardiopoietic stem Cell therapy in heart
failURE). J Am Coll Cardiol 2013;62:2454–
2456.
128 Suncion VY, Ghersin E, Fishman JE
et al. Does transendocardial injection of mes-
enchymal stem cells improve myocardial
function locally or globally?: An analysis from
the percutaneous stem cell injection delivery
effects on neomyogenesis (POSEIDON)
randomized trial. Circ Res 2014;114:1292–
1301.

See www.StemCells.com for supporting information available online.

Behbahan, Keating, Gale 3227

www.StemCells.com VC AlphaMed Press 2015


