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ABSTRACT

Although the initial promise of cardiac cell-based therapy was based on the concept that stem cells
engraft into diseased tissue and differentiate into beating cardiomyocytes, it is now clear that
successful cell-based tissue repair involves a more complex orchestration of cellular and molecular
events. Many lessons about successful tissue repair can be gleaned from the results of early-stage
clinical trials. This body ofwork shows that cell-based therapy (with various cell sources and delivery
methods) effectively prevents and reverses the remodeling process, the sine qua non of the myo-
cardial injury reaction and anatomic substrate for subsequent clinical events. The potentially favor-
able remodeling responses to cell therapy have prompted a search formechanisms of action beyond
cell repopulation and guided future clinical trial design by providingmore clear focus on pathophys-
iological endpoints signifying favorable responses to cell-based therapy. Perhaps the most impor-
tantmechanistic insight is that endogenous stem/precursor cells have the potential to participate in
tissue healing. With regard to the phenotype of cellular response, it is clear that parameters of
remodeling, such as infarct size and ventricular dimensions, should be directly measured, thereby
necessitating the use of sophisticated imaging modalities, such as cardiac magnetic resonance im-
aging ormultidetector computed tomography. These new insights offer an optimistic outlook on the
state of cell-based therapeutics for cardiac disease and suggest that pivotal clinical trials are war-
ranted. Here, we review lessons learned from clinical trials and evaluate the choice and assessment
of endpoints to best predict efficacy of cell therapy. STEM CELLS TRANSLATIONAL MEDICINE
2012;1:29–35

INTRODUCTION

The past decade has witnessed major advance-
ments in the investigation of mechanisms of ac-
tion, as well as clinical application of cell-based
therapy for heart disease due to ischemic injury
[1–3]. A large number of clinical trials have been
conductedusing a variety of cell sources, delivery
methods, and patient characteristics. Although
the totality of evidence, as shown in three meta-
analyses [4–6], supports a beneficial effect of
cardiac cell-based therapy, the field remains
highly controversial because of concerns over in-
consistency of results and modest effect on
global cardiac function, assessed as left ventric-
ular ejection fraction (LVEF). Furthermore, some
have argued that more basic stem cell biology
research is a prerequisite for further clinical
translation [1]. Here we review the lessons
learned from completed and ongoing clinical tri-
als of cardiac cell-based therapy and propose
that parameters of remodeling, including ven-
tricular dimensions and infarct size, are the best
predictors of clinical efficacy.

HISTORICAL PERSPECTIVE

The translation of stem cell biology research into
the clinical arena began shortly after preclinical
experimental studieswere first published. For in-
stance, Strauer et al. [7, 8] conducted and pub-
lished the results of intracoronary bone marrow
mononuclear cell infusion in patients with
chronic myocardial infarction (MI) within a few
months of the publication of the work of Orlic et
al. in 2001 [9], which showed that bone marrow-
derived stem cells regenerate infarcted myocar-
dium in mice. By 2006, several important bone
marrow-derived stem cell trials had been con-
ducted, notably the Reinfusion of Enriched Pro-
genitor Cell and Infarct Remodeling in Acute
Myocardial Infarction (REPAIR-AMI) trial [10],
the Bone Marrow Transfer to Enhance ST-Eleva-
tion Infarct Regeneration trial (BOOST) [11], and
the Autologous Bone Marrow-Derived Stem-Cell
Transfer in Patients with ST-Segment Elevation
Myocardial Infarction double-blind, randomized
control trial [12]. Together, these studies re-
ported an increase in LVEF of 3.3%–5.9% in
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patients treated with intracoronary bone marrow-derived stem
cells. This modest magnitude of LVEF increase was corroborated
in two meta-analyses, which evaluated 13 clinical trials with a
total of 811 patients [5] and 18 studies with a total of 999 pa-
tients [4] and found significant improvements in LVEF of 2.99%
and 3.66% in the cell-treated groups, respectively. Furthermore,
a more recent meta-analysis of seven randomized controlled
clinical trials, which included a total of 237 patients, reported a
similarly modest increase in LVEF of 3.7% in patients who re-
ceived intracoronary circulating progenitor cells or intracoro-
nary/intramyocardial peripheral blood stem cells [6].

Evaluating the efficacy of cardiac cell-based therapy has
posed a challenge because of the differences in study design
characteristics, including cell sources, culture techniques, timing
andmethod of cell delivery, patient demographics, type of myo-
cardial injury, and type and method of assessment of clinical
endpoints. Although the interpretation of the early wave of trials
was challenged by variation in these design characteristics, the
primary objections raised to the trials were the perceived low
magnitude of LVEF increase and the lack of concomitant mecha-
nistic insights [1, 6]. Indeed, although LVEF was chosen as the
primary endpoint in the first wave of trials, additional, more
comprehensive data from these investigations provide some in-
strumental insights. In this context, it is clear that cell-based ther-
apy should be evaluated from the perspective of the pathophys-
iology of remodeling postinjury. As cell-based therapy should
either prevent or reverse remodeling given its role as a regener-
ative strategy, greater attention should be paid to existing data
from clinical trials that support the notion that successful cell-
based therapy prevents, reduces, and even reverses ventricular
injury and remodeling [3, 12–15].

CELL TYPE

Most clinical trials have used autologous whole bone marrow as
a cell therapeutic [5, 7, 8, 11, 12, 14–16]. However, extensive
investigation is under way using bone marrow-derived mesen-
chymal stem cells (MSCs) [3, 13] and cardiac stem cells (CSCs)
(NCT00474461, NCT00893360). Although early results are en-
couraging for these preparations, muchwork is required to com-
pare cell preparations and optimize their production. Regardless
of cell type, considerations of ventricular remodeling are likely to
be operative as the best way to compare the efficacy of various
cell preparations.

REMODELING

Why Is Remodeling the Better Endpoint?
An appreciation of effective cell-based therapy requires consid-
eration of the pathophysiology of myocardial injury following
infarction, a process termed remodeling [17]. The key architec-
tural and constitutional changes that occur in the ventricle after
MI are defined as remodeling. In the infarct zone, remodeling
results in acute wall thinning because of proteolysis of the extra-
cellular matrix (ECM) [18]. This is followed by an increased pro-
duction of ECM that results in collagenous scar in the infarct zone
and interstitial fibrosis in the noninfarcted zone. The interstitial
fibrosis in the noninfarcted zones increases tissue stiffness and
decreases cardiomyocyte survival, resulting in an increased risk
of arrhythmias. The loss of balance in the ECM greatly affects the

performance of the heart, leading to chamber dilatation and
contractile dysfunction [18]. In addition, the neoangiogenic re-
sponse after MI is insufficient to provide the adequate myocar-
dial perfusion necessary to meet the demands of the hypertro-
phied myocardial wall, leading to further loss of cardiomyocytes
and fibrous tissue formation [19]. Accordingly, proangiogenic
and antifibrotic effects are highly likely to contribute to the suc-
cess of a cell therapeutic preparation.

From the point of view of trial design, the pathophysiology of
ventricular remodeling calls into question the choice of LVEF as
an endpoint for cell-based therapy trials. LVEF, the percentage of
end-diastolic volume ejected with each contraction (left ventric-
ular [LV] stroke volume/end-diastolic volume), is highly load de-
pendent [1, 20]. Therefore, LVEF can vary with ventricular pre-
load, afterload, and contractility and thus reflects integrated
cardiovascular performance, in addition to chamber dimensions.
Other factors following cardiac damage can influence LVEF; for
example, myocardial injury activates compensatory neurohor-
monal systems that increase peripheral vasoconstriction, which
can decrease LVEF by increased afterload [20]. Cell therapy is
designed to prevent or reverse remodeling by repopulation of
injured myocardial segments, thereby protecting the contractil-
ity of these segments (regional contractility). Thus, the intrinsic
cardiovascular compensatory mechanisms could result in small
changes in LVEF, which reflects global contractility. As such, the
resulting benefits from cardiac cell-based therapy would be best
predicted by a reduction in chamber dimensions and infarct size
and improvement in regional contractility, as shown by Janssens
et al. [12] andWilliams et al. [3]. These beneficial changesmaybe
masked by the sole use of LVEF as an outcome measure.

There are two therapeutic strategies by which to approach
ventricular remodeling, namely prevention and reversal. In the
preventive strategy, treatment is provided in the acute setting of
MI, whereas once there is an established scar, the goal would be
to achieve reversal of remodeling. The Transplantation of Pro-
genitor Cells and Regeneration Enhancement in Acute Myocar-
dial Infarction (TOPCARE-AMI) [15], REPAIR-AMI [10], and
Prochymal studies [13], among others, evaluated the efficacy
and safety of cell therapy in the acute MI setting, demonstrating
a therapeutic effect on attenuation of remodeling (Fig. 1). With
regard to reversal of remodeling, early run-in data from the Tran-
sendocardial Autologous Cells in Ischemic Heart Failure (TAC-
HFT) trial [3] support the ability of MSCs to achieve reverse re-
modeling in the chronic MI setting.

In the TOPCARE-AMI trial [15], a subanalysis of 37 patients
from a total of 59 patients who received intracoronary bone
marrow-derived progenitors demonstrated a significant reduc-
tion in scar tissue volume by delayed enhancement with mag-
netic resonance imaging (MRI). TOPCARE-AMI is one of the first
clinical trials demonstrating evidence of significant infarct size
reduction that was sustained after a year of follow-up (Fig. 1A).
Similarly, a cardiac MRI substudy of the REPAIR-AMI trial [21]
highlights the importance of remodeling changes. This subanaly-
sis of 54 patients, from a total of 204, demonstrated a significant
effect of cell therapy on wall thickening, which indicated atten-
uation of remodeling, as well as the importance of targeting a
“sicker population,” because the beneficial effect was observed
only in patients with ejection fraction �48% (Fig. 1B). The bene-
ficial effects on remodeling are consistentwith those observed in
our Prochymal trial cardiac MRI substudy [13]. In this substudy,
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patients who received allogeneic MSCs intravenously after rep-
erfusion exhibited a decline in end systolic volume (Fig. 1C) and
no increase in end-diastolic volume (Fig. 1D), indicating preven-
tion of remodeling. On the other hand, patients receiving pla-
cebo had evidence of progressive left ventricular chamber en-
largement. Moreover, the first report of our TAC-HFT pilot study
[3] has shown evidence of the impact of stem cell therapy on
reverse remodeling with reduction of infarct size and improve-
ment of contractility.

Although the early wave of trials was criticized for inconsis-
tency and an overall lowmagnitude of benefit, their results did in
fact also support a favorable remodeling effect. The study per-
formed by Janssens et al. [12] is highly instructive to consider in
this regard. Ironically, this study, which used cardiacMRI tomea-
sureMI size and LVEF, was reported as a negative study because
there were no differences in the LVEF between the cell-treated
and placebo groups. However, improved regional function was
reported in the bone marrow stem cell-treated group. More-
over, and highly importantly, cell therapy in this study signifi-
cantly reduced MI size by approximately 28%. Similarly, the first
clinical trial with intracoronary blood-derived progenitor cells

[22] also reported that the cell-treated group had a significant
infarct size reduction at 3 months. In a randomized controlled
clinical trial by Hendrikx et al. [14], 10 patients with a postinfarc-
tion nonviable scar received bonemarrow-derivedmononuclear
cells intramyocardially after coronary artery bypass graft (CABG).
A significant improvement in systolic wall thickening in the in-
farct area, assessed by cardiac MRI, was observed at 4 months.
The results of the study indicated a significant recovery of re-
gional contractile function, although global LVEF was not signifi-
cantly improved. Collectively, these studies support the notion
that reduction inMI size and improvement in regional contractile
function should be the endpoints in future clinical trials.

Role of Preclinical Models in Assessing Phenotype
and Mechanism
A recent meta-analysis [23] demonstrated that preclinical stud-
ies in large animal models are translatable to humans and reli-
ably predict the outcome of clinical trials. In this regard, our
group has shown in a swine model of chronic MI that surgical
injection of autologousMSCs results in a reduction in infarct size
and an increase in regional contractility [24]. These results have

Figure 1. Effect of cell therapy on remodeling. (A): Reduction in infarct volume assessed by delayed enhancement MRI. Reprinted with
permission from Elsevier (Schächinger et al.) [15]. (B): Reduction in wall thickening. Reprinted with permission from Elsevier (Dill et al.) [21].
(C): Decline in ESV (�p� .005 vs. baseline). (D): No increase in EDV. Reprinted with permission from Elsevier (Hare et al.) [13]. Abbreviations:
BMC, bone marrow cell; EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; hMSC, human mesenchymal stem cells.
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been reproduced in patients in the phase I pilot of TAC-HFT [3].
The outcomes after a year of follow-up of the first eight patients
who received injections of autologous bone marrow progenitor
cells (mononuclear cells or MSCs, n � 4) revealed significant
reduction of the infarct size and improvement in the regional
contractility as assessed by cardiac MRI. The improvement in
regional contractility of the left ventricle, by peak Eulerian cir-
cumferential strain in the treated infarct zone, strongly corre-
lated with reduction of end systolic and end diastolic volumes.
Once this study is completed, its outcomes will give us more
insights that will aid in the design of future clinical trials.

Assessment of Remodeling
Given that remodeling independently predicts cardiovascular
mortality [25], it could be an attractive surrogate for assessing
the clinical efficacy of cardiac cell-based therapy. The ideal as-
sessment method should be one able to analyze cardiac struc-
tural and functional changes, including infarct size, perfusion of
the myocardial wall, ventricular motion, ventricular volumes,
and chamber dimensions. Serial noninvasive imaging studies us-
ing echocardiography (ECHO); stress perfusion imaging, such as
single-photon emission computed tomography (SPECT) or posi-
tron emission tomography (PET); multidetector computed to-
mography (MDCT); and cardiac MRI have the potential to dem-
onstrate time-dependent changes in cardiac structure and
function. ECHO is considered first choice in the workup of heart
failure patients to evaluate ventricular volumes, such as LVEF,
and it also permits the analysis of strain, which is a measure of
tissue deformation, a load-independentmeasure of regional car-
diac function for ventricular motion [26]. However, this method
lacks accurate visualization of tissue viability,which is essential in
the recognition of the infarct zone for cell therapy. On the other
hand, SPECT and PET are routinely used in clinical practice to
detect ischemia, viability, and myocardial perfusion. Neverthe-
less, these nuclear methods have limitations in sensitivity as a
consequence of impaired spatial resolution or mitigation of arti-
facts, which are less concerning in perfusion cardiac MRI [27].
PerfusionMRI and delayed enhancement by MDCT or MRI allow
the visualization of different tissue characteristics and provide
viability information from the myocardial layers, such as epicar-
dium, midwall, and endocardium. Tagging analysis provides
strain information from the myocardial layers as well. This is an
important analysis of cardiac regional function that is very useful
for the understanding of changes in cardiac contractility [28].
Moreover, cardiac MRI permits the measurement of ventricular
volumes and chamber dimensions, as well as the analysis of car-
diac global function. Indeed, measurement of LVEF by cardiac
MRI compareswell with ECHO [29]. The versatility of cardiacMRI
for different analyses has made this method the gold standard
for assessment of myocardial viability [30]. MDCT is also an
evolving method to address ventricular function and viability.
Nieman et al. have demonstrated that delayed enhancement
with computed tomography compares well with cardiac MRI
[31]. Accordingly, cardiac MRI and MDCT are emerging as the
lead techniques to assess remodeling after cell therapy.

WHY DOES CELL THERAPY WORK?

Lessons Learned from Studies Using MSCs
MSCs are a rare populationof self-renewing,multipotent cells pres-
ent in the bone marrow. Although MSCs represent 0.001%–0.01%

of all nucleated bone marrow cells, they can be expanded in vitro
under specific conditions. These multipotent cells can differentiate
into osteoblasts, chondrocytes, and adipocytes [32], as well as en-
dothelial cells, vascular smooth muscle cells, and cardiomyocytes
[33]. However, although there is in vitro and preclinical evidence
that MSCs differentiate into cardiomyocyte-like cells with sarco-
meric organizationwhen injected into the adult myocardium, it ap-
pears that a low percentage of cells engraft, independently of cell
source, dose, and route of delivery [33–35]. Thus, the mechanisms
of action of MSC-induced cardiac regeneration in preclinical and
clinical studies have been attributed by some to paracrine effects
[35].MSCs andMSC-derived paracrine factors have the potential to
prevent or reverse pathological remodeling bymodulating endoge-
nous processes, such as fibrosis, neovascularization, and recruit-
ment of CSCs.

Antifibrotic Effects of MSCs
Accumulating evidence supports the notion that MSCs reduce
myocardial fibrosis and thereby attenuate LV dilatation [36].
MSCs have been shown to modulate the expression of ECM pro-
teins and matrix metalloproteinases and to secrete antiapop-
totic and antifibrotic factors, such as hepatocyte growth factor
and adrenomedullin [35, 37]. Indeed, MSC-conditioned medium
has been shown to decrease type I and III collagen expression,
attenuate proliferation of fibroblasts, and upregulate expression
of elastin [38]. Together, these effects lead to a degradation of
ECM proteins that results in reduction of myocardial fibrosis and
favorable changes in remodeling. The reduction of infarct size
seen in various preclinical and clinical studies is at least in part
mediated by this mechanism of action.

Effects of MSCs on Neovascularization
MSCs have also been shown to secrete angiogenic cytokines,
such as vascular endothelial growth factor (VEGF), fibroblast
growth factor (FGF)-2, FGF-7, monocyte chemoattractant pro-
tein-1, platelet-derived growth factor, placental growth factor,
and transforming growth factor-� [35]. These paracrine media-
tors are regulated by multiple factors following ischemia. In
swine models, the intramyocardial injection of MSCs led to in-
creased VEGF expression and increased vessel density associ-
ated with improved myocardial function [34], supporting neo-
vascularization [39–41] as an important mechanism underlying
the beneficial effects of MSC therapy onmyocardial remodeling.

Stimulation of Endogenous CSCs by MSCs
There is growing evidence that MSCs stimulate endogenous CSC
recruitment, proliferation, and differentiation as a key mechanism
promoting the regenerative potential of the injured myocardium
[34]. To test this hypothesis, we administered transendocardial in-
jectionsofallogeneicMSCs frommaleswine into femalepigs follow-
ingMI [34]. In addition to demonstrating the cardiogenic differenti-
ation capacity of MSCs, this study revealed for the first time an
increase in theproliferationofendogenousCSCs in theMSC-treated
group, enhanced lineage commitment of the CSCs, and reconstitu-
tion of niche-like structures. Importantly, cardiacMRI documented
a reductionof infarct sizeasearly as4daysafter cell injection,which
was progressive over 8 weeks (Fig. 2).

The stimulation of endogenous CSCs by MSCs requires a
complex molecular interaction and is a crucial component of the
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beneficial cell therapeutic effects. Shabbir et al. [42] demon-
strated in a hamster heart failure model that 1 month after in-
tramuscular administration of MSCs, capillary and myocyte nu-
clear densities were enhanced by approximately 30% and 80%,
respectively, apoptosis was attenuated by approximately 60%,
and fibrosiswas reducedby approximately 50%. In this study, the
increase in circulating levels of trophic factors, such as hepato-
cyte growth factor, leukemia inhibitory factor, and macrophage
colony-stimulating factor, were involved in the mobilization and
proliferation of c-kit� CSCs. There is also evidence that VEGF not
only is involved in promoting neovascularization but also inter-
acts with stem cell-derived factor (SDF) and is involved in the
mobilization and migration of stem cells, contributing to the
overall repair of the injured myocardium [34, 42–44]. This pro-
cess appears to be mediated by SDF-1�/CXCR4 activation. Tang
et al. [45] demonstrated that genetically modified MSCs overex-

pressing VEGF induced the release of SDF in both transplanted
MSCs and endogenous cardiac cells. This process markedly re-
duced infarct size and improved cardiac function. Together,
these studies support the unique role ofMSCs in the activation of
endogenous CSCs for their reparative effect in the injured myo-
cardium. Whether additional therapeutic interventions to opti-
mize exogenous and endogenous stem cell function, such as
growth factor administration, gene therapy, or modulation with
small molecules or pharmacologic approaches, would safely en-
hance cardiac repair and regenerative capacity is the focus of
intense investigation [46].

FUTURE DIRECTIONS

CSCs can be isolated and expanded fromhumanmyocardial sam-
ples using minimally invasive procedures [2, 47, 48]. Different

Figure 2. Impact of MSCs and concentrated conditioned medium (CCM) on IS. (A): �50% reduction in IS (*p � 0.002). (B): Ejection fraction
restoration toward normal (†p � .042 and †p � .026 within MSC group). Blue arrows indicate day before injection. (C) and (D): Delayed-
enhancement of MSC-treated (C) and CCM-treated (D) animals before and 8 weeks after injections. Reprinted with permission fromWolters
KluwerHealth (Hatzistergos et al.) [34]. Abbreviations: CCM, concentrated conditionedmedium; Inj, injection; IS, infarct size; LV, left ventricle;
MI, myocardial infarction; MSC, mesenchymal stem cell.
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populations have been identified and characterized as c-kit�

cells, Sca-1� cells, side population cells, and cells expressing Is-
let-1. These cells offer the promise of a highly cardiogenic source
of cells for cell therapy. Urbanek et al. found evidence of this in
samples obtained from hypertrophied left ventricular walls of
patients undergoing aortic valve surgery [49]. Messina et al.
found self-adherent clusters called cardiospheres after culturing
atrial or ventricular biopsy specimens. These cardiospheres ex-
pressed endothelial and stem cell markers (including c-kit�), and
cells derived from themdisplayedmorphologic andphenotypical
patterns characteristic of cardiomyocytes [50]. In addition, Smith
et al. found cardiospheres made up of a mixed population of
cardiac progenitors, fibroblasts, andmesenchymal cells after ex-
amining right ventricular biopsies [51]. Currently, the phase I
clinical trial Cardiac Stem Cell Infusion in Patients with Ischemic
Cardiomyopathy (SCIPIO) is enrolling patients and consists of ad-
ministering c-kit� CSCs via intracoronary delivery in patients
with ischemic cardiomyopathy after taking a biopsy from the
right atrial appendage during CABG (NCT00474461). Moreover,
the phase I Randomized, Dose Escalation Study of the Safety and
Efficacy of Intracoronary Delivery of Cardiosphere-Derived Stem
Cells in Patients with Ischemic Left Ventricular Dysfunction and a
Recent Myocardial Infarction (CADUCEUS), an ongoing study in
which patient follow-up will be for 12 months, will evaluate car-
diac parameters every 6months by cardiacMRI (NCT00893360).
These clinical trials evaluating cardiac-derived progenitor/stem
cells will potentially offer new insights regarding the efficacy of
cell therapy on myocardial remodeling and regeneration.

CONCLUSION
Cardiac cell-based therapy holds enormous promise as a strategy
aimed at preventing or reversing myocardial remodeling after
injury and promoting tissue regeneration. An early wave of trials
using bonemarrow revealed amodest but statistically significant
increase in LVEF. More detailed evaluation of existing human

phenotypic data supports the notion that cell-based therapy has
the capacity for infarct size reduction and improved regional con-
traction in infracted segments. Preclinical models (primarily us-
ing large animals, such as pigs and sheep) have been instrumen-
tal in advancing phenotypic and mechanistic insights underlying
cell therapy. The field has advanced rapidly, and now numerous
cell types, including MSCs and their precursors, as well as CSCs,
are under evaluation. It is clear that cell therapy holds major
promise as a durable and sustainable therapeutic strategy and
that successful cell therapy involves a complex interplay be-
tween cell types and an orchestration of events, including reduc-
tion of fibrosis, neovascularization, and cell repopulation. Exist-
ing mechanistic studies support the importance of the release of
trophic factors from cell therapeutic agents, in addition to cell
engraftment, differentiation, and stimulation of endogenous cell
recruitment. This enhanced understanding of phenotypic re-
sponse and mechanistic appreciation of the underpinnings of
cell-based therapy can be harnessed for improved trial design, as
well as for development of newer generations of cell products
that have greater efficacy.
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