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PREFACE

vii

Over the past 5 years there has been great excitement and controversy in the scientific,
financial, and lay literature for the potential of stem cell-based strategies for the preven-
tion and treatment of chronic heart failure (CHF). Not that long ago we believed we were
born with a set number of cardiac myocytes and that once damaged there was no hope to
replace them. The interest in the field stems from the magnitude of cardiovascular disease
in the world. Our ability to treat and help patients survive acute myocardial infarction
(MI) has resulted in a near epidemic of CHF. There are more than 5 million Americans
who currently carry the diagnosis of CHF. With more than 1 million MIs a year in the
United States, there are approx 500,000 new cases of CHF diagnosed each year. The goal
of Stem Cells and Myocardial Regeneration is to present, in a coherent manner, the
current state of knowledge of stem cell-based therapies for cardiac dysfunction, including
current findings in both the laboratory and the clinic trials.

The first section of this Stem Cells and Myocardial Regeneration focuses on the
magnitude of the problem and the successes and failures of what we consider optimal
medical therapy. It is on this background that stem cell-based therapy needs to build. The
following two sections focus on the basic science behind stem cell-based therapies, first
reviewing the different stem cell types of interest, then the critical physiological path-
ways that need to be understood including chemokines, stem cell differentiation, and
mechanisms of arrhythmia.

The focus of Stem Cells and Myocardial Regeneration then turns to the clinical issues
surrounding stem cell delivery to the heart at the time of MI and in patients with CHF.
The book ends with separate reviews of findings of stem cell-based clinical trials of acute
MI and CHF.

It is my hope that the reader will take away many things from Stem Cells and Myocar-
dial Regeneration. First, I hope the reader sees the excitement that this field offers to the
millions of patients at risk of or afflicted with cardiovascular disease. We are truly at the
beginning of a great frontier of new medical therapy. Second, I hope the reader realizes
that although we have learned a great deal about stem cells and the heart, we are still far
from correct or optimal therapy and have much yet to learn. And third, I hope the reader
develops a framework with which he or she may be able to put future findings in perspec-
tive.

It was a great pleasure to work with my many colleagues who graciously gave their
time to bring this project to fruition. Although it would be impossible to delve into all the
controversies and nuances of stem cell-based therapies for the heart, I believe readers will
find this to be a detailed and fair representation of the current state of knowledge.

Marc S. Penn, MD, PhD
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The Challenge for Stem Cell Therapy 
Overview of the Problem: Heart Attack 
and Heart Failure

Marc S. Penn, MD, PhD and Eric J. Topol, MD

1

SUMMARY

Ischemic heart disease remains the leading cause of chronic heart failure (CHF). The preva-
lence of CHF has increased dramatically over the last three decades, with more than 10% of the
US population over 65 years of age now carrying the diagnosis. Based on current trends, heart
failure is predicted to increase to more than 6 million people in the United States by the year
2030 (1). One cause of the increased prevalence of CHF is our success in the treatment of acute
myocardial infarction (MI). Mortality rates of transmural MI in clinical trials has decreased
from more than 10% in clinical trials in the late 1980s to less than 5% in recent primary percu-
taneous coronary intervention trials. These advances, combined with the compelling data that
cholesterol-lowering therapy significantly decreases the risk of MI, would lead one to hypothe-
size that the incidence of CHF should be on the decline. However, we are a population of
increasing risk, given the increasing incidence of diabetes, hypertension, obesity, and sedentary
lifestyle. Thus, although great advances have been made in the treatment of cardiovascular dis-
ease, there is a great need for stem cell therapy to prevent and treat CHF.

Key Words: Acute myocardial infarction; primary percutaneous coronary intervention; statin
therapy; chronic heart failure.

One cause of the increased prevalence of chronic heart failure (CHF) is our success
in the treatment of acute myocardial infarction (MI). Thrombolytic therapy for acute
MI and the more recent growing acceptance and availability of primary percutaneous
coronary intervention (PCI) for ST elevation MI have caused the mortality rate of this
devastating ischemic event to decrease from more than 10% in clinical trials in the late
1980s (2) to less than 5% in recent primary PCI trials (3). The data in Fig. 1 depict 30-
day mortality in thrombolytic and primary PCI trials over the last two decades. Because
these are all active control arms, the trend toward convergence of the treatment and
experimental arms in these trials may suggest that we are reaching a point of limited
return with our current treatment strategies.

Similar reductions in mortality have been seen in the patient population that pres-
ents with acute non-ST elevation MI, with the mortality rate in contemporary trials

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ
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being 2.9–4.5% (PURSUIT [4], PRISM-PLUS [5]). Aggressive protocols with early
angiography and revascularization have been shown to decrease mortality 2.2% in the
TACTICS trial (6). 

Our understanding of the importance of platelets in the thromobotic process has led
to the development of multiple pharmacological strategies that have made mechanical
reperfusion safer and improved the outcomes of patients with stable and unstable coro-
nary artery disease (7). These advances, combined with the development of drug-eluting
stents, which decrease the rate of restenosis from 40% with angioplasty to 19% with
stenting with bare metal stents (8) to 4.1% with drug-eluting stents, have significantly
advanced our pursuit to restore and maintain myocardial perfusion.

This improved ability to restore and maintain myocardial perfusion combined with
the compelling data that cholesterol-lowering therapy significantly decreases the risk
of MI would lead one to hypothesize that the incidence of CHF should be on the
decline. Figure 2 depicts the decrease in mortality in statin trials over the past decade.
These trials are of patients with stable coronary artery disease or at high risk of having
coronary disease with follow-up between 4 and 6 years. Since the landmark 4S trial 

2 Penn and Topol

Fig. 1. Graph (top) and listing (bottom) of reported 30-day mortalities in representative trials involv-
ing patients with acute myocardial infarction between 1985 and 2003. SK, streptokinase; ASA,
aspirin; Tx, treatment arm; Ctrl, control arm. Note: Not all trials were placebo-controlled.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


published in 1994 (9), mortality has decreased significantly, likely at least in part as a
result of the improvement in overall medical management, including the use of
antiplatelets and lowering of blood pressure standards (10). One of the main reasons
for convergence of the treatment and control curves in Fig. 3 might be the fact that
contemporary trials have active control arms because it is no longer ethical to conduct
placebo control trials in this population.

So where is the disconnect between all of these advances in our understanding of the
disease process, our ability to prevent and treat acute ischemic events, and the increasing
incidence of CHF? One problem is the vast increase in the number of people at risk. The
population is aging, and the incidence of adult and childhood obesity is dramatically ris-
ing. Added to these demographics are the increasing rates of type 2 diabetes, hyperten-
sion, hypercholesterolemia, and a general lack of daily activity. Thus, the rate of the
increase in the number of patients at risk is outpacing our ability to decrease the likeli-
hood of an event.

Another major contributor to the disconnect is based on the old adage: “time is muscle.”
The median time from symptom onset to initating reperfusion therapy is more than
3 hours—unchanged from a decade ago. Patients are surviving large acute ischemic
events that may have been lethal in earlier years, but now have to live with significantly
less functional myocardial tissue. Extensive necrosis, despite late reperfusion, leads to
significant ventricular remodeling characterized by dilation of the left ventricular cav-
ity, thinning of the infarcted tissue, and electrical remodeling, which dramatically
increases the risk of sudden cardiac death (11,12). These patients also go on to have

Challenge for Stem Cell Therapy 3

Fig. 2. Graph (top) and listing (bottom) of reported long-term mortality in representative trials study-
ing the effects of cholesterol-lowering therapies in high-risk patients or patients with coronary artery
disease. Tx, treatment arm; Ctrl, control arm. Note: Not all trials were placebo-controlled. Year, year
the trial results were reported; F/U was the average time for follow-up in the study; Number repre-
sents the total number of patients in the trial.
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additional MIs. Studies on the genetics of MI have clearly demonstrated that MI and
atherosclerosis are distinct processes (13–15). Thus, a patient who has had an MI is at
higher risk of having another MI than is a patient with stable coronary disease without
a history of MI (16). 

One strategy to prevent the development of CHF aggressively pursued over the past
decade is to optimize the left ventricular remodeling process. We know that the higher
the white blood cell count or other markers of inflammation at the time of MI, the
higher the likelihood that the patient will develop CHF and have a worse outcome
(17,18). We have learned that the inflammatory response following MI has a significant
role in the thinning and dilation of the injured myocardial tissue (19,20). However,
beyond restoration of myocardial blood flow, none of the strategies put forth have
proven effective in clinical trials (21,22).

At the end of the day, we have an increasing number of patients surviving acute
ischemic events who are living to have further ischemic events, further decreasing the
amount of viable myocardial tissue and increasing the prevalence of CHF. This, com-
bined with the impressive decrease in mortality associated with the implantation of
implantable cardiac defibrillators (12) and/or cardiac resynchronization (23), indicates
that we have reached a point of truly diminishing returns.

Optimal medical therapy with angiotensin-converting enzyme inhibitors, β-blockers,
and aldactone clearly decreases symptoms and improves outcomes. The data in Fig. 3
show the 2-year mortality in a series of heart failure trials that have studied the combi-
nation of hydralazine and nitrates, angiotensin-converting enzyme inhibitors, β-blockers,

4 Penn and Topol

Fig. 3. Graph (top) and listing (bottom) of reported 2-year mortality in representative trials studying
medical treatment strategies in patients with chronic heart failure. Tx; treatment arm; Ctrl; control
arm. Note: Not all trials were placebo-controlled. Year, year the trial results were reported; F/U was
the average time for follow-up in the study; Number represents the total number of patients in the trial.
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and aldactone. Although the data in Fig. 3 would suggest no significant decline in mor-
tality in patients with CHF over the past two decades, it should be noted that over this
period of time the severity of heart failure studied has significantly increased.

Cardiac transplantation is an effective therapy but will never be available to all the
patients at need given the fixed number of donors available. It is in this setting that we
hailed the results of the Randomized Evaluation of Mechanical Assistance Therapy as
an Alternative in Congestive Heart Failure (REMATCH) trial, which showed
“improved outcomes” with destination left ventricular assist device placement (24).
Although an important, even heroic trial, the improvement in medial survival was only
258 days. This is not the level of success that we have come to expect from major car-
diovascular trials. Although it is likely that destination mechanical pump therapy will
have a significant role in the treatment of severe CHF, it is years from mainstream use
and is likely not to repair, but rather replace heart function. Of note, all the patients in
the control arm of the REMATCH trial were dead at 26 months, demonstrating that
the mortality associated with patients with severe heart failure rivals that of virtually
any neoplasm.

It is in this setting of desperation to treat a growing patient population with or at risk
for CHF that the cardiovascular medicine and surgery community, and to a great extent
our patients, have grabbed hold of the potential of stem cell therapy. Although clinical
trials have commenced in the arena of stem cell therapy, investigation needs to focus on
patient populations that are not already well treated by contemporary therapy. Given
the past successes, the challenges for successful stem cell-based therapies are great.
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SUMMARY

Adult bone marrow consists of several populations of stem cells that are the focus of investi-
gations into their potential to regenerate nonhematopoietic tissues. According to this hypothesis,
bone marrow stem cells display a plasticity not previously recognized. Although data supporting
bone marrow stem cell plasticity is extensive, many researchers dispute this concept. One of the
most controversial aspects of stem cell plasticity relates to regeneration of heart muscle follow-
ing acute myocardial infarction (MI). When experimentally induced MIs in rodents were
analyzed for regeneration of the heart tissues, it was reported that cardiomyocyte renewal was
achieved as a result of bone marrow stem cell infiltration of the damaged tissue. Evidence
continues to accumulate in support of and against the potential for myocardial regeneration,
indicating the need for a better scientific basis for the possible involvement of bone marrow-
derived stem cells in myocardial regeneration. 

In order to achieve a higher level of acceptance for myocardial regeneration, researchers
must develop more exacting methodologies to monitor repair over time at the cellular level. A
major effort must be undertaken to identify the signals required for stem cell mobilization and
trafficking to infarcted cardiac tissue and to define the genetic mechanisms involved in stem cell
plasticity. To answer these questions it will be necessary to establish the exact identity of the
stem cell population involved. Controversies regarding myocardial regeneration in rodent
models will require additional experiments using large animal models, with an emphasis on
tracking of labeled donor cells. These preclinical experiments will also enable testing cell-
delivery devices and noninvasive modalities for detecting improvement in regional and global
myocardial function. If key questions relating to transdifferentiation potential, cell survival, and
function can be resolved, we may one day be able to fully exploit the potential of stem cells for
myocardial repair.

Key Words: Myocardial regeneration; stem cell plasticity; ischemia; myocardial infarction. 

STEM CELLS FOR TISSUE REGENERATION 

Investigators in the nascent field of stem cell therapy propose the lofty goal that one
day it may be within our capacity to regulate the regeneration of tissues and organs.
There is a biological basis for some of the enthusiasm for regenerative medicine: in
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normal growth and especially following injury, tissues undergo regeneration, and in
many instances the stem cells involved in regeneration have been identified. 

The most thoroughly investigated developmental pathway from a stem cell to a mature
functional cell is the renewal of blood cells through hematopoiesis. From early fetal life
and throughout adult life, the bone marrow consists of hematopoietic stem cells (HSCs)
that give rise to multiple populations of descendants referred to as progenitor cells. The
progeny of these progenitor cells acquire specific molecular patterns that characterize
unique blood cell lineages. Each blast cell transits through several levels of cell matura-
tion accompanied by a series of cell divisions, leading to the formation of a cluster of
8–32 erythrocytes or leukocytes. 

HSCs in adult bone marrow are a rare population of cells. The best estimates of their
frequency, obtained largely from mouse studies, suggest that they occur at a ratio of
approx 1:10,000 or 1:100,000 cells. Their enrichment, utilizing lineage-specific markers
and several HSC-specific markers, by flow cytometry has enabled basic researchers
and clinicians to better define the molecular and cellular events that occur in bone mar-
row and achieve a degree of control over hematopoietic tissue regeneration. Advances
such as these, over many years, have provided insight into normally occurring processes
in tissue regeneration. 

Currently, several stem cell populations, most prominently HSCs and neural stem
cells (NSCs), are being investigated for a newly proposed attribute referred to as stem
cell plasticity or transdifferentiation. According to this hypothesis, stem cells from one
specific tissue may differentiate into cells of a different tissue, even one whose origin is
from another embryonic germ layer. The concept of stem cell plasticity has provoked
enormous interest from biologists and clinicians. The excitement in some quarters,
however, is matched by skepticism in others. In this chapter we will attempt to define
what has been achieved thus far and what future studies may be needed to establish
bone marrow stem cell plasticity as a basic component of today’s science as well as its
potential in treating human diseases. 

STEM CELLS IN ADULT BONE MARROW 

Initially, hematopoietic stem cells arise in the yolk sac (1) and aorta–gonad–
mesonephros (2,3) region of the developing embryo. During fetal development, these
stem cells are believed to colonize the liver, spleen, and, at mid-gestation, the bone
marrow. After birth, hematopoietic activity in bone marrow is under the control of res-
ident HSCs. However, in addition to HSCs, the cells that infiltrate the cavities of fetal
bone marrow also give rise to mesenchymal stem cells (MSCs), which survive the life-
time of the individual, and perhaps a third class of stem cells referred to as multipotent
adult progenitor cells (MAPCs). With this hierarchy in mind, it is clear that HSCs and
bone marrow stem cells (BMSCs) are not synonymous. Thus, HSCs are one of several
stem cell populations in adult bone marrow (Fig. 1). Unfortunately, the literature is
replete with examples in which authors use the term HSCs to describe transdifferentia-
tion events when working with a combination of BMSCs. 

Hemangioblasts are believed to represent a population of bone marrow cells more
primitive than HSCs. They are present initially in yolk sac blood islands, where they
appear to give rise to the primitive red blood cells of the embryo and the endothelial
cells that form channels, the vitelline veins, through which newly formed red cells
circulate to the embryo proper. This developmental pattern may simply be an attribute
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of a cell population with dual differentiation pathways. Alternatively, because endothe-
lial cells and red blood cells do not share a common morphology or function, heman-
gioblast activity may represent an example of stem cell plasticity in adult bone marrow.
Although their phenotype is not well characterized, hemangioblasts appear to co-purify
with HSCs. A recent investigation showed that a single donor lineage-negative (Lin–)
Sca-1+ CD45+ green fluorescent protein-positive (GFP+) bone marrow-derived stem
cell reconstituted ablated recipient bone marrow within 30 days of transplantation.
Subsequently, following laser beam-induced damage to the retinal vasculature, the
progeny of this single GFP+ bone marrow reconstituting cell trafficked to the site of
retinal ischemia and engaged in neovasculogenesis (4). From this observation and many
others (5–12), there is growing support for the concept of a rare population of adult
bone marrow cells that is endowed with hematopoietic and vasculogenic potential. 

HSCs are capable of unlimited cell proliferation in bone marrow. They have a rela-
tively well-defined surface phenotype (Fig. 1) by which they can be enriched using
fluorescence-activated flow cytometry. Mouse HSCs are classified as Lin– Sca-1+ (13)
and c-kit+ (14,15). However, they cannot be purified because their phenotype is shared
in part with their immediate progeny, the committed progenitor cells that give rise to
the myeloid and lymphoid lineages, and also, to a more limited extent, with MSCs,
MAPCs, and the bone marrow-derived endothelial progenitor cells (EPCs), which have
the potential to generate endothelium. By comparison, based on difficulties involved in
following HSC activity in human bone marrow, the phenotype of human HSCs is less
well defined. There is general agreement, however, that human HSCs are Lin– CD34+

CD38– cells, but several cell types share the Lin– CD34+ phenotype, and CD38 is not a
well-defined marker. Finally, HSCs, the ultimate ancestor of the blood cell hierarchy,
share with all developing and mature blood cells the CD45 common leukocyte marker. 

Are HSCs the bone marrow component that some believe exhibit plasticity, and, if
so, should they be considered prime candidates for initiatives in cellular therapy? This
concept is fraught with difficulties. For decades scientists and hematologists have
struggled with the difficulty that HSCs cannot be purified based on phenotypical char-
acteristics and, perhaps more importantly, cannot be expanded and cloned ex vivo.
Recent evidence has emerged suggesting that HSCs can be expanded ex vivo (16) and
that this occurs by forced expression of the Polycomb group gene Bmi-1 (17), but
there is still no evidence to support the idea of clonality. For these reasons HSCs are
not ideally suited for in vitro experiments designed to test plasticity. In this regard
HSCs differ dramatically from MSCs in bone marrow and NSCs in the central nervous
system, both of which can be clonally derived and tested for multiple differentiation
pathways. Some of the best evidence to date regarding HSC plasticity is from mouse
experiments that involved the injection of a single bone marrow-derived stem cell that
initially reconstitutes the bone marrow and subsequently gives rise to cells with a
capacity to form endothelium (4) and epithelium in multiple organs (18). 

Although HSCs reside primarily in bone marrow, small numbers can be isolated
from the circulation. However, the relatively few HSCs in blood under normal condi-
tions can be greatly enhanced in response to a series of daily injections of
granulocyte–colony-stimulating factor (G-CSF) and stem cell factor (SCF) (19,20).
The cytokine G-CSF induces neutrophils in bone marrow to release their granular con-
tent of proteolytic enzymes, including matrix metalloproteinase-9 and elastase (21–24).
This change in the bone marrow microenvironment alters the steady-state conditions,
and following proteolytic cleavage of stromal-derived factor-1 (SDF-1) from its receptor
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CXCR4, the previously tethered HSCs are released into the circulation. HSCs
obtained from bone marrow and blood can reconstitute bone marrow, but there is evi-
dence that some physiological features of HSCs residing in bone marrow differ from
those within the circulation. Gene expression analysis, using cDNA microarray tech-
nology, has identified nine genes associated with cell cycling expressed at two- to
fivefold higher levels in CD34+ cells residing in bone marrow compared with circu-
lating CD34+ cells (25). This raises the question: Is one or the other population more
suited to respond to chemokine signals that emanate from injured myocardium by
homing to the zone of infarction? This and many other questions remain unanswered;
however, cytokine mobilization of stem cells retains its appealing and innovative
promise for the initiation of clinical trials involving cell therapy in patients with car-
diac disease.

Mesenchymal or stromal cells are a second population of stem cells in bone marrow
(Fig. 1). They are a Lin- CD34 low/- c-kit+ Sca-1+ CD45– nonhematopoietic cell popu-
lation in bone marrow (26,27) and are generally considered to be a structural compo-
nent of bone marrow with little or no ability to enter the circulation. Recent experiments
demonstrate their capacity to produce soluble factors important for establishing the
bone marrow microenvironment (28) needed for HSC homing and tethering during
steady-state conditions (29–31). It is also becoming clear that mesenchymal/stromal
stem cells are capable of multilineage differentiation (32). This finding has generated
excitement because MSCs appear to avoid detection by the immune system of recipi-
ents following transplantation (33). Thus, they are prime candidates for regenerative
cell therapy. 

MAPCs isolated from mouse bone marrow are a less well-defined bone marrow
stem cell subpopulation (34) (Fig. 1). They co-purify with MSCs in the bone marrow
mononuclear cell fraction, are CD45–, are TER119–, and display adherence to the
surface of culture dishes. When injected into the tail vein of nonirradiated nonobese
diabetic/severe combined immunodeficient (NOD/SCID) mice, MAPCs colonized sev-
eral but not all rapidly renewing epithelial structures. Importantly, they were not
detected in the heart and brain. These reported regenerative findings have yet to be
confirmed in parallel studies, but it is hoped that the study of MAPCs will contribute
substantially to the study of stem cell plasticity.

Endothelial progenitor cells, or angioblasts, derived from bone marrow enter the
blood in small numbers and are the immediate precursors for endothelial cells during
neovasculogenesis (for review, see ref. 35) (Fig. 1). Their phenotype includes the markers
CD34, CD133, and one of the receptors for vascular endothelial growth factor
(VEGFR-2) (36,37). Within a few days to a week in culture, EPCs differentiate into
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Fig. 1. (Opposite page) Adult bone marrow is the source of several populations of stem cells. These
are rare cells. Estimates indicate that hematopoietic stem cell incidence ranges from 1:10,000 to
1:100,000 and mesenchymal stem cells may be as rare as 1:200,000 bone marrow mononuclear cells.
The number of hematopoietic stem cells remains relatively constant in vivo, with little or no capacity
to proliferate ex vivo. In contrast, mesenchymal stem cells, multipotent adult progenitor cells, and
endothelial progenitor cells proliferate extensively ex vivo. Some of the similarities and differences
between mouse and human stem cells within each stem cell population are indicated. Each stem cell
population is characterized by its specific surface phenotype and its ability to differentiate into mul-
tiple cell types. We thank the publishers for permission to reproduce the photographs of mesenchy-
mal stem cells from Cardiovasc Res 2005;65:334–344 and of multipotent adult progenitor cells from
J Clin Invest 2005;25(5):535–537. 
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mature CD31+ CD144+ endothelial cells that bind acetylated low-density lipoprotein
and synthesize nitric oxide. The level of circulating EPCs measured by colony forma-
tion in vitro proved to be a strong indicator of endothelial function and, by extension,
potential cardiovascular risk among men of average age 50 years (38). Mouse (39) and
human (40) bone marrow-derived EPCs are capable of restoring vasculogenesis in
aging and immunodeficient murine recipients, respectively. In addition to the evidence
for EPC origin of endothelial cells, several reports suggest that cells positive for the
monocytic surface marker CD14 show outgrowth of endothelial cells from clusters
grown on fibronectin-coated dishes (41,42).

In summary, HSCs, MSCs, MAPCs, and EPCs are distinct stem/progenitor cell
populations in bone marrow. These cell types differ in size, surface markers, and
ability to proliferate and differentiate. For these reasons the term “bone marrow stem
cell” may be more suitable when referring to findings based on transplants consisting
of a mononuclear fraction of bone marrow cells. Reference to HSCs, which may be
uniquely committed to hematopoiesis, rather than BMSCs has created considerable
confusion among researchers in the nascent field of cellular plasticity.

THE CONTROVERSY: STEM CELL PLASTICITY OR CELL FUSION? 

Many studies that report BMSC generation of multiple cell types (Fig. 2), including
skeletal myocytes (43–46), hepatocytes (18), epithelium (47,48), neurons (49,50), and
cardiomyocytes (55,56), have been criticized recently. Some of the criticism derives
from utilizing the Y chromosome as the primary indicator of transdifferentiation. More
exacting studies, based on karyotyping and DNA content, have provided in vitro
evidence of fusion of male bone marrow mononuclear cells with female-derived embry-
onic stem cells (57). Individual cells within the clones produced by these fused cells
displayed tetraploidy—three X chromosomes and one Y chromosome—and contained
a 4 N nuclear content of DNA. Additional studies have demonstrated in vivo cell–cell
fusion following transplantation of Cre recombinase engineered bone marrow cells into
transgenic R26R, β-galactosidase-positive (β-gal+) recipients (58). Cell–cell fusion was
observed following Cre recombinase excision of the loxP-flanked stop cassette in
recipient nuclei resulting in expression of the LacZ reporter.

Fusion occurred in hepatocytes, neurons, and cardiomyocytes at a frequency of
approx 1:1000 cells. 

HSCs cannot be cloned, unlike mouse NSCs (mNSCs), and thus cannot be ana-
lyzed in vitro for plasticity. When enhanced GFP+ (EGFP+) mNSCs were co-cul-
tured with fresh or paraformaldehyde-fixed human endothelial cells (hECs), the
mNSCs were coaxed into adopting a mEC phenotype (59). Cell surface contact was
proposed as the mechanism driving transdifferentiation. These findings challenge
the theory that no cellular crossover of the embryonic germ layer boundaries occurs
in adult tissues and establish the experimental standard needed to achieve accept-
ance for BMSC plasticity.

DO STEM CELL NICHES EXIST IN MYOCARDIUM? 

The existence of cellular niches in the microenvironment of tissues has been exten-
sively studied in bone marrow. Although without compelling evidence, local niches
are nevertheless considered the basis for HSC homing to specific sites within bone
marrow following their exit from the circulation (60–63). These presumed but poorly
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defined niches in bone marrow may be the product of secretions from osteoblasts
and/or the endosteal cells that form the boundary between bone and bone marrow
(62,63). The molecular components of bone marrow niches are believed to provide the
appropriate signals needed to anchor stem cells in a milieu conducive for self-renewal
and differentiation. 

Recent attempts to define microenvironmental niches have been spurred by studies
suggesting that BMSCs home to ischemic tissue when they engage in tissue regeneration.
Although niches are not well defined within infarcted myocardium, infiltrating or local
inflammatory cells, as well as damaged fibroblasts, endothelial cells, mast cells, and
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Fig. 2. The most widely studied stem cells in bone marrow are the hematopoietic stem cells. Their
role in blood cell formation is well characterized. Of great interest is the recent flurry of papers
describing their possible role in the generation of cells outside the hematopoietic system. The claims
of hematopoietic stem cell plasticity are based largely on molecular features that the cells acquire
during their transdifferentiation into cells of nonmesodermal origin. However, many of the molecular
findings that support the concept of hematopoietic stem cell plasticity are being called into question.
EGFP, enhanced green fluorescent protein;  HLA, human leukocyte antigen; GFP, green fluorescent
protein. 
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even cardiomyocytes may help to establish the myocardial niche by secreting
cytokines, chemokines, and angiogenic factors. This hypothesis suggests that neovas-
culogenesis and myogenesis may occur in the ischemic zone of infarcted myocardium
when BMSCs respond to locally secreted β-fibroblast growth factor, VEGF, angiopoi-
etin 1 and 2, interleukin (IL)-1β and -6, and SDF-1 (64–69). One example of early
changes in the myocardial microenvironment involves the accumulation of SDF-1
within the zone of infarction induced by ligation of the left anterior descending coro-
nary artery in a rat model. The level of SDF-1 increased within hours and remained
high for a week before dropping to preinfarction levels (70). Expression of SDF-1 in
ischemic myocardium was found to induce circulating CXCR4+ c-kit+ stem cells to
home to the infarction, resulting in improved cardiac function (70). A major diffi-
culty in proposing that vascular endothelial cells, fibroblasts, and especially car-
diomyoctes within the zone of infarction participate in niche formation derives from
indications that apoptosis is initiated within 30 minutes of the onset of ischemia (71).
Exploration of the manner by which constituents of the microenvironment are gener-
ated is at a rudimentary stage, but it is likely that real progress in cardiovascular
repair will be achieved only when our understanding of the molecular signaling path-
ways is more complete.

Regardless of our inability to define the composition of stem cell niches in mouse
myocardium, it was reported that nonmobilized EGFP+ bone marrow stem cells traffic
to the zone of infarction, albeit in small numbers, where they infiltrate the tissue (72).
Their numbers increased substantially following daily cytokine therapy with G-CSF
and SCF (73), resulting in improved cardiac function. In a nonhuman primate model,
cytokine mobilized stem cells homed to the site of myocardial infarctions and provided
evidence of neovascularization accompanied by a 26% increase in blood flow in the
zone of infarction (74). It is unclear whether the cytokine therapy utilized in these
experiments also induced mobilization of stem cells in other organs. G-CSF and/or
SCF therapy may trigger mobilization of endogenous cardiac stem cells residing in
atrial and/or ventricular myocardium (75) or bone marrow-derived stem cells present in
skeletal muscle (76–78). 

DOES MYOCARDIUM REGENERATE?

The dogma that defines myocardium as a tissue incapable of self-renewal may no
longer be tenable. Several reports now suggest that cardiomyocytes are produced
throughout the lifetime of the adult (79,80), but at a low frequency compared with
rapidly renewing tissues such as epithelium and bone marrow. However, even a low
rate of cardiomyocyte proliferation coupled with an extended cellular half-life may
account for a significant level of myocardial renewal during the lifetime of an individual.
Although medication is effective in prolonging life in patients with heart disease, there
is a strong interest among basic researchers and clinicians to develop a means for repair
of injured myocardium. This research is focused on attempts to identify a population of
stem cells that would expand the naturally occurring low level of regenerative potential
that exists in myocardium. As indicated previously, many believe that myocardial
renewing cells can be derived from bone marrow. In addition, skeletal muscle (81) and
cardiac tissue (82–87) appear to contain stem cells with a capacity for myocardial
regeneration. To date, none of these three sources has emerged as the leading candidate
for repair, but BMSCs have been most frequently studied (Table 1).
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Table 1
Animal Studies of Myocardial Cell Therapy Using Bone Marrow-Derived Stem Cellsa

Reference Cell source Donor species Cardiac injury Follow-up Outcome

Jackson et al., 2001 (72) Nonmobilized Mouse LAD ligation 2 and 4 weeks Cardiomyocyte and endothelial
BM cells cell regeneration

Orlic et al., 2001 (56) Lin- c-kit+ Mouse LAD ligation 11 days Myocardial regeneration, improved
BM cells LVEDP and LVDP 

Orlic et al., 2001 (73) G-CSF/SCF Mouse LAD ligation 28 days Myocardial regeneration, improved
mobilized BM cells LVEF

Kamihata et al., BM-derived Rat LAD ligation 3 weeks Neovascularization, cytokine 
2001 (88) mononuclear cells secretion

Kocher et al., 2001 (89) Mobilized CD34+ Human LAD ligation 2 and 15 weeks Vasculogenesis, improved systolic
BM cells function

Yeh et al., 2003 (90) Nonmobilized Human LAD ligation 2 months Myocardial regeneration
PB CD34+ cells

Norol et al., 2003 (74) G-CSF/SCF mobilized Baboon CCA ligation 2 months Angiogenesis, no improvement in 
BM cells LV systolic function 

Balsum et al., 2004 (91) Lin- c-kit+ Mouse LAD ligation 2 and 6 weeks No myocardial regeneration,
BM cells improved LVEDD, LVESD, FS 

Murry et al., 2004 (92) Lin- c-kit+ Mouse LAD ligation 2–10 weeks No myocardial regeneration
BM cells

Henning et al., 2004 (93) CB-derived Human LAD ligation 1–4 months Reduced infarct size, improved
mononuclear cells LVEF and LV dP/dt

Soukiasian et al., B2-microglobulin- Rat Cryoinjury 6 and 8 weeks Cardiomyocyte regeneration
2004 (94) BM cells

Zhang et al., 2004 (95) Nonmobilized PB Human LAD ligation 60 days Cardiomyocyte and endothelial 
CD34+ cells cell regeneration

(Continued)
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Table 1 (Continued)

Reference Cell source Donor species Cardiac injury Follow-up Outcome

Thompson et al., Mixed BM-derived Rabbit Cryoinjury 4 weeks Cardiomyocyte regeneration,
2005 (96) Progenitor cells improved LVEDP and LV dP/dt

Fukuhara et al., G-CSF mobilized Mice LAD ligation 4 weeks Myocytes derived mostly from 
2005 (97) BM cells non-BM sources

Yoshioka et al., 2005 (98) BM CD34+ cells Monkeys LAD ligation 2 weeks No cardiomyocyte regeneration,
donor cell secretion of VEGF

Deten et al., 2005 (99) G-CSF/SCF mobilized Mice LAD ligation 6 weeks No cardiac regeneration, LVSP
and iv injected decreased, LVEDP increased
BM cells

Yoon et al., 2005 (100) Multipotent BM- Human LAD ligation 4 weeks Myocardial regeneration, improved
derived stem cells LVEDD, LVESD, FS

aMesenchymal/stromal stem cells, multipotent adult progenitor cells and endothelial progenitor cells are present in adult bone marrow but are not included in this
table. BM, bone marrow; LAD, left anterior descending (coronary artery); LVEDP, left ventricle end diastolic pressure; LVDP, left ventricle-developed pressure;
G-CSF, granulocyte-colony stimulating factor; SCF, stem cell factor; LVEF, left ventricle ejection fraction; PB, peripheral blood; CCA, circumflex coronary artery;
LVEDD, left ventricle end diastolic diameter; LVESD, left ventricle end systolic diameter; FC, fractional shortening; CB, cord blood; LV dP/dt, left ventricle rate of
pressure change; VEGF, vascular endothelial growth factor; LVSP, left ventricle systolic pressure.
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CAN TRANSPLANTED STEM CELLS REGENERATE MYOCARDIUM? 

At 600 beats per minute, the anterior wall of the left ventricle in adult mice is a
difficult target for cell transplantation, especially if aiming for the border zone of an
infarction. In our experience, of 30 mice injected with a 2.5-µL bolus of EGFP+ Lin– c-
kit+ BMSCs, only 12 displayed tissue regeneration (56). Upon examination by confocal
microscopy and immunochemistry, the regenerating EGFP+ cardiomyocytes resembled
fetal cardiomyocytes. They expressed Nkx2.5, MEF-2, and GATA-4, transcriptional
factors associated with early cardiomyocyte maturation. EGFP+ endothelial cells
expressed Ki67, suggesting proliferation and a role in neovascularization. Following
stem cell therapy, left ventricular function was improved. In contrast, when the stem
cell-depleted Lin– c-kit– fraction of bone marrow (15) was injected, there was no
improvement in cardiac function. Because cardiomyocytes undergo apoptosis soon
after exposure to ischemia, and because developing EGFP+ cardiomyocytes averaged
500–2500 µm3, whereas mature mouse cardiomyocytes average 25,000 µm3, our findings
are consistent with the concept of cardiomyocyte renewal rather than cell fusion. 

In subsequent investigations, human CD34+ cells isolated from peripheral blood
(69,90) or cord blood (11) were injected into ischemic myocardium of NOD/SCID
mice or nude rats. These studies and those involving a swine model of myocardial
infarction (68) demonstrated an increase in the number of capillaries lined with human
CD34+ endothelial cells and improved regional blood flow. In contrast, several studies
failed to achieve cardiomyogenesis or neovasculogenesis in infarcted mouse hearts
(91,92,101). In addition, they reported either no evidence of donor cell–cardiomyocyte
fusion or cardiomyocyte–donor cell fusion in less than 1:1000 cardiomyocytes counted
(101). Of interest, in one experiment (91), although microscopic analysis did not reveal
any myocardial regeneration at an early time interval, mice examined at 6 weeks postin-
farction demonstrated significantly improved cardiac function. Unfortunately, the basis
for the partial recovery was not determined. Since scar tissue is expected to be well
formed at 6 weeks post infarction, it is unfortunate that the contractile basis for this
improvement was not established.

The controversy arising from these contrasting animal findings may serve to motivate
researchers in this field to be more rigorous in experimental design and data reporting. It is
clear that to advance research on BMSCs in regenerative medicine, it is incumbent on us
to resolve these many issues. This lack of agreement regarding myocardial regeneration,
however, has not halted ongoing clinical trials that continue to provide a modest degree of
encouragement. Indeed, early data suggested that intracardiac injection of host-derived
bone marrow mononuclear cells may provide benefit for patients with heart disease.

CLINICAL TRIALS IN ISCHEMIC HEART DISEASE 

Heart disease is a leading cause of death worldwide, with nearly 50% of deaths
resulting from ischemic heart disease. Nearly 1.1 million myocardial infarctions occur
in the United States alone each year. Myocardial infarction is an irreversible injury that
severely affects both men and women. When a coronary artery is occluded, regional
systolic function and metabolism decrease suddenly and the affected cardiomyocytes
undergo changes, leading to apoptosis within 30 minutes of the onset of ischemia (71).
Angioplasty and thrombolytic agents can significantly limit the extent of the infarction
by reducing the duration and severity of the perfusion defect and thus improve the
prognosis of patients suffering an infarction, but there is no treatment to replace a
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myocardial scar with healthy contractile tissue. Thus, there is a need to investigate
possible regenerative therapies. 

Several clinical trials are currently underway in Europe, the Far East, Brazil, and
the United States to test the regenerative capacity of autologous bone marrow-derived
cells following an acute myocardial infarction. With one exception in which CD133+

cells were injected (102), most trials to date have utilized density gradient separated
bone marrow mononuclear cells (103–113) consisting of a mixture of primitive
hematopoietic, endothelial, and mesenchymal stem cell populations as well as mature
monocytes and lymphocytes. The cells were delivered percutaneously to the zone of
infarction by a series of transendocardial injections or were infused in a series of
pulses into the infarct-related coronary artery using a balloon catheter. These trials
were based on results from animal experiments that were not designed to determine
the appropriate cell type for transplantation or the optimum number of cells needed
to achieve a positive outcome. Likewise, the most efficacious route for cell delivery
is still an open question. Several reports indicated a modest degree of short-term (2–4
month) efficacy in regard to reperfusion of the infarcted zone with improved survival
of cardiomyocytes distal to the occluded artery. However, critics point to major short-
comings of these trials, including the small number of patients enrolled and the fact
that the studies, with a single exception thus far, were not randomized or double-
blinded. Even stronger criticism is directed at the concept of initiating clinical proto-
cols prior to establishing positive outcomes in nonhuman primate studies. However,
clinicians conducting trials argue, with considerable justification, that patients with
severely damaged heart muscle are in need of novel attempts to improve symptoms
and prognosis. They also argue that no adverse effects have been observed to date
among the more than 200 patients treated with stem cell therapy. 

One clinical trial (108) that received considerable attention was designed to sat-
isfy some of the objections raised against the earlier trials. Sixty patients were
enrolled, with 30 randomly assigned to the control group and 30 to the cell therapy
group. All patients received percutaneous coronary intervention with stent implanta-
tion prior to entry in the trial and were maintained on medication. Magnetic reso-
nance imaging of global left ventricular ejection fraction was designated the primary
end point. Autologous bone marrow cells were obtained from the posterior iliac
crest within 4–8 days after percutaneous coronary intervention but prior to the onset
of fibrous tissue formation. A total of approx 2.5–3.0 × 109 mononuclear cells,
including 1.0–1.2 × 107 CD34+ cells, were infused during four or five occlusions of
the infarct-related coronary artery via an over-the-wire inflated balloon catheter to
prevent retrograde cell migration. Each occlusion lasted 2.5–4 minutes, after which
the balloon was deflated and the tissue reperfused for several minutes to prevent
mini-infarctions. Six months after treatment, all patients were assayed by scintilla-
tion angiography using fluorodeoxyglucose–positron emission tomography. The cell
therapy group demonstrated enhanced global and regional contraction and a modest
but significant 6% increase in left ventricular ejection fraction from a baseline value
of 51 to 57% (p = 0.0026). The 30 patients enrolled as control subjects showed a
nonsignificant 0.7% increase in left ventricle ejection fraction. No attempt was made
to uncover the molecular or cellular mechanisms responsible for this improvement,
but it has been suggested that the transplanted cells may have secreted cytokines or
chemokines that favored cardiomyocyte recovery from the ischemic episode. Of
concern, the heart sizes in diastole were greater in cell therapy-treated patients
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compared with untreated patients, which is contrary to expectation of a favorable
effect on healing of the infarct.

In a follow-up to the early 6-month report on the BOOST trial in which 60 patients
were randomized to receive placebo or BM transfer, cardiac MRI was repeated at 18
months after treatment. The significant improvement in mean global LV ejection
fraction seen early in the study was no longer apparent at 18 months (3.1% increase
in controls vs 5.7% in BM recipients, p = 0.27). The authors concluded that a single
dose of BM cells infused via the infarct-related coronary artery did not provide
long-term improvement in LV systolic function (109). This observation differed
substantially from the data obtained in the TOPCARE-AMI trial that demonstrated a
continuous rise in LV ejection fraction in a cohort of similarly treated patients
assessed at 4, 12, and 24 months after BM cell transfer. Global LV ejection fraction
in the BM treated group increased progressively from 47 + 10% to 63 + 10% for a
mean increase of 15.8% at 24-month follow-up (110).

A randomized, double blind, placebo-controlled study was recently reported that
included 67 patients with ST-elevation acute myocardial infarction (111). Patients
received autologous BM cells or placebo by intracoronary transfer within 24 hours fol-
lowing reperfusion therapy. Global LV ejection fraction assessed by MRI at 4 months
did not show improvement following BM cell transfer. The increase from 48.5 to 51.8%
was comparable to the increase from 46.9 to 49.1% observed in control patients 
(p = 0.36). In contrast, infarct size decreased significantly from 21 to 10 g in recipients of
BM cells compared with a reduction from 22 to 15 g in the placebo controls. This 28%
treatment effect (p = 0.036) may represent a favorable effect on myocardial remodeling.
Similarly, findings were obtained when intracoronary transplantation was performed on a
small cohort of 18 patients with chronic coronary artery disease (112). Infarct size was
reduced by 30% at 3 months following transplantation along with a 15% improvement in
global LV ejection fraction and a 57% increase in infarction wall movement velocity.

The infarct-related coronary artery is the most common route for infusing BM cells
acutely following an infarction. However, in treating patients with chronic ischemic
heart failure an attempt has been made to utilize the transendocardial route for cell
delivery (113). This clinical trial followed a study in adult pigs (114), in which
transendocardial injections of autologous BM cells resulted in enhanced collateral per-
fusion. In the clinical study, a cohort of 18 nonrandomized patients received transendo-
cardial transplantation of autologous BM cells using a NOGA catheter. At 4 months,
the authors reported an improvement in LV ejection fraction from 20 to 27% (p = 0.003)
and a significant reduction in end systolic volume (p = 0.03).

In addition to clinical trials involving coronary artery or transendocardial infusion of
BM stem cells, several papers report the use of subcutaneous injections of G-CSF in
order to mobilize BM stem cells. Regardless of whether cytokine treatment was initi-
ated on day 1 or day 5 after acute myocardial infarction there was no detectable influ-
ence on LV ejection fraction between the G-CSF group and the placebo group (0.5 vs
2.0%, p = 0.14) (115), no reduction in infarct size (6.2 vs 4.9%, p = 0.56) (115) and no
systolic wall thickening in the infarct area (17 vs 17%, p = 1.0) (116) at 4–6 months
compared with randomized, double-blind, placebo-controlled patients. It was con-
cluded that G-CSF treatment is safe but fails to produce positive effects in acute
myocardial infarction patients. The 4- to 5-day delay in achieving large numbers of
mobilized BM CD34+ cells following the onset of G-CSF therapy may in part be
responsible for the lack of a positive outcome.
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SUMMARY

Since the mid-1990s when reports began to appear suggesting the possibility of regen-
erating damaged myocardial tissue following coronary artery occlusion or cryoinjury,
numerous studies have explored the potential regenerative capacity of embryonic stem
cells, fetal stem cells, cardiac stem cells, and adult BMSCs. These early experiments in
rodents, dogs, pigs, and nonhuman primates have provided some insight into myocardial
regeneration, but much remains obscure. Perhaps the highest priority at this time is the
need to precisely identify the cells with the best prospect for tissue regeneration. This
has not been accomplished in any of the animal models to date, but once identified it
will be possible to study the genetic and cellular regulatory mechanisms involved. There
is an urgent need to expand the use of large animal models in regenerative studies. This
will enable researchers to determine the optimum time and route of stem cell delivery
and establish the number of stem cells required to regenerate a unit volume of infarcted
myocardium. 

Reports indicating some success in regenerating myocardium in small animal studies
have stimulated a desire among clinicians to initiate trials in patients with acute myocar-
dial infarction and ischemic heart failure. Most of these clinical efforts have utilized a
mixture of adult bone marrow cells that included several populations of stem cells. These
trials have provided modest but encouraging achievements, and, not withstanding all
the controversy, it is clear that we are entering an exciting period in cardiovascular
medicine. We eagerly await the outcome from long-term randomized trials conducted
at multiple clinical centers. If stem cell therapy for regenerative medicine can be widely
validated, perhaps one day it will become standard therapy.
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SUMMARY

Mesenchymal stem cells (MSCs) are multipotential cells that can be isolated from a number
of tissues but are readily isolated from bone marrow. These cells grow in culture as attached
fibroblastic cells that expand readily in culture but maintain their contact inhibition as they
reach confluence. Flow cytometry analysis of surface markers on MSCs shows that the cultured
cells are very homogeneous, and differentiation assays indicate their potential to differentiate
into a variety of cell types. Numerous experiments have demonstrated that these multipotential
cells are not rejected by the immune system and therefore it may be possible to use the MSCs
from one donor in multiple recipients. Additionally, these remarkable cells, found in all individ-
uals, have the natural ability to migrate to sites of injury in the body, a finding the meaning of
which is only beginning to be understood. Cardiac injury results in the loss of cardiomyocytes
and reduced heart function. Cardiomyoplasty with MSCs is seen as a way to augment the
myocardium with multipotential cells that may aid in repairing the heart and improving func-
tion. Animal studies have supported this approach, and human clinical trials have now begun. 

Key Words: Cardiomyoplasty; cardiac myocytes; cell differentiation; immune rejection.

INTRODUCTION 

The mammalian heart develops early in embryogenesis and is easily discernable by
its rhythmic contractions, which become more rhythmic and stronger over time as new
cells are added. The stem or progenitor cells that form the heart are derived from the
primary mesenchyme, but it is an ongoing question as to how many cells may also
migrate to the nascent heart from the secondary or head mesenchyme during early
development and undergo differentiation in response to signals in the cardiogenic field.
Similarly, the degree to which cellular apoptosis and morphogenesis modify the origi-
nal population of heart forming cells remains to be further understood. Like all of early
development, heart embryogenesis is a balance of the expansion of stem and progenitor
cells and cell death. 

It was thought by most scientists that after birth the heart only grew by hypertrophy—
that there was no new genesis of cardiomyocytes and that, subsequently, repair
processes are very limited in the heart. This may be largely correct because the heart,
once damaged, does not repair very well and heart disease remains the number one
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cause of death in the Western world. However, new findings about the nature of cells
derived from heart tissue continue to add to our collective understanding of the heart
and the potential repair processes in the body (e.g., see Chapter 7). Because of the rec-
ognized need for new cells that would form new tissue and repair the heart, cardiomy-
oplasty is envisioned as a potential therapeutic process to add necessary cells to the
damaged heart (1,2). With that premise, a major question becomes determining which
cells can be isolated in sufficient numbers and engrafted in the damaged heart to pro-
vide a lasting physiological benefit. Recently, a number of laboratories have identified
evidence that several types of progenitor cells or stem cells engrafting in the damaged
heart may undergo varying degrees of differentiation and can modify the remodeling
that occurs in the injured heart. Among these are the mesenchymal stem cells (MSCs)
discussed in this chapter, the skeletal myoblasts (3,4), side population cells (5,6),
endothelial progenitor cells (7–9), c-kit+ progenitor cells (10,11), Sca-1+ progenitor
cells (12), and perhaps one or two others. The relationships between these different
stem and progenitor cells are not yet clear because no unique surface markers for the
cells are under investigation. This is true for many stem cells; they express small
amounts of many different surface markers, whereas differentiated cell types tend to
make larger amounts of more specific surface molecules. Studies with skeletal
myoblasts have been begun, and this approach has progressed to the phase II clinical
testing stage (see Chapter 18). Endothelial progenitors are similarly undergoing testing
(see Chapter 17). MSCs have been characterized and their biology studied for many
years, and they are the focus of this chapter. MSCs have many characteristics that make
them ideal for developing cellular therapeutics. They are undergoing clinical testing in
the cancer transplantation field and entered phase I testing in patients with acute
myocardial infarction (MI) in Spring 2005.

MESENCHYMAL STEM CELLS

MSCs were examined in a number of fields before they were introduced into cardiac
research. Understanding some of this background will give the reader an appreciation
for the cross-discipline nature of current stem cell research. MSCs have been isolated
and characterized in a number of laboratories, the original work focusing on the osteo-
chondral differentiation of these cells and their potential to repair bone and cartilage.

Certain early studies will not be examined here because of space considerations.
These include studies of bone marrow transfer to ectopic sites, where subsequent histo-
logical analysis revealed unexpected tissue formation; starting in the mid-1960s, the
first studies to isolate and culture bone marrow-derived osteoprogenitor cells were the
work of Alexander Friedenstein of the Gamaleya Institute in Moscow. Bone marrow
was taken from guinea pigs and later rabbits and placed in culture dishes in nutrient
medium. The cells that attached to the substrate and grew in culture were then reim-
planted into ectopic sites. Histology later revealed the presence of bone and cartilage at
these sites (13). That the cultured cells were participating in the new tissue formation
rather than inducing endogenous cells to differentiate became apparent through further
studies. Study of these connective tissue stem cells continued in the 1980s and 1990s
by Owens and several other groups (14–16; see reviews in refs. 17,18,22–24), but was
perhaps overshadowed by the rapid developments in studies of hematopoietic stem
cells (HSCs) and their life-saving therapeutic use. Interestingly, HSCs were difficult to
culture ex vivo and required a “stromal cell feeder layer” that contained MSCs as well
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as other cell types. Hence, many researchers continue to refer to MSCs as marrow stro-
mal cells, although the culture, characterization, and understanding of MSCs have been
significantly refined. Human MSCs (hMSCs) were first isolated by Arnold Caplan and
colleagues at Case Western Reserve University from small bone marrow samples drawn
through the skin under local anesthetic (19,20). A key step was using a tour de force
approach for selecting optimal lots of fetal bovine serum (FBS) that included placing the
cultured cells on ceramic carriers and implanting the cells/carriers in athymic mice for
several weeks to allow in vivo differentiation (21). The histological examination of the
retrieved carriers for the presence of differentiated cell types (bone, cartilage, etc.) indi-
cated the optimal lots of FBS that allowed cell expansion and also preserved the multipo-
tential nature of the hMSCs during in vitro culture. The selection of optimal lots of FBS
still offers advantages, although now that the growth and cell characteristics of MSCs are
better understood, the serum-selection process is not always performed by the MSC inves-
tigator. Space does not allow for a detailed review of the contributions to the field of MSC
research from many groups, but the above-mentioned reviews are informative.

STEM VS PROGENITOR CELLS

The ability of multipotential cells to differentiate to several cell types under the
appropriate conditions raises the question of whether they should be termed progenitor
cells or can be properly called stem cells. With the fertilized egg as the ultimate stem
cell, followed by the embryonic stem cell and the embryonic germ cell, how many dif-
ferent stem and progenitor cells persist in the adult remains under investigation. In the
adult there are a number of tissues that certainly harbor stem cells, most notably the
HSCs found in bone marrow, the epithelial stem cells of the intestinal crypts, and der-
mal stem cells of skin; others include the neural stem cells of the subventricular zone.
The HSC is certainly the best described among these stem cells. In the bone marrow,
about 1 in 1000 nucleated cells is a HSC, capable of producing all the myeloid and
lymphoid cell lineages. HSCs can be isolated but grow poorly in the laboratory. For
clinical use, they are usually mobilized in situ by the administration of a growth factor,
granulocyte–colony-stimulating factor (G-CSF), and then collected from the peripheral
blood. As to the number of MSCs in bone marrow, they are less common than HSCs.
Plating studies that examine colony formation from single cells suggest the MSCs are
present at a rate of 1 in 10,000–100,000, diminishing as one ages. Although rare, once
placed in culture and given room to expand, MSCs expand readily manyfold, with a
single cell giving rise to 1 million in about 3 weeks (25). The MSCs remain “contact
inhibited,” and as they approach confluence the cells slow and stop dividing, remaining
quiescent for long periods; perhaps this is why the MSCs are not abundant in vivo.
Their controlled expansion capacity is one of the positive attributes of MSCs for devel-
oping cellular therapy methods because, after many years of experience, they do not
appear to grow in vivo to cause tumors. The expanded MSCs can be tested for homo-
geneity, sterility, and cellular potency, and in vitro assays are available to show progres-
sion to several different lineages. The in vitro differentiation assays are particularly
good for osteogenic, adipogenic, and chondrogenic differentiation (see Fig.1), produc-
ing full differentiation with mature tissue-like attributes (25). Implantation studies or
other assays produce MSCs with characteristics of muscle cells, and even characteristics
of nonmesenchymal lineages, as differentiation to lung epithelium or neural gene
expression can be demonstrated (26–28). It is this multilineage potential of these
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cultured cells that led to their being called mesenchymal stem cells. Some scientists
suggest “mesenchymal progenitor cell” is more accurate than stem cell, reserving stem
cell for only the very few cells that can be proven to grow indefinitely and differentiate
to all appropriate lineages. However, in order to understand the biology and signaling
of cellular ontogeny and to increase the potential avenues for the development of cellu-
lar therapies for the repair of damaged tissues, the stem cell and cellular therapy fields
embrace the terms progenitor and stem cell alike. 

MSCS PRODUCE GROWTH FACTORS AND CYTOKINES

MSCs are also studied for their ability to supply a stromal function and support
hematopoietic stem cells. Indeed, the MSCs produce an important array of growth
factors and cytokines, including macrophage–, granulocyte–, and granulocyte
macrophage–colony-stimulating factors (M-, G-, and GM-CSF), stem cell factor-1,
leukemia inhibitory factor, stromal cell-derived factor-1, Flt-3 ligand, and interleukins
(IL)-1, 6, 7, 8, 11, 14, and 15 (29,30). MSCs have been shown to produce a useful feeder
layer for the ex vivo expansion of HSCs (31). Recently, human MSCs were also shown
to support human embryonic stem (ES) cells, thereby providing for an all-human culture
system allowing for the production of ES cells for therapeutic use without the concerns
of xenobiotic transfer of viruses that prohibit the use of human ES cells grown on mouse
feeder layers, such as is the case for the original ES cell lines approved for study (32).

Because of their ability to support HSCs, the first clinical testing of MSCs involved
their ability to aid engraftment in oncology patients receiving bone marrow transplanta-
tion. The phase I study results were recently published (33), but the follow-up phase II
study of MSCs in bone marrow transplantation (BMT) was modified to reflect new
research and clinical results suggesting that the greater value to the BMT recipient may
be that the MSCs can modulate the immune response in the allogeneic recipients.
Therefore, the phase II trial will evaluate MSC treatment of graft-vs-host (GVH) dis-
ease, a life-threatening complication associated with many allogeneic BMT procedures.

MSCS MODULATE THE ALLOGENEIC IMMUNE RESPONSE

In vitro studies examined the interaction of MSCs with allogeneic T-cells in exper-
iments that were designed to test the ability of MSCs to present antigen to T-cells
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Fig. 1. Mesenchymal stem cells (MSCs) growing in culture (A) can be induced to differentiate to
the adipogenic lineage (B) with the accumulation of lipid vacuoles stained with oil red O. 
(C) Chondrogenic lineage with the expression of collagen type II stained brown. (D) Osteogenic lineage
with the expression of alkaline phosphatase (stained red) and the accumulation of supracellular calcium
nodules (stained black with silver). (E) MSCs can form a feeder layer underneath the hematopoietic
stem cells that show a characteristic cobblestone appearance. (See color insert following p. 114.)
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(34). It became apparent that allogeneic immune cells (T-cells) were not stimulated
and would not proliferate when MSCs were present in the standard mixed lympho-
cyte reaction, yet also that MSCs at low numbers could produce cytokines to main-
tain support of T-cells (34–39). The nonresponding T-cells were not apoptotic or
impaired, because they could be isolated and responded to other stimuli. These stud-
ies also attempted to define the mechanism associated with the lack of T-cell response
to allogeneic MSCs. Our recent studies (39) continued that quest and tested the
response of human MSCs to isolated subpopulations of immune cells (isolated popu-
lations of T helper-1 [TH1], TH2, T-regulatory, matured dendritic cells [DC]-1 and -2,
and natural killer [NK] cells). The results indicate that MSCs interact with each of
these types of immune cells to alter their cytokine production such that pro-inflammatory
DC-1 decrease secretion of tumor necrosis factor (TNF)-α and anti-inflammatory DC-2
increase IL-10 secretion; MSCs caused pro-inflammatory TH1 cells to decrease secretion
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Fig. 2. Mesenchymal stem cells (MSCs) mediate their immuno-modulatory effects by interacting
with cells from both the innate (dendritic cells [DCs], pathways 2–4; natural killer [NK] cells, path-
way 6) and adaptive immunity systems (T-cell pathways 1 and 5). MSC inhibition of tumor necrosis
factor (TNF)-α secretion and promotion of interleukin (IL)-10 secretion may affect DC maturation
state and functional properties, resulting in skewing the immune response toward in an anti-
inflammatory/tolerant phenotype. Alternatively, when MSCs are present in an inflammatory microen-
vironment, they inhibit interferon (IFN)-γ secretion from T-helper (TH)1 and NK cells and increase
IL-4 secretion from TH2 cells, thereby promoting a TH1—>TH2 shift. It is likely that MSCs also medi-
ate their immuno-modulatory actions by direct cell–cell contact by secreted factors. Several MSC
cell surface molecules and secreted molecules are depicted. (From ref. 39.)
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of interferon (IFN)-γ and caused anti-inflammatory TH2 cells to increase secretion of
IL-4; MSCs caused an increase of TReg cells and the associated secretion of IL-10.
Finally, MSCs caused decreased expression of inflammatory IFN-γ from NK cells
(40). Overall, the results indicate that MSCs, if present in the appropriate amounts,
can modify the immune response to decrease the inflammatory response and create a
more “tolerogenic” environment (see Fig. 2). Such a response may serve to limit
rejection or GVH disease in the transplant setting and may have useful effects in
autoimmune diseases. A recent review offers greater insight into the properties and
uses of allogeneic MSCs (40).

OTHER MSC-LIKE CELLS

In recent years, several populations of stem and progenitor cells have been isolated
and characterized from bone marrow and other tissue sources that are similar to MSCs,
but some of these may have additional properties, so scientists continue to evaluate
which cell type may be better for regeneration studies in different tissues. To date,
most of these other MSC-like cells are not as far along and not as much data is avail-
able as for MSCs. These include the mesenchymal adult progenitor cells (MAPCs)
(41–43), the rapidly cycling stromal cells (RS-1) (44), and the adipose-derived adi-
pose progenitor cells (APCs) (45,46) and pluripotent liposuction aspirate-derived cells
(PLAs) (47,48). The MAPCs have generated much interest because published work
indicates that these cells can differentiate to endodermal-derived and ectodermal-
derived tissues as well as mesodermal tissues. Hence, the MAPCs may have a differ-
entiation potential that rivals the ES cells if the process can be understood and
consistently reproduced. The relationship of MAPCs, RS-1, APCs, and PLAs to MSCs
is not clear, but the cell populations have many overlapping characteristics (see Table 1).
Attempts to directly compare these cell populations in one laboratory, assuring the
same methods are applied to each population, gave very similar results, suggesting
few differences (49). 

It is likely that similar reparative cells in different tissues in the body exhibit dis-
tinctive characteristics, depending on the tissues in which they are found, but share
similar differentiation potential. Also, although certain reparative cells may reside in
the tissues of the organ that is damaged, additional reparative cells may migrate to the
injury from other tissues. For example, there is growing evidence that MSCs derived
from bone marrow share many properties with the microvascular pericytes or mural
cells found surrounding small blood vessels throughout the body. This is interesting
because the pericytes may represent the peripheral version of MSCs found in bone
marrow, and the pericytes would form a line of “first responders” to tissue injury. The
potential presence of multiple stem cells in tissues has led to the suggestion that it is
the specialized niche that preserves and determines the type of stem cell that may be
present. 

For developing cellular therapeutics, our approach working with MSCs has been to
study the progenitor cell that has the best attributes for development of cellular thera-
peutics. That is, ease of isolation, extensive ex vivo expansion capacity, produces impor-
tant growth factors and cytokines, stability of phenotype, contact inhibited, ability to
differentiate to multiple cell types, and suitable immunological properties. Whether another
stem cell will prove superior to the MSC for regeneration therapy of a particular 
tissue, such as the damaged heart, remains to be determined. 
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Table 1

MSCs MAPCs RS-1 PLAs APCs
Surface antigen ref. 14 ref. 31 ref. 32 ref. 35 ref. 34

CD9 +
CD10 – – +
CD11a,b – – –
CD13 + + + +
CD14 – – – –
CD18 Integrin β2 – –
CD29 + + +
CD31 PECAM – – ± –
CD34 – – – – +
CD44 + + + +
CD45 –a – – – –
CD49b Integrin α2 + +
CD49d Integrin α4 – + +
CD49e Integrin α5 + + +
CD50 ICAM3 – – –
CD54 ICAM1 + +
CD56 NCAM – –
CD62E E-Selectin – – – –
CD71 Transferrin Rec + + +
CD73 SH-3 + +
CD90 Thy-1 + + ± +
CD105 Endoglin, SH-2 + + +
CD106 VCAM + – – +
CD117 – –
CD133 – (+) – –
CD166 ALCAM + +

Other markers
β2-Microglobulin + +
Nestin + +
p75 + +
HLA ABC + – ± +
HLA DR – induc – – –
SSEA-4 + +
TRK (ABC) + +

Differentiation in vitro
Osteo + + + + +
Adipo + + + + +
Chondro + + + +
Neural (+) (+)
Stromal + +
Myoblast Sk (+) + +
Endothelial (+) +

+, positive; –, negative; (+), detection varied.
MSC, mesemchymal stem cell; MAPC, mesenchymal adult progenitor cell; RS, rapidly cycling stromal

cell; PLA, pluripotent liposuction aspirate-derived cell; APC, adult progenitor cell; induc, inducible with
interferon-γ.

aPositive upon isolation, lost in culture.
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Fig. 3. (A) Mesenchymal stem cells (MSCs) were transduced in vitro with the β-galactosidase
(β-gal) reporter gene to follow their distribution following intravenous delivery. (Left panel) Nearly
100% of the transduced MSCs stained positive for β-gal activity prior to injection. 3.9 × 106 MSCs
were injected into the tail vein of healthy Fisher rats. β-gal-positive cells were only detected in the
bone marrow 10 days post-MSC delivery. When these animals were then subjected to 45’ of
ischemia and 2 weeks of reperfusion, labeled MSCs migrated to the site of infarction. Labeled
cells were not detected in noncardiac tissues at 2 weeks postinfarction. (B) To determine if MSCs
could home to sites of infarction when administered systemically at reperfusion, 2 × 106 DiI-
labeled rMSCs were delivered intravenously either 10 minutes (left panels) or 14 days (right pan-
els) postreperfusion. In both groups the animals were sacrificed 14 days post-cell injection and the
hearts (top panels) and bone marrow (bottom panels) examined for the presence of DiI-positive
MSCs. Qualitative assessment suggests that MSC delivery at 10 days postreperfusion results in a
greater degree of MSC engraftment in the infarcted myocardium than delivery at 14 days.
Conversely, MSC engraftment in the bone marrow is increased with delayed administration. (See
color insert following p. 114.) (From ref. 52.)
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MIGRATION OF MSCS TO SITES OF TISSUE INJURY

An unexpected finding was that MSCs migrate to sites of tissue injury. This is excit-
ing because it indicates that stem cells can play an active role in tissue repair, even if
the cells are initially present at a site distant from the injury, perhaps obviating the need
for local administration. Bittner et al. reported that mouse models of muscular dystro-
phy showed engraftment of genetically marked cells in not only skeletal muscle, but
also cardiac tissue, sites of tissue damage in the mdx mouse (50). Chiu and colleagues
at McGill University, working with an experimental rat model of cardiac infarction,
showed that cultured MSC-like cells, when injected into the tail vein, would migrate to
the damaged cardiac tissue (51). We have repeated and confirmed this finding; an exam-
ple is shown in Fig. 3 (52). Furthermore, it is apparent that MSC migration to the car-
diac injury is enhanced when the MSCs are administered soon after the infarction, and
the strength of the homing effect diminishes with time (Fig. 3B). Similar homing-to-
injury results obtained in the acutely infracted porcine model (53) and in a rat model of
chronic rejection (54) suggest that MSC migration to injury may have a positive impact
on either acute or chronic injuries. We recently reported in vivo monitoring and visual-
ization of intravenously administered MSCs that were dual labeled with 111indium and
ferumoxides, followed by single-photon emission computed tomography (SPECT/CT)
with x-ray CT and magnetic resonance imaging (MRI) techniques, respectively, in the
canine infarct model (55). Further careful analysis of large animal models should estab-
lish safety, dose, and efficacy parameters before human studies are undertaken.

It appears that MSCs migrate towards factors that are present as a part of the tissue
injury/inflammation cascade, although the active component is not yet known (perhaps
TNF-α, IFN-γ, other?). What role the homing of MSCs to injury and the apparent
diminishing level of MSCs available as one ages plays in age-related tissue degenera-
tion remains to be explored.

CARDIAC IMPLANTATION STUDIES WITH MSCS

The availability of well-characterized human MSCs prompted our studies implant-
ing human MSCs into the heart. We first studied the delivery of lac Z-labeled human
MSCs into SCID/beige immunodeficient mice by injection into the ventricle chamber
through a diaphragmatic approach (55). About 5% of the heart output goes through the
coronary circulation; therefore, only this portion of the MSCs likely reaches the cardiac
capillary beds, with the remaining 95% moving out through the aorta to the rest of the
body. Many MSCs were found in the lungs, liver, and spleen at the early time points,
but these redistributed with time, and a portion of the human MSCs appeared to persist
in the bone marrow. Of the human MSCs found to persist in the heart, the cells were
monodisperse and surrounded by cardiomyocytes. Counting the number of MSCs found
in sections of the recipients’ cardiac tissue, only 5–10% of the 5% that entered the
coronary circulation persisted at 2 weeks, and later cell counts decreased somewhat.
For the animals sacrificed during the first 14 days, histology and immunostaining did
not reveal differentiation of the MSCs to a cardiac phenotype, but all cells found at
30–60 days appeared to be differentiated and expressed cardiac isoforms of the sarcom-
eric proteins myosin heavy chain, troponin I, α-actinin. There was also new expression
of the cardiac calcium-handling protein phospholamban and the muscle intermediate
filament protein desmin, all at levels that were indistinguishable from the surrounding
cardiomyocytes. When the plane of sectioning was optimal, sarcomeric organization
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was evident in the engrafted MSCs (55). Because every identified MSC beyond 
30 days was found to express cardiac proteins, which is much higher than the very low
expected percentage that might occur if spontaneous cell fusion was occurring, we
believe the results indicate that MSCs can differentiate to cardiomyocytes under the
right conditions.

Recognizing that MSC cellular therapy for cardiac infarction may provide benefits
to the damaged heart by (1) production of important growth factors and cytokines,
(2) modifying the tissue damage/inflammation cascade, (3) providing cells that survive
in infracted tissue, and (4) potentially differentiating to maturing cardiomyocytes, we
began experiments in porcine models of MI with Dr. W. Baumgartner and colleagues in
the Division of Cardiac Surgery at Johns Hopkins University School of Medicine
(56,57). The initial studies used an open chest surgical procedure with a 45-minute
occlusion of the left anterior descending artery. The artery was then reopened to simu-
late catheter or surgical reperfusion. MSCs were injected into a limited region of the
infarct bounded by implanted sonocrystals to provide for accurate wall thickness and
contractility measurements over time. Approximately 20 million MSCs were delivered
to the sonocrystal field area of the infracted heart. Results indicated a 30% improve-
ment in ventricular wall thickness in the area of MSC injection. 

In further studies, in order to test a therapeutic scenario, the number of MSCs
injected was increased 10-fold to 200 million, and the cells were injected at 20 sites to
broadly cover the infarction. Additionally, the recognition of the lack of rejection of
MSCs allowed for the testing of allogeneic porcine MSCs without the use of immuno-
suppression. Overall, there was a approx 30% improvement in ventricular wall thick-
ness and 50% reduction in left ventricular end-diastolic pressure in animals that
received MSCs, suggesting less deleterious remodeling with improved dynamics com-
pared to control animals (58). However, there was not a measurable improvement in the
systolic pressure. Histology and immunostaining indicated the expression of low levels
of cardiac proteins but no sarcomeric organization or gap junctions, perhaps explaining
the lack of improvement in systolic contractility. 

To date, areas of damaged myocardium that receive MSCs do not become as “good
as new,” but the outcomes appear favorable compared to the hearts that do not receive
them. The hearts that do not receive MSCs continue to undergo deleterious remodeling
as the heart attempts to compensate for decreased cardiomyocytes, reduced perfusion,
and the associated altered electrical patterns. Those that receive cells appear to main-
tain a thicker ventricle wall, show increased ejection fraction, and have reduced pres-
sure at rest (diastole).

Taylor and colleagues have recently begun the important work of evaluating progen-
itor cell implantation in a side-by-side manner (4). These researchers isolated skeletal
myoblasts and cultured MSC-like bone marrow cells and evaluated their performance
following injection into cardiac cryo-injuries, a reproducible model of infarction. They
reported similar improvements in regional systolic heart function for both populations
of implanted cells.

IMAGING STUDIES FOR MSC THERAPY

We and others have used a variety of methods to label and track MSCs and other
cells types in order to follow their biodistribution in the recipients. These methods
include (1) dye labeling of membranes or surface proteins such as Di I, (2) labeling of
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DNA with intercalating fluors such as DAPI, (3) gene tagging of cells by transfection
such as the gene for lac Z or green fluorescent protein, (4) in situ hybridization for the
Y chromosome in female recipients of male cells, (5) polymerase chain reaction for a
transgene or Y chromosome, (6) radiolabeling with 111indium for γ imaging, (7) iron
particle labeling with agents such as Feridex for detection by MRI (55,59–61), and 
(8) iridium labeling of MSCs and detection by neutron activation analysis. Each has its
uses and its limitations. In all cases, increasing the amount of label on the MSCs
improves detection, but too much can interfere with some properties of the cells. This
was the case for MSC labeling with the MRI contrast agent Feridex, where interference
with chondrogenic differentiation was evident at the higher labeling levels (60). 

Because each cell-labeling method has its limitations, it may be that the most useful
imaging information will come from combining labeling/detection methods. Most
recently, working with our colleagues at Johns Hopkins, MSCs that have been dual
labeled with MRI tracers and radiolabels and delivered by intravenous administration
have been tracked in vivo in the canine model of infarction (55). Towards this end,
MSCs were surface labeled with the radio-tracer 111indium-oxime and internally
labeled with the ferumoxide MRI agent Feridex, providing two signals that can be
independently imaged and electronically registered, providing superior spatial resolu-
tion. With this system it is possible to obtain the MRI image of the MSCs in the body
and use radiolabel imaging to obtain semi-quantitative information about the relative
number of stem cells in the tissue. The MSCs are seen to first deposit in the lungs for
24 hours, after which a portion of the MSCs migrated to the infracted heart, and these
persisted for at least 1 week. Using this type of imaging, we are gaining a better under-
standing of the biodistribution of the MSCs and their homing to infarcted heart tissue
after systemic delivery. Such questions are particularly important in developing clinical
protocols where optimization of dosage may be necessary for therapeutic success. 

CLINICAL TRIALS 

Clinical trials with autologous skeletal myoblasts were begun a few years ago. Some
of the patients encountered arrhythmias as a result of the electrogenic nature of the
myoblasts, which were not faithfully coupled to the endogenous cardiac tissue. The
solution to this was to assure that patients receiving skeletal myoblast injections also
receive an implantable cardiac defibrillator to protect against any future arrhythmia.

Several recent clinical trials have utilized whole bone marrow delivered to patients
with MIs, and these studies have begun the important work of bringing new therapies
to cardiac patients. Strauer and Wernet and colleagues at the Division of Cardiology of
Heinrich-Heine University in Düsseldorf treated 10 patients who had received standard
of care with autologous mononuclear bone marrow cells delivered by percutaneous
transluminal coronary angioplasty (balloon catheter dilation). The reported 3-month
follow-up results indicated decreased infarct region and increased wall motion in the
cell-treated patients compared to control patients. Further analysis of the cell-treated
patients indicated improved myocardial perfusion, contractility, and stroke volume
index (62). Gustav Steinhoff and his team at the University of Rostock initiated a phase I
study of patients with MI longer than 10 d with previous autologous stem cell trans-
plant utilizing AC133 (CD133) immunoselected bone marrow cells without culture
expansion of the cells. The first 12 patients showed no new arrhythmia and improved
left ventricular end diastolic volume as well as left ventricular ejection fraction (63).
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Although this is a small patient sampling, the results are encouraging and the study will
be extended to additional patients.

Perin, Willerson, and colleagues at the Texas Heart Institute in Houston and the
Federal University in Rio de Janiero have treated and reported on 20 patients with end-
stage cardiomyopathy who received autologous bone marrow mononuclear cells (all
cell types without selection), delivered by transendocardial catheter with the aid of
electromechanical mapping (64). The results were reported for 6 and 12 months on the
11 treated patients vs the 9 controls and demonstrated improved perfusion and improved
capacity for exercise in the 6-minute walk test in the cell-treated patients. 

Perhaps the most advance clinical trial to date is the so-called TOPCARE trial for
acute MI wherein 30 patients were given circulating progenitor cells and 29 were given
bone marrow-derived progenitor cells via intracoronary circulation (65,66). The study
report following 1 year of data collection reported improvement in left ventricular ejec-
tion fraction, reduced infarct size, and improved end-systolic volume. The results were
similar for both types of injected cells.

Bone marrow contains a variety of stem and progenitor cells, and it is possible that
the combination of cell types present in marrow can provide for repair and rejuvenation
of the damaged heart. However, it will be important to identify the cell types and/or
factors in bone marrow that provide the greatest benefit so that these can be optimized. 

Given all of the in vitro and in vivo animal data on allogeneic MSCs and their ability
to home to the sites of injury, including cardiac infarcts, and the human exposure data
from hematological malignancy patients suggesting that MSCs can be safely adminis-
tered to patients, Osiris Therapeutics Inc., of Baltimore, Maryland initiated a placebo-
controlled dose escalation phase I clinical trial of allogeneic MSCs administered
intravenously 1–10 days after infarction in Spring 2005. The results of this 60-patient
study should be available at the end of 2006. We all look forward to the outcome report.

CONCLUSIONS

MSCs represent well-characterized progenitor cells with attributes that lend them-
selves to the development for cellular therapeutics for several important tissues. Their
ability to produce important growth factors and cytokines that support other cell types
has been demonstrated, and their capacity to differentiate to multiple important line-
ages favors their use in tissue-regeneration studies. The promising potential for MSCs
to be used as a treatment for hearts damaged by ischemia, disease, injury, or genetic
abnormalities is undergoing careful evaluation. The lack of immune rejection may
allow the use of allogeneic MSCs in several areas of tissue regeneration. MSCs are cur-
rently undergoing clinical evaluation for treatment of cardiac and cancer patients. Many
studies remain, yet MSC-based therapy is potentially one of the most promising cellular
therapies under evaluation for adoption into clinical practice. 
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SUMMARY

In 2001 the laboratory of Catherine Verfaillie at the University of Minnesota described the
multipotent adult progenitor cell (MAPC) as a novel progenitor cell present in adult marrow that
is biologically and antigenically distinct from the mesenchymal stem cell (MSC). MAPCs rep-
resent a more primitive progenitor cell population than MSCs and demonstrate remarkable dif-
ferentiation capability along the epithelial, endothelial, neuronal, myogenic, hematopoeitic,
osteogenic, hepatic, chondrogenic, and adipogenic lineages. MAPCs thus embody a unique
class of adult stem cells that emulate the broad biological plasticity characteristic of embryonic
stem (ES) cells, while maintaining the characteristics that make adult stem cells more amenable
to therapeutic application. MAPCs have been reported to be capable of prolonged culture with-
out loss of differentiation potential, and of showing efficient, long-term engraftment and differ-
entiation along multiple developmental lineages in nonobese diabetic (NOD)–severe combined
immunodeficient (SCID) mice without evidence of teratoma formation. Based on these find-
ings, there is great interest in evaluating the therapeutic value of MAPCs for a variety of human
genetic and degenerative ailments, including cardiovascular disease. 

This chapter will focus on reviewing MAPCs and other adult stem cells displaying broad,
pluripotent differentiation potential as cellular therapeutics with application for myocardial
repair in heart disease. For clarity, the MAPC acronym will be used specifically to represent the
cell population originally described by or acquired from the laboratory of Catherine Verfaillie
and collaborators. Pluripotent adult stem cell cultures reported by other researchers will be
referred to in accordance with designations used in the original publications. 

Key Words: Multipotent adult progenitor cell; mesenchymal stem cell; adult stem cell;
pluripotency; myocardial infarct; heart failure; stem cell therapy; regenerative medicine.

STEM CELL THERAPY FOR HEART DISEASE

Chronic heart failure (CHF) is a clinical condition in which a primary or secondary
circulatory system disease causes abnormal cardiac pressure or performance character-
istics that lead to pulmonary congestion (1). CHF is most often caused by myocardial
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infarction (MI), but other causes include hypertension, anemia, and cardiomyopathy
(2). When cardiac dysfunction instigates insufficient perfusion of peripheral tissues,
compensatory mechanisms are stimulated that can cause many of the clinical signs and
symptoms of CHF. Currently, the main treatment strategy for CHF includes the use of
small molecule therapeutics that target disruption of the compensatory systems. For
example, various clinical trials with angiotensin-converting enzyme inhibitors, β-block-
ers, and aldosterone-receptor antagonists have shown that it is possible to block the
production of factors that are upregulated in CHF, thereby increasing survival. However,
none of these pharmacological intervention approaches improve the underlying patho-
physiology of CHF. Surgical intervention to treat CHF is limited, and cardiac transplanta-
tion options, the mainstay of treatment for patients with end-stage cardiomyopathies such
as CHF, are curtailed by the scarcity of donor organs and complications such as graft
rejection and allograft coronary vasculopathy (3). 

Stem cell therapy holds great promise in regenerative medicine, with potential
application in both acute tissue repair as well as healing of chronic degenerative dis-
ease. It offers the hope of treating MI and CHF with a pharmacological agent that
would be capable not only of limiting inflammatory tissue damage or enhancing reper-
fusion through angiogenic stimulation, but also directly replacing the affected tissue,
thereby treating the underlying cause of disease. Stem cells that possess the ability to
replicate extensively and give rise to the variety of the body’s cells and organs can be
obtained from both embryonic and adult sources (4–8). The most important feature
attributed to embryonic stem (ES) cells is pluripotency—the ability to differentiate into
virtually any cell type in the body. Adult stem cells are dispersed throughout the body
and can be isolated from a number of tissue sources, including organs, bone marrow,
and blood. The adult stem cells are free from many of the ethical and safety issues
associated with ES cells (9) and have not been linked to the growth of ectopic tissue or
teratomas or tumors, as are found at high frequency in ES cell transplantation studies.
Still, adult stem cells have shown limitations in their potential for therapeutic applica-
tion in that their differentiation potential generally appears to be restricted to narrowly
defined cell lineages or tissues, typically reflecting the tissue or organ from which the
cells were isolated (4–6), and their expansion capacity in vitro is limited by replicative
senescence. 

POTENTIAL MECHANISMS FOR ADULT STEM CELL
BENEFIT IN CARDIAC REPAIR

Cardiac Repair
Following an MI, healthy tissue may be replaced by fibrotic scar tissue in conjunc-

tion with significant remodeling of the left ventricular wall. The magnitude of this pro-
gression is in part determined by neovascularization, especially in the border zone of
the infarct. The deleterious effects of remodeling and recovery of function correlate
with the limited regenerative capacity of native cardiomyocytes and circulating stem
cells. The surviving cardiomyocytes bordering the infarct zone become hypertrophied
following MI as a part of an adaptive mechanism to compensate for the loss of
myocardium. Late perfusion of vascular beds in the area of infarct in human and ani-
mal models improves ventricular remodeling and survival. However, after MI, normal
angiogenesis is usually insufficient to meet the greater demands for oxygen and nutri-
ents and to prevent apoptosis of hypertrophied cardiomyocytes and continued loss
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of contractile function. Therefore, increasing perfusion to infarcted myocardium to
enhance oxygen and nutrient delivery through the formation of new blood vessels has
the potential to improve cardiac function.

Concept for Stem Cell Benefit in Repair of Tissue Damage
Preclinical studies of acute MI in small and large animal models have determined

that protection from progressive fibrosis by injection of cells into ischemic tissue or the
border zone surrounding ischemic damage can confer functional improvement. As high-
lighted in other chapters, many cell types, including skeletal myoblasts, mesenchymal
stem cells (MSCs), and fractionated or nonfractionated bone marrow cells, have shown
benefit and supported early clinical trials in both the acute and chronic states. However,
the long-term cell fate of injected cells and physiological mechanisms for benefit
remain unclear and likely vary reflective of differences in therapeutic cell types. Short-
term trophic influences mediating inflammatory damage, vascular permeability, cell
survival, or homing of repair cells to sites of damage may be common to many cell
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Fig. 1. Concept for mechanisms of stem cell benefit. Each side of the triangle represents one of three
different primary pathways for stem cell-mediated improvement in ischemic heart injury, consisting
of (1) trophic influences, (2) neo-angiogenesis, and (3) regeneration of new heart muscle tissue.
Trophic influences could logically be seen with transplants of hematopoietic stem cells (HSCs),
multi-potent adult progenitor cells (MAPC), or mesenchymal stem cells (MSCs). In addition to the
production of vascular endothelial growth factor (VEGF) or other factors, delivered stem or progeni-
tor cells contributing to the generation of endothelial and smooth muscle compartments in neoangio-
genesis might achieve improved reperfusion of damaged tissue. Endothelial cells (ECs) or endothelial
progenitor cells (EPCs) may be present in bone marrow treatments or, similar to purified HSCs,
delivered as an enriched cell population. Replacement of fibrotic tissue with new muscle might be
achieved by engraftment of skeletal myoblasts (SkMyo), endogeneous cardiac stem cells (CMyo), or
cells derived from MSC preparations. Among these stem cell populations, MAPCs are unique as a
reservoir for all stem and progenitor cell types and hence have unique therapeutic potential. 
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types tested, whereas angiogenic benefit may be limited to endothelial progenitors or
stem cells with endothelial plasticity. In chronic ischemia, modulation of the inflamma-
tory response by trophic factors is unlikely to play a key role, and vasculogenesis and
regeneration of healthy myocardium become the therapeutic pathways. This concept
for different modes of benefit depending on the cell type used in cellular therapy is
illustrated in Fig. 1. 

PROPERTIES OF ADULT STEM CELLS 
USED FOR CARDIOVASCULAR THERAPY

The three major classes of adult stem cells studied to date in cardiovascular disease
include hematopoietic stem cells (HSCs), MSCs, and multipotent adult progenitor cells
(MAPCs). These different stem cell types can be distinguished by a number of proper-
ties in addition to biological lineage capacity (5,6,10). This chapter focuses on describ-
ing the potential and preliminary experiences in studying the utilization of MAPCs for
cardiac repair. Additional descriptions of HSCs and MSCs and their application in cel-
lular therapy for heart disease can be found in other chapters of this book. 

Hematopoietic Stem Cells
HSCs have been utilized therapeutically for several decades in immune reconstitu-

tion settings. These cells have been available clinically through the identification of
unique cell surface receptors allowing their direct isolation from bone marrow, periph-
eral blood, or cord blood. This was enabled initially using antibodies recognizing the
CD34 receptor (11) and later with antibiotics with specificity for the CD133 receptor
(12). Although a minor population in blood tissue, their relative abundance has
allowed direct isolation and redelivery without the need for ex vivo expansion. These
cell-separation procedures do not provide a pure biological population, but rather
contain progenitor and mature cell populations as well. Interestingly, in the context
of bone marrow treatment of acute or chronic MI, it is conceivable that endothelial
cell progenitors are co-delivered with HSCs based on CD34 antigen expression, and
it is therefore an intriguing possibility that this may be the effector cell providing
benefit by stimulating angiogenic pathways. It is clear that HSC populations are not
suitable for allogeneic cell therapy because they can be contaminated with immune
stimulatory cells and T-cells, causing graft rejection or graft-vs-host disease (GVHD).
In addition, the HSC does not contribute to significant myocardial tissue regenera-
tion, as evidenced in two recent and thorough studies examining marked HSCs in
several models (13,14).

MSCs
Another bone marrow-derived stem cell, the MSC, is derived from the adherent stro-

mal cell compartment of adult bone marrow and other tissues, including adipose. These
cells are capable of differentiating along osteogenic, chondrogenic, and adipogenic lin-
eages while retaining their self-renewal properties over limited cell doublings (15).
Preclinical data reported in both rat and pig models have demonstrated significant pro-
tective benefit from progressive heart failure in acute MI settings, although cell fate in
these reports has been inconsistent and apparently restricted to smooth muscle and
endothelial fates (16,17). A recent study showed evidence of severe calcification after
transplantation of bone marrow cells in a rat MI model (18). This implies that the MSC
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or MSCs committed to differentiation into bone cell progenitors may cause unwanted
side effects after transplantation into the heart.

MAPCs
Dr. Catherine Verfaillie at the Stem Cell Institute of the University of Minnesota iden-

tified a progenitor cell that is biologically and antigenically distinct from MSCs (19).
This cell, the MAPC, represents a more primitive progenitor cell population than the
MSC (19,20). MAPC cultures have demonstrated differentiation capability encompass-
ing the epithelial, endothelial, neural, myogenic, hematopoeitic, osteogenic, hepato-
genic, chondrogenic, and adipogenic lineages (5,19–22). These cells thus represent a
unique class of adult stem cell that exhibit the broad biological plasticity characteristic
of ES cells, while maintaining safety characteristics that make adult stem cells appeal-
ing. For example, MAPCs are capable of extensive culture without loss of differentia-
tion potential and show efficient, long-term engraftment and differentiation along
multiple developmental lineages in nonobese diabetic (NOD)–severe combined immun-
odeficient (SCID) mice without evidence of teratoma formation (23). In an elegant
demonstration of the clonal potency of some cells within a MAPC culture, single genet-
ically marked MAPCs were injected into mouse blastocysts. These blastocysts were
successfully implanted and the resulting embryos developed to term (22). Postnatal
analysis in highly chimeric animals showed reconstitution of all tissues and organs,
and, interestingly, no abnormalities or organ dysfunction were observed in any of these
animals. Importantly, dual staining experiments also demonstrated that gene-marked
MAPCs contributed to a significant percentage of apparently functional cardiomyocytes
in these chimeric animals (22). These animals did not show any heart abnormalities or
irregularities in either the embryological or the adult state, suggesting that the MAPCs
are capable of differentiating into healthy heart cells with normal functionality.

DEVELOPMENT OF MAPCs FOR CLINICAL USE

The clinical use of MAPCs requires development of a consistent ex vivo expansion
process, yielding cell numbers in the range of 50–500 million cells per dose, with char-
acterization of phenotype and lineage potency. We have established routine protocols
for human, rat, and pig stem cell expansion enabling preclinical model testing for ben-
efit in ischemic injury (24). The ideal cell product for therapeutic use will have broad
potential for allogeneic usage, exerting functional benefit without stimulating a strong
allogeneic tissue response.

Expansion Capacity
The extensive replicative capacity of MAPCs (6,7,19,22), a property not found in

other adult stem cell types (15,25), is a key component in cell expansion strategies to
use these cells for clinical or research use. This stem cell population was initially iso-
lated from bone marrow but subsequently established from other tissues, including
brain, muscle (19), umbilical cord blood and umbilical cord matrix tissue (data not shown).
Adherent cells from bone tissue are enriched in a media containing low serum (2%), dex-
amethasone, endothelial growth factor, platelet-derived growth factor, and other additives
and grown at relatively low cell density under conditions of low oxygen tension (26).
At early culture points, more heterogeneity is detected in the population, but many
adherent stromal cells undergo replicative senescence around cell doubling 20, and a
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more morphologically homogeneous population of cells continues to expand, associ-
ated with telomerase expression and absence of telomere shortening. A key parameter
in expansion is the maintenance of cells at low density (500–5000 cells/cm2). Higher
cell density results in maturation of cells along primarily mesenchymal pathways with
reduced replicative potential.

Low Immunogenicity
MAPCs have immunological properties similar to those of MSCs. MAPCs do not

express class II human leukocyte antigen and do not express T-cell co-stimulatory mol-
ecules (A. Raber et al., unpublished data). MSCs have demonstrated low in vitro
immunogenicity and the ability to engraft across in allogeneic recipients (27–29). A recent
report suggests that production of prostaglandins by activated mesenchymal stem cells
results in activation of a dendritic cell population DH2, which acts to immunosuppress
inflammatory T-cells, whereas others have pointed to an upregulation of interleukin-10
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Fig. 2. Low in vitro immunogenicity of human pluripotent progenitor cultures. (Top panel) Mixed
lymphocyte reactions using allogeneic peripheral blood mononuclear cells (PBMCs), mesenchymal
stem cells (MSCs), or multipotent adult progenitor cells (MAPCs). Donor PBMCs were incubated
with irradiated stimulator cells, including donor PBMCs, allogeneic PBMCs, MSCs, or MAPCs.
As a positive control, donor PBMCs were stimulated with 2 ng/mL (PHA). (Bottom panel)
Immunosuppressive effects of MSCs and MAPCs on allogeneic MLR. Donor PBMCs were incu-
bated with allogeneic PBMCs in the presence or absence of MSCs or MAPCs. Donor PBMCs were
also stimulated with 2 ng/mL PHA in the presence or absence of MSCs or MAPCs.
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as an immunosuppressive cytokine (27,29). These processes are likely not exclusive,
and a recruited MAPC or MSC at the site of injury may thus play a downmodulating
role in the inflammatory response and signal the initiation of repair. Recently, a report
by LeBlanc in Lancet documented the remarkable recovery from steroid-resistant grade
IV GVHD by delivery of haploidentical MSCs from mother to patient (30). This is the
strongest evidence to date that cells with the immune phenotype of MSCs might be
used clinically to dampen and resist allogeneic reactivity.

We have performed preliminary experiments that show that our human pluripotent
progenitor cultures exhibit low in vitro immunogenicity and, analogous to MSC, are
immunosuppressive when added to otherwise potent T-cell mixed lymphocyte reactions
(MLRs) (Fig. 2). Responder and stimulator cells were prepared, and MLRs were per-
formed according to described procedures (28). The observations are consistent across
various sets of donor and responder pairs tested. These findings prompted evaluation of
allogeneic MAPCs in animal models of ischemic heart injury.

BENEFIT OF ADULT PLURIPOTENT STEM CELLS 
IN CARDIOVASCULAR DISEASE MODELS

MAPCs have previously been shown to differentiate into cardiomyocyte-like cells
and engraft in cardiac tissue in animal studies (22). Consequently, they likely hold
potential to repair damage in the heart caused by MI, CHF, and vascular disorders.

MAPCs and Acute Ischemic Injury
We have performed initial proof of concept studies in collaboration with Dr. Marc

Penn of the Cleveland Clinic. MAPC benefit was evaluated in a Lewis rat model for
myocardial infarction in which permanent ischemia was induced by direct surgical lig-
ation of the left anterior descending artery (LAD). The stem cells used in these experi-
ments were isolated from the bone marrow of Sprague-Dawley rats and stably labeled
by using a lentiviral construct encoding green fluorescent protein (GFP). In vitro differ-
entiation of the GFP-labeled MAPCs into the endothelial (mesodermal), hepatic (endo-
dermal), and neuronal (ectodermal) lineages and subsequent analysis of lineage-specific
marker expression by quantitative polymerase chain reaction (qPCR) confirmed that
the GFP-labeled MAPCs had retained tri-lineage differentiation potential (Fig. 3).
These stem cells were at population doubling numbers greater than 200 and displayed
normal karyotypes and telomere lengths comparable to early bone marrow cultures
(data not shown). 

To test the hypothesis that delivery of MAPCs to the myocardium in the peri-infarct
region can help to improve cardiac function, Lewis rats received allogeneic MAPCs
immediately after LAD ligation by direct injection into the infarct border zone (five
injections of 400,000 cells per injection). This experiment was designed to provide
proof of concept for allogeneic cell use with secondary endpoints of benefit. When
echocardiography was performed at 2 weeks post-MI, we observed a significant
increase in shortening fraction in those animals that received direct injection of MAPCs
compared to the phosphate-buffered saline vehicle control group (13.9 ± 2.2% [n = 4]
vs 24.0 ± 6.6% [n = 7]; p < 0.5) (see Fig. 4). Shortening fraction is calculated as a per-
centage of end-diastoloic minus end-systolic two-dimensional dimension divided by
end-diastolic length. 
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Subsequent histological analysis of the hearts confirmed that all of the animals that
displayed increased shortening fractions after stem cell injection had received prior
successful LAD ligation, as evidenced by the presence of extended zones of infarcted
tissue in the left ventricular wall areas of the heart (Fig. 5A). In addition, in all animals
that received the MAPCs by direct myocardial injection, GFP-positive cells were iden-
tified in infarcted heart tissue and in the infarct border zones after immunofluorescence
analysis (Fig. 5B,C). Interestingly, an absence of inflammatory lymphocytes in H&E
sections of heart that were positive for donor cells, either in the fibrotic ischemia zone
or in healthy myocardium, was observed. In addition, no allogeneic antibody (Ab)
response could be detected using serial dilutions of plasma against either donor stem
cells or Sprague-Dawley splenocytes. Detection was performed using anti-rat κ Ab,
and controls against peripheral blood and isotype Ab showed the ability to detect all
classes of rat immunoglobulin (data not shown). Mixed lymphocyte reactions were per-
formed using blood cells collected at time of sacrifice tested against irradiated stem
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Fig. 3. Tri-lineage differentiation of rat multipotent adult progenitor cells (MAPCs). For endothelial
differentiation, MAPCs were cultured on fibronectin-coated plates in the presence of vascular
endothelial growth factor-B. For hepatocyte differentiation, MAPCs were grown on matrigel-coated
plates and treated with fibroblast growth factor (FGF)-4 and hepatocyte growth factor. Neuronal dif-
ferentiation was induced by sequential treatment with basic-FGF (bFGF), with both FGF-8 and Sonic
Hedgehog, and with brain-derived neurotrophic factor. After 2 wk mRNA was extracted from cells
and applied to qPCR analysis using primers specific for detection of various lineages markers. In all
assays, cells cultured in the absence of lineage-inducing cytokines served as controls. The expression
levels of lineage markers were first normalized to an internal control (GAPDH), and differentiation
success was then assessed by calculation of the relative expression in the differentiated or the control
cells compared to the levels in the parental MAPC line, using an increase of more than fivefold in the
relative expression as a cutoff for successful differentiation. Differentiated rat MAPCs displayed sig-
nificant expression of the endothelial markers, von Willebrand factor (top panel), and PECAM-1, the
hepatic markers albumin (middle panel), cytokeratin-18, and HNF-1α, and the neuronal/astrocyte
markers GFAP (bottom panel), nestin, and NF-200.
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cells or Sprague-Dawley splenocytes. No shift in peak MLR kinetics was seen in treated
vs control animals, consistent with a lack of immune sensitization at this time point
(data not shown). More extensive analysis of allogeneic reactivity in long-term studies,
inclusive of additional strain combinations, is currently underway.

These first observations support the hypothesis that administering MAPCs to the
injured heart can aid in improvement of heart function. Subsequent experiments are in
progress to evaluate dose–response characteristics and to assess functional benefit at
longer time scales.

Bone-Derived Adult Pluripotent Stem Cells
A recent report from the laboratory of Dr. Losordo provides independent corrobora-

tion that pluripotent stem cells derived from bone marrow (bone marrow stem cells
[BMSCs]) show physiological benefit in rodent acute ischemia models (31). Although
culture conditions vary compared to MAPC protocols (22), primarily in the context of
serum concentration in media formulation, this stem cell population reiterates the reten-
tion for primitive germ layer regenerative capacity with extended replication capacity
as reported for MAPCs. In these studies, nude rats were used in an experimental model
of acute left ventricular ischemia to evaluate the benefit and cell fate of human pluripo-
tent stem cell cultures. A total of 800,000 human BMSC were injected into the peri-
infarct zone of animals undergoing a permanent LAD ligation shortly after treatment.
Echocardiography was used to determine heart wall function expressed as fractional
shortening and regional wall motion scores at 3 days and 4 weeks posttreatment.
Pluripotent stem cell-treated animals showed statistically significant improvements
compared with vehicle controls and animals treated with total bone marrow cells (31). 

The tracking of donor cells marked with a viable fluorescent dye was performed 
for cell fate analysis. By these criteria, fluorescent cells could be found at 4 weeks in
both the infarct zone and, encouragingly, in healthy heart tissue, with the labeled cells
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Fig. 4. Assessment of the shortening fraction two weeks after myocardial infarct (MI) induction and
multipotent adult progenitor cell (MAPC) injection. Lewis rats received either no MI surgery (no MI)
or LAD artery ligation followed by myocardial administration of phosphate-buffered saline (PBS) or
2 million MAPCs in five separate injections of 400,000 cells in the infarct border zone. After 2 wk
animals were subjected to M-mode echocardiography for measurement of the shortening fraction.
For each animal the left ventricular end-diastolic dimension (LVEDD) and the left ventricular end-
systolic dimension (LVESD) were measured five separate times, and the mean values were used to
calculate the shortening fraction (SF) according to the following formula: SF = (LVEDD –
LVESD)/LVEDD × 100. The asterisk in the figure indicates a significant difference between the
MAPC and the PBS control group (Dunn’s test, nonparametric multiple comparisons).
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displaying characteristics of cardiomyocytes (31). Because the animals were immune
deficient in this xenogeneic model, no comments can be made regarding potential allo-
geneic cell utility. 

CONCLUSIONS AND FUTURE DIRECTIONS

The studies described above illustrate the potential of pluripotent stem cells to restore
cardiac function in acute ischemic injury, likely through trophic benefit at early times
postinjury (Fig. 3). Yoon et al. suggest that this potency may be greater than that of
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Fig. 5. Analysis of myocardial infarct (MI) induction and multipotent adult progenitor cell (MAPC)
engraftment. Two weeks after MI surgery and MAPC injection, animals were sacrificed and the
hearts were harvested for histological analysis. (A) Semi-thin cross-sections of paraffin-embedded
tissue were stained with hematoxylin/eosin for gross morphological evaluation. The infarcted region
in the left ventricular wall is highlighted by the dotted line. (B,C) Sections were labeled with primary
goat anti-green fluorescent protein (GFP) antibody, followed by secondary Alexa-fluor conjugated
anti-goat IgG antibody and DAPI staining. Nuclei are blue and GFP-positive cells are green.
Autofluorescent signals in the tissue are caused by lipofuscins (pink) and myofbrils (yellow). The
orange signal is caused by erythrocytes in blood vessels. In panel C, note the presence of an extended
GFP-positive cell intercalated within an area of cardiac myofibrils. (See color insert following p. 114)
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total bone marrow cells (31). Preliminary observations from our own studies support
previous findings reported in the MSC literature that adherent BMSCs may be immune
privileged and therefore have therapeutic value in an allogeneic setting as an off-the-
shelf product. These data, however, are still preliminary, and parameters such as dose
regimen, route of delivery, cell fate, and adjunct therapy require further analysis to val-
idate allogeneic clinical strategies.

It will also be important that further progress is made in standardizing the definitions
and descriptions of pluripotent stem cell properties and the experimental models in
which they are tested. For example, many of the phenotypic markers used in the early
descriptions of MSC biology do not provide a distinction between adherent marrow
stromal cell cultures that display noticeable variations in tissue regenerative capacity. It
will be essential to classify stem cells based on markers of lineage potency, such as
transcription factors like Oct4, and to more precisely determine what effects cell cul-
ture conditions, including oxygen tension, cell density, serum levels, and substratum
modifications, have on both stem cell marker expression and stem cell lineage differen-
tiation potential. 
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SUMMARY

Mammalian bone marrow contains mesenchymal lineage progenitors that have high proliferative
capacity, are clonogenic in vitro, and demonstrate the ability to differentiate to multiple mesenchy-
mal lineage tissue types, including bone, cartilage, fat, smooth muscle, and cardiac muscle.
Isolation of these cells on the basis of their physical properties results in clonal outgrowth with
functional in vitro heterogeneity. Prospective immunoselection of mesenchymal lineage precur-
sor cells enhances reproducible functional outgrowth, and the phenotype STRO-1brightVCAM-1+

characterizes a multipotent mesenchymal precursor cell in vivo, which gives rise to a 50%
frequency of multipotential clonal outgrowth in vitro. These cells are anatomically located in
perivascular niches in the bone marrow and throughout the body and demonstrate phenotypic
and genetic identity to vascular pericytes. Consistent with the pivotal role played by pericytes in
formation of vascular structures during embryogenesis, cumulative data show that mesenchymal
precursors regulate adult vasculature formation. In addition, under appropriate differentiation
conditions, mesenchymal precursors give rise to new cardiomyocytes. Because vascular net-
work formation is a prerequisite for long-term survival of cardiomyocyte precursors implanted
into ischemic myocardium, mesenchymal lineage precursors appear to be ideal candidates for
enhancing both cardiac neovascularization and myogenesis. Clinical protocols using these cells
will require optimization of serum-free culture methodologies and biological scaffolds/matrices
for enhancing survival of implanted cells. Finally, recent data indicating that mesenchymal line-
age precursors evade immune recognition raise the exciting prospect that allogeneic use of these
cells may be feasible.

Key Words: Cardiomyocyte; progenitor cells; clonal expansion; pericytes.

INTRODUCTION

The mammalian bone marrow comprises two distinct stem cell populations that
cooperate and are functionally interdependent: the hematopoietic and mesenchymal
lineage progenitors. Traditionally, mesenchymal lineage progenitors within the bone
marrow stroma have been viewed largely in terms of their well-documented role in
supporting the proliferation, differentiation, and maturation of hematopoietic stem
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cells. However, although hematopoietic lineage stem cells appear to be relatively
restricted in their range of tissue differentiation to cells of hematopoietic and endothelial
lineage, mesenchymal lineage progenitors have more recently been shown to contain
multipotent stem cells with the capacity to give rise to a variety of differentiated cell lin-
eages, including bone, cartilage, adipose, smooth muscle, and even cardiac muscle tissue.

The increasing recognition of the multipotential properties of mesenchymal lineage
progenitor cells, together with their apparent ease of culture manipulation, has gener-
ated great interest in using these cells for diverse clinical applications. More intriguing
recent data have focused on the ability of these cells to evade recognition by the immune
cells of unrelated recipients, raising the possibility that they may potentially constitute
a source of allogeneic cellular therapeutic products. This chapter will give an overview
of the identity, nature, developmental origin, and functional characteristics of mes-
enchymal lineage progenitor cells, their amenability to ex vivo culture manipulation,
and existing data in support of their therapeutic potential, particularly for patients with
cardiovascular disease. 

MESENCHYMAL LINEAGE PROGENITORS
IN MAMMALIAN MARROW 

Friedenstein and colleagues (1) were the first to establish a reproducible biological
assay to identify the presence of cells in mammalian bone marrow capable of giving
rise to multiple tissues of mesenchymal lineage, including bone, cartilage, and fat.
Using gentle mechanical disruption of bone marrow tissue, they were able to readily
dissociate stromal and hematopoietic cells into a single-cell suspension. The bone mar-
row stromal cells rapidly adhere, can be easily separated from the nonadherent
hematopoietic cells by repeated washing, and, under appropriate culture conditions,
give rise to distinct colonies. The clonogenic stromal progenitor cells responsible for
colony growth under these conditions were termed fibroblast colony-forming cells
(CFU-F) and described as rapidly adherent, nonphagocytic clonogenic cells capable of
extended proliferation in vitro (1).

The degree of CFU-F proliferative activity in vitro is greatly dependent on the mito-
genic factors present in the culture media. The most important of these include platelet-
derived growth factor (PDGF), epidermal growth factor (EGF), basic fibroblast growth
factor, transforming growth factor-β, and insulin-like growth factor-1 (2,3). Under opti-
mal conditions, cultured cells combined from multiple CFU-F colonies can undergo
more than 50 cell doublings, or more than 25 culture passages, demonstrating extensive
self-replicative capacity. 

FUNCTIONAL IN VITRO HETEROGENEITY
OF MARROW MESENCHYMAL LINEAGE PROGENITORS 

Neither CFU-F outgrowth nor expression of osteogenic, chondrogenic, or adipogenic
phenotypic markers in culture (detected by either mRNA expression or histochemical
techniques) necessarily constitutes multipotency of a given clone (4). Typically, CFU-F
outgrowth is heterogeneous and is characterized by a broad range of colony sizes and
different cell morphologies, representing varying growth rates of different cell types
ranging from spindle-shaped cells to large flat cells. Moreover, different clones may
spontaneously differentiate to different tissues under inductive conditions in vitro or
following transplantation in vivo (5,6). 
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Interestingly, the bone marrow stromal population from which mesenchymal lineage
stem cells are derived shares properties with cells of fibroblast, myofibroblast, and
endothelial cell lineage, expressing matrix proteins, α-smooth muscle actin (α-SMA),
as well as endoglin (CD105) and MUC-18 (CD146). Despite attempts to use only those
clones that have been distinctively characterized phenotypically following ex vivo cul-
ture and passage of cells initially isolated from bone marrow stroma by simple density
gradient separation and plastic adherence, the resulting clones continue to display vary-
ing degrees of multipotentiality (7). To date, no surface marker expressed by in vitro
cultured mesenchymal lineage cells has consistently shown predictability of the biolog-
ical behavior of any given clone either in vitro or in vivo.

PROSPECTIVE IMMUNOSELECTION OF MESENCHYMAL LINEAGE
PRECURSOR CELLS AND REPRODUCIBLE FUNCTIONAL 

OUTGROWTH 

To generate mesenchymal lineage stem cells with sufficient functional reproducibil-
ity to enable clinical use, investigators have sought to develop more precise methods to
identify and isolate the subset of marrow mesenchymal lineage precursors with the
most extensive replication and differentiation potential. This requires prospective link-
age between surface phenotype, genotype, and multipotency displayed in transplanta-
tion assays. By immunizing mice with human mesenchymal lineage precursors, several
laboratories have developed monoclonal antibodies reactive with and suitable for isola-
tion of highly purified mesenchymal precursor cell populations (8–11). Use of a mono-
clonal antibody reactive with an antigen termed STRO-1 enables identification of a
population of marrow stromal cells that are clonogenic (STRO-1+bright) (12) and
results in a 10- to 20-fold enrichment of CFU-F relative to their incidence in unsepa-
rated bone marrow (13). Freshly isolated STRO-1+bright cells containing multipotent
stromal/mesenchymal lineage stem cells have been extensively characterized for a long
list of markers expressed by fibroblasts, myofibroblasts, endothelial cells, and
hematopoietic cells in several different laboratories (14–17). In these studies, combined
use of monoclonal antibodies against STRO-1 and vascular cell adhesion molecule-1
(VCAM-1/CD106) results in up to 1000-fold enrichment of CFU-F relative to their
incidence in unseparated bone marrow, with a CFU-F incidence of approximately one
per two cells plated (17). At a clonal level, STRO-1bright/VCAM-1+ cells are devoid of
hematopoietic, fibroblast, or endothelial lineage cells and demonstrate multipotential
capability, differentiating to bone, cartilage, and adipose tissue. Thus, in order to maxi-
mize functional reproducibility, all efforts should be made to initiate mesenchymal lin-
eage stem cell culture expansion with as pure and homogeneous a population of
STRO-1bright/VCAM+ cells as possible. 

ANATOMICAL LOCATION OF MESENCHYMAL LINEAGE 
PRECURSOR CELLS SUGGESTS SHARED IDENTITY 

WITH VASCULAR PERICYTES

There are now cumulative data from a number of investigators that convincingly point
toward the identity of clonogenic stromal/mesenchymal lineage stem cell precursors as
being cells intimately associated with blood vessel walls, generally referred to as vascular
smooth muscle cells (vSMCs) or pericytes. By immunohistochemistry, STRO-1+ cells in
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human bone marrow as well as at other sites, including abdominal fat, dental pulp, skin,
and liver, are predominantly localized anatomically to perivascular and sinusoidal sites
(18). Here they are found to co-express markers typically associated with both vascular
smooth muscle, such as α-SMA, and with endothelium, such as MUC-18/CD146. 

Observations from cultured bone marrow-derived stromal cells support the interpre-
tation that mesenchymal precursor cells are vascular pericytes in vivo. Cultured stromal
cells/mesenchymal lineage stem cells co-express α-SMA as well as other markers of
pericytes/smooth muscle cells such as caldesmon, metavinculin, calponin, and smooth
muscle myosin heavy chains (19). Moreover, cultured pericytes and marrow stromal
cells synthesize very similar extracellular matrix proteins, which include a variety of
basal lamina and interstitial collagens (20,21). In addition, marrow stromal cells
respond exuberantly to culture with PDGF-BB (22), a cytokine whose interaction with
its cognate receptor is involved in pericyte recruitment and viability (23). Finally, vas-
cular pericytes isolated from blood vessels or the retina fulfill the criteria for being
multipotential mesenchymal precursors, demonstrating capability for differentiation
into a variety of cell types, including osteoblasts, adipocytes, chondrocytes, and fibro-
blasts (24–29). 

FORMATION OF VASCULAR STRUCTURES DURING 
EMBRYOGENESIS: INTERRELATIONSHIP BETWEEN PERICYTES

AND ENDOTHELIAL PRECURSORS

In order to develop successful methods for inducing neovascularization of the adult
heart, one needs to understand the process of definitive vascular network formation
during embryogenesis. In the prenatal period, hemangioblasts derived from the human
ventral aorta give rise to cellular elements involved in both vasculogenesis, or forma-
tion of the primitive capillary network, and hematopoiesis (30,31). Under the regulatory
influence of various transcriptional and differentiation factors, embryonic hemangioblasts
mature, migrate, and differentiate to become endothelial lining cells and create the prim-
itive vasculogenic network. Subsequent to capillary tube formation, the newly created
vasculogenic vessels undergo sprouting, tapering, remodeling, and regression under the
direction of vascular endothelial growth factor (VEGF), angiopoietins, and other fac-
tors, a process termed angiogenesis. The final component required for definitive vascu-
lar network formation to sustain embryonic organogenesis is influx of mesenchymal
lineage cells to form the vascular supporting mural cells such as vSMCs and pericytes.

The embryological origins of pericytes and vSMCs include mesenchymal cells sur-
rounding the dorsal aorta (32,33), neural crest cells in the forebrain and cardiac out-
flow tract (34), and epicardial cells in heart coronary vessels (35). In the mature
vascular system, the endothelium is supported by mural cells, with the smallest capil-
laries partially covered by solitary pericytes and arteries and veins surrounded by sin-
gle or multiple layers of vSMC. It has been suggested that pericytes and vSMCs
represent a continuum of a common mural cell lineage and that pericytes may give
rise to vSMCs during vessel enlargement or remodeling (arteriogenesis) (36). The
vSMCs provide structural support to large vessels and are important regulators of arte-
riolar blood flow because of contractile characteristics. Whereas pericytes com in
direct contact with endothelial cells via N-cadherin- and β-catenin-based adherens
junctions (37), vSMCs are separated from the endothelium by a basement membrane
and in larger arteries by the intima.
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Pericytes form intimate connections with endothelial cells, with alterations in these
interactions having significant consequences on microvasculature morphology and
physiology. Injecting N-cadherin-neutralizing antibodies into the developing chick
brain has profound effects on vascular integrity (38), whereas injecting neutralizing
PDGFR-β antibodies into newborn mice results in almost complete impairment of
pericyte recruitment to the retinal microvasculature, with severe defects in vascular
patterning (39). Detailed analysis of the microvasculature in PDGF-B and PDGFR-β
knockout mice demonstrates abnormal capillary diameters, rupturing micro-
aneurysms, endothelial hyperplasia, defects in endothelial junction formation, and
formation of numerous cytoplasmic folds at the luminal surface of the endothelium
(23). Together with physiological signs of hypoxia in these knockout animals, such
as upregulation of VEGF-A expression (23), these observations indicate that peri-
cytes control endothelial differentiation in vivo, have a profound role in sprouting
angiogenesis in the retina, and have a major effect on capillary blood flow in general. 

HUMAN MESENCHYMAL PRECURSOR CELLS AS PROGENITORS 
OF THE VASCULAR NETWORK

As with development of other organs in the embryo, establishment of the primitive
marrow stroma involves a complex series of events that require vascular invasion of
primitive bone rudiments (40). The relevance of the vascular system persists in the
postnatal skeleton, with the medullary vascular network consisting of a continuous
layer of endothelial cells and subendothelial pericytes and being shared by bone and
bone marrow (41,42). Under normal steady-state conditions, human bone marrow
expression of α-SMA is limited to vSMCs in the media of arteries, pericytes lining
capillaries, and occasional flattened cells on the endosteal surface of bone (43).
Strikingly, pericytes in the arterial and capillary sections of the medullary vascular net-
work co-express α-SMA and STRO-1, consistent with the identity and anatomical loca-
tion of stromal/mesenchymal progenitors as vSMCs/pericytes (18).

The perivascular in vivo location of human mesenchymal lineage precursors,
together with their co-expression of markers of both endothelial and smooth muscle
lineage cells and their multipotential capabilities, raise the intriguing possibility that
mesenchymal lineage precursors may be true progenitors of the vascular tree. This pos-
sibility is supported by work with embryonic stem cells, where a common flk-1+ pre-
cursor gives rise to cells of both endothelial and smooth muscle lineage, resulting in
development of the embryonic vasculature (44,45).

The intimate proximity of human perivascular mesenchymal lineage precursors to
vascular endothelium suggests that each cell type influences the biology of the other.
Migration of mesenchymal lineage precursors and formation of a pericyte coating in
physical continuity with the nascent vascular network is dependent on production of
EGF and PDGF-B by nascent endothelial tubes (46). Conversely, maintenance of ves-
sel integrity, stabilization, and prevention of vessel pruning is dependent on pericyte
coating of the microvessel (46).

During normal bone development, new bone formation occurs in a precise spatial and
temporal sequence, best visualized in metaphyseal growth plates. Importantly, new bone
cell growth accompanies endothelial cell growth, pericyte coverage, and active angio-
genesis. Inhibition of angiogenesis results in blockade of both metaphyseal endochon-
dral bone formation and related activities in the adjacent cartilage growth plates (47).
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Together, these observations suggest that STRO-1+ mesenchymal lineage precursors
serve as important regulators of new blood vessel formation in the bone marrow, in
growing bone, and, in view of their ubiquitous expression throughout the body, perhaps
in various tissues during periods of growth, damage, or remodeling.

NEW VASCULAR NETWORK FORMATION AND LONG-TERM 
SURVIVAL OF CARDIOMYOCYTE PRECURSORS IMPLANTED 

INTO ISCHEMIC MYOCARDIUM

A major limitation to successful cellular therapy in animal models of myocardial
damage has been the inability of the introduced donor cells to survive in their host
environment, whether such transplants have been congenic (analogous to the autolo-
gous scenario in humans) or allogeneic. One major reason for the poor survival of
transplanted cardiomyocytes or skeletal myoblasts is that viability and prolonged func-
tion of transplanted cells requires an augmented vascular supply. Recent studies have
shown that development of thin-walled capillaries in ischemic myocardium following
transplantation of hematopoietic lineage endothelial precursors enhances survival of
endogenous cardiomyocytes (48). Moreover, transplanting cultured cardiomyocytes
that incorporate more vascular structures in vivo results in significantly greater cell sur-
vival and protection against apoptosis (49). Finally, in situations where transplanted
cardiomyocyte precursors contained an admixture of cells also giving rise to vascular
structures, survival and function of the newly formed cardiomyocytes has been signifi-
cantly augmented (50). 

As a corollary of the above, it is reasonable to anticipate that cellular therapies for
the treatment of ischemic cardiomyopathy will need to address two interdependent
processes: (1) a renewable source of proliferating, functional cardiomyocytes and
(2) development of a network of capillaries and larger blood vessels for supply of
oxygen and nutrients to both the chronically ischemic, endogenous myocardium and to
the newly implanted cardiomyocytes. To achieve these endpoints, a common cellular
source for regenerating cardiomyocytes, vascular structures, and supporting cells such
as pericytes and smooth muscle cells would be ideal. The mesenchymal lineage precur-
sor cell would appear to be just such a cellular source.

MESENCHYMAL PRECURSOR CELLS AS CARDIOMYOCYTE 
PROGENITORS

Over the past several years, a number of studies have suggested that stromal or mes-
enchymal lineage stem cells can be used to generate cardiomyocytes ex vivo for poten-
tial use in a range of cardiovascular diseases (51–54). The newly generated
cardiomyocytes appear to resemble normal cardiomyocytes in terms of phenotypic
properties, such as expression of actinin, desmin, and troponin I, and function, includ-
ing positive and negative chronotropic regulation of contractility by pharmacological
agents and production of vasoactive factors such as atrial and brain natriuretic peptides
(51,52). Moreover, in vivo transplantation of bone marrow-derived mesenchymal line-
age stem cells has resulted in incorporation within endogenous heart tissue (53) and in
cardiac muscle differentiaiton (54). 

However, significant and sustained functional cardiac improvement following in
vivo transplantation of stromal/mesenchymal lineage stem cell-derived cardiomyocytes
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has been exceedingly difficult to show to date. In part this may be because the signals
required for cardiomyocyte differentiation and functional regulation are complex and
poorly understood. For example, phenotypic and functional differentiation of mes-
enchymal stem cells to cardiomyocyte lineage cells in vitro requires culture with exoge-
nously added 5-azacytidine (55). An alternative explanation is that xenogeneic components
of the culture media, such as bovine calf serum, result in immunogenic modification of
the cells during the ex vivo culture process, as has been shown for myocardial implan-
tation of skeletal muscle. In the absence of tissue culture, skeletal myoblast implanta-
tion does not induce any adverse immune response and results in grafts showing
excellent survival for up to 1 year, whereas injection of cultured isolated (congenic)
myoblasts results in a massive and rapid necrosis of donor myoblasts, with more than
90% dead within the first hour after injection (56–58). Rejection of the cells modified
by tissue culture conditions is mediated by host natural killer cells, which recognize
foreign proteins on the surface of the modified autologous or congenic cells. Other pos-
sible reasons for lack of sufficient engraftment and long-term survival of these cells
include the lack of appropriate survival signals present in the ischemic myocardium or
within the matrix/scaffolds in which the cells are delivered. Methods to increase
endogenous expression of cell survival signals, such as by Akt genetic modification of
stromal/mesenchymal lineage cells, can result in prolonged cellular survival in vivo
and functional cardiac recovery (59).

POTENTIAL FOR ALLOGENEIC USE OF MESENCHYMAL LINEAGE
PRECURSOR CELLS

Some of the most exciting data generated recently relates to the ability of mes-
enchymal lineage stem cells to evade recognition by the immune cells of unrelated
recipients, raising the possibility that they may potentially constitute a source of
allogeneic cellular therapeutic products. Despite the expression of human leukocyte
antigen molecules on their cell surface, these cells do not induce allogeneic mixed
lymphocyte responses, even after being differentiated to bone, cartilage, or adipocytes
(60,61). Moreover, they suppress third-party mixed lymphocyte responses in vitro in
a dose-dependent manner (62) and can suppress an ongoing immune response
in vivo, as demonstrated in a recent study in which haploidentical mesenchymal
stem cells inhibited a potentially fatal graft-vs-host response in a bone marrow trans-
plant recipient (63). 

Allogeneic mesenchymal stem cells loaded on hydroxyapatite–tricalcium phosphate
implants enhanced the repair of a critical-sized segmental defect in the canine femur
without the use of immunosuppressive therapy, with no adverse immune responses
detected for up to 4 months of follow-up (64). These are the first animal studies that sup-
port the feasibility of using allogeneic mesenchymal lineage cells for tissue regenera-
tion. If similar studies can be extended to large animal models of cardiovascular disease,
they would open the exciting prospect of using well-regulated, centrally manufactured,
allogeneic mesenchymal lineage cell therapy in patients with heart disease.

CONCLUSIONS

Adult bone marrow stromal or mesenchymal lineage precursors can be isolated to
great purity by physical and immunological techniques, expanded easily by ex vivo
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culture techniques, and used to generate both vascular networks and new heart mus-
cle when implanted into ischemic myocardium. However, challenges remain in opti-
mizing the culture-expansion protocols and techniques for delivery of these cells
before they can be considered ready for in vivo human transplantation. Specifically,
their capacity for vascular network formation needs to be harnessed, conditions to
direct their differentiaton to cardiomyocytes need to be defined, immunogenic factors
in the culture media need to be eliminated, and biological matrices/scaffolds in which
the cells are delivered in vivo need to be optimized for providing adequate cell sur-
vival signals.
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SUMMARY

Limitations of revascularization for ischemic heart disease include incompleteness of revas-
cularization, even for surgical revascularization, especially for calcified lesions in distal seg-
ments of small-caliber vessels. Revascularization has not been shown to regenerate functional,
viable myocardium from scarred and infarcted myocardium. Previous alternatives to revascular-
ization such as transmyocardial laser revascularization, gene therapy, and orthotopic heart trans-
plantation also have many disadvantages that limit their use in high-risk patients such as those
with recent myocardial infarction and advanced heart failure.

Although preclinical and early clinical studies in cardiovascular disease of adult-derived
stem cells have shown promise, many limitations remain. Umbilical cord blood (UCB)-derived
stem cells have several advantages over adult stem cells, including ease of harvesting and stor-
age and decreased risk for immune intolerance and transmission of infectious agents. Here we
summarize our laboratory’s preclinical in vitro and in vivo studies of UCB-derived stem cells:
their phenotypic characterization, ability for neovascularization in a murine femoral artery liga-
tion hindlimb ischemia model, reduced likelihood of stimulating an immune response, and
interaction with stem cells of other origins. 

Key Words: Umbilical cord blood hematopoietic stem cells; AC133+ cells; vasculogenesis;
coronary ischemia.

UMBILICAL CORD BLOOD-DERIVED STEM CELLS
IN MYOCARDIAL REGENERATION AND VASCULOGENESIS

Umbilical cord blood (UCB) contains pluripotent stem cells, can be harvested after
birth, and may have clinical and logistical advantages over individual patient adult-
derived stem cells in potential application for therapeutic vasculogenesis (1). These
clinical advantages include UCB collection at no risk to the donor, greater accessibility
for storage, immediate availability in a bank, wider availability of diverse human leuko-
cyte antigen (HLA) genotypes, lower immune reactivity, and lower inherent pathogen
transmission. UCB has a further advantage in that it is not subject to the social and
political controversy related to embryonic stem cells. UCB is unique in that it is the
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only tissue for which transplantation across HLA barriers has been successful (2). UCB
has been shown to be a prolific source of hematopoietic stem cells (HSCs). Single
UCB units can reconstitute entire lympho-hematopoietic systems in adult patients (3).
UCB has significantly greater concentrations of HSCs, higher proliferation capacity, and
longer telomeres than equivalent aliquots of adult peripheral blood or marrow. Current
collection and banking practice limits units suitable for cryopreservation to those con-
taining nucleated cell doses exceeding 900 million. HLA-matched UCB-derived HSCs
therefore may have distinct advantages as a cell source including greater potential life
span and greater reparative proliferation relative to existing models of therapeutic
angiogenesis derived from patient peripheral blood or marrow. 

UCB STEM CELLS AND VASCULOGENESIS

CD133+ Hemangioblasts 
CD133+ HSCs are of particular interest in studies directed to therapeutic angiogenesis,

as reports by Asahara and other groups indicate that these cells differentiate into endothe-
lial cells after short-term culture (4). HSCs are a heterogeneous cell population with vary-
ing proliferative and developmental capabilities. Of particular relevance to HSC studies
in vasculogenesis is CD105 (endoglin) expression on HSCs and their responsiveness to
exogenous vascular endothelial growth factor (VEGF) (5). Our Case faculty group has
previously reported that human mesenchymal stem cells (MSCs) also express CD105 (6),
rendering this cell population potentially responsive to VEGF elicited after vascular
injury. Further relevant studies in HSC manipulation in vitro to optimize cellular infusion
products for specific therapeutic applications in vasculogenesis include recent insights
into HSC cycle regulation (7) as well as the critical role of specific regulatory proteins
exemplified by EphB4 (HTK) and its ligand, ephrinB2, which have been shown to be
critical for angiogenesis and result in fatal abnormalities of capillary formation in null
mice. EphB4 has been shown to be expressed in erythroid progenitors, whereas its ligand
ephrinB2 is expressed in bone marrow (BM) stromal cells, pointing to the important
interplay between HSCs and MSCs in vasculogenesis and hematopoiesis (8).

Hemangioblast and Stromal Cell Interactions 
We have previously reported extensive research on methods to isolate, culture-expand,

and phenotypically characterize human MSCs as well as their multilineage developmen-
tal potential and capacity to regulate a variety of other developmental events including
angiogenesis (6,9). Although MSCs are rare, comprising 0.01–0.0001% of the total nucle-
ated cells of BM, we have perfected a cell culture methodology for their isolation from
BM, purification to homogeneity from other BM cells, and mitotic expansion in culture
without loss of their stem cell potential (10). Human adult MSCs, although marrow
derived, fail to express CD34 or CD45, but have been shown to express interleukin (IL)-6,
-7, -8, -11, -12, -14, and -15, macrophage colony-stimulating factor, flt-3 ligand, and stem
cell factor (SCF) in steady state but do not express IL-3 and transforming growth factor
(TGF)-β. Exposure to dexamethasone results in decreased expression of leukocyte
inhibitory factor, IL-6, and IL-11 (11). Moreover, adhesion molecules expressed by stro-
mal cells of importance in supporting early hemangioblasts include fibulin-1 and fibulin-2,
tenascin-C, stromal cell-derived factor-1 (SDF-1), and collagen type VI. 

Human MSCs home to sites of vascular injury and augment neovasculogenesis in con-
cert with early hemangioblasts via secreted soluble factors and direct cell contact effects.
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Vasculogenesis is a complex biological process requiring interaction of multiple cellular
and cytokine factors. Few studies focus on interactions between mesenchymal and
endothelial cells during the process of neovascularization. Induction of an angiogenic phe-
notype in microvascular endothelial cells in vitro and promotion of angiogenesis in vivo
by cultured fibrocytes has been previously reported (12). In addition, vasculogenesis by
early hemangioblasts has been shown to be augmented in the presence of mesenchymal
cells (13). Mesenchymal cells constitutively secrete extracellular matrix-degrading
enzymes, primarily matrix metalloproteinase 9, which promote endothelial cell invasion.
In addition, mesenchymal cells secrete several pro-angiogenic factors, including VEGF,
basic fibroblast growth factor (bFGF), IL-8, platelet-derived growth factor, and hematopoi-
etic growth factors that promote endothelial cell migration, proliferation, and/or tube for-
mation (12,14). Taken together, these reports point to potential synergy between endothelial
and mesenchymal cells in mediating neovasculogenesis in response to vessel injury.

UCB-DERIVED STEM CELLS IN ACUTE MYOCARDIAL INFARCTION

The noncontroversial nature of umbilical cord blood stem cells has led several groups
to study the effects of injection of UCB stem cells (UCBSCs) on cardiac function fol-
lowing acute myocardial infarction (MI). The first reported study was by Henning and
colleagues, who studied the effects of 1 million mononuclear UCBSCs injected directly
into the infarct border zone 1 hour after left anterior descending ligation in a rat
model (15). Of note, these studies were performed without immunosuppression in
immune-competent rats. They demonstrated that this strategy led to significant
improvement in cardiac function and left ventricular wall thickness as measured by
echocardiography and invasive hemodynamics. Furthermore, in response to phenyle-
phrine, the human UCBSC-treated group had myocardial functional reserve similar to
that in sham-infarcted animals (15).

Since the study by Henning et al., multiple groups have demonstrated that the deliv-
ery of UCBSCs has the potential to improve cardiac function in animal models (16–19).
Leor and colleagues studied the intravenous infusion of approx 2 million CD133+

human UCBSCs into athymic nude mice 1 week after permanent left anterior descend-
ing artery (LAD) ligation (18). One month later, those animals that received UCBSCs
had improved cardiac function of approx 42%; those that received saline 1 week after
MI exhibited a 39% decline in function (18). Similar findings have been observed in an
immunosuppressed porcine model using human unrestricted somatic stem cells isolated
from umbilical cord (17). Ma and colleagues further demonstrated that UCBSCs will
not enter the myocardium unless myocardial injury has occurred (18) and suggest that
stem cell homing factors such as SDF-1 (20,21) are required to recruit UCBSCs to the
myocardium. One of the difficulties of UCBSC-based therapies is the limited amount
of cell material obtained from a single cord. To address this issue, Mal et al. studied the
effects of culture-expanded UCBSC CD34+-derived cells in nude rats following LAD
ligation. Whether these expanded cells were directly injected into the infarct zone (2 mil-
lion cells) at the time of MI or infused via the tail vein 1 day after MI (4 million cells),
shortening fraction was improved approx 97% compared to saline controls (22).

The exact mechanism for improvement in cardiac function with UCBSCs is unclear;
however, there is little credible evidence for regeneration of cardiac myocytes.
Consistent in all studies is evidence of angiogenesis or vasculogenesis (17,18) and
improvement in left ventricular remodeling (16,18). Interestingly, there is a paucity of
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chimeric vessels or evidence of UCBSC differentiation into the endothelium of newly
formed vessels, suggesting that the benefit of UCBSCs in myocardial function may be
a result of paracrine effects. Consistent with this hypothesis is the observation that
UCBSCs engineered to overexpress VEGF and angiotensin-1 demonstrated increased
benefit when compared with control UCBSCs (23).

ONGOING STUDIES AT CASE WESTERN RESERVE UNIVERSITY

Isolation and Characterization of Endothelial Progenitor Cells
From UCB and Bone Marrow 

Mononuclear cells (MNCs) from fresh UCB or BM were isolated by density-gradient
centrifugation. Cells were plated on fibronectin-coated tissue culture flasks at a density
of 4–6 × 106 cells/mL (UCB MNCs) or 1–2 × 106 cells/mL (BM MNCs) in EBM2
medium (Clonetics™) with 5% fetal bovine serum (FBS). In addition, the media was
supplemented with standard SingleQuot™ additives that included VEGF, fibroblast
growth factor, insulin-like growth factor, hydrocortisone, ascorbic acid, and heparin.
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Fig. 1. Characteristics of umbilical cord blood (UCB)- and bone marrow (BM)-derived endothelial
progenitor cells. Mononuclear cells from fresh UCB or BM were isolated and cultured under endothe-
lial conditions for 7 d. Two principal cytochemical staining features of endothelial cells are the adher-
ence of specific lectin proteins and the uptake of acetylated low-density lipoprotein (acLDL).
Fluorescent microscopy of adherent cells was utilized to assess uptake of acLDL (red) and Ulex
Europeas (UEA) lectin after 7 d of culture. Images shown here were representative and taken at 40x
with a Zeiss LSM510 microscope. The cultures were then analyzed by flow cytometry to verify the
results. (See color insert following p. 114.)
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Nonadherent cells were removed after 4 days of culture, and medium was changed
every fourth day thereafter. Adherent cell yield from UCB cultures was on average
2.5 ± 0.4% of initial MNC input compared to 21.5 ± 3.7% obtained from BM MNCs.
Fluorescent microscopy of adherent cells revealed that the majority exhibited uptake of
acetylated low-density lipoprotein. A smaller proportion exhibited positive staining for
Ulex Europeas (UEA) lectin (Fig. 1).

Flow Cytometric Analysis of Endothelial Progenitor Cells Derived 
From UCB vs Bone Marrow 

Further characterization was conducted of unselected UCB and BM MNCs cultured
in endothelial progenitor cell (EPC) conditions. Adherent cells were trypsinized and
stained for CD34 and mature endothelial-specific markers CD146 (P1H12, MUC18, or
MCAM), CD31, and VE-cadherin, with more than 60% of the cultured adherent cells
positive for CD146. CD31 expression was 25% in BM-derived EPCs compared with
50% in UCB-derived cells. However, CD31 staining was brighter in BM-derived EPCs.
VE-cadherin was expressed in 10% of cells from BM compared to 24% in the cells
from UCB. UCB-derived EPCs showed expression of CD34 in 25% of cells compared
to 10% of the BM-derived EPCs (Fig. 2).

Functional Analysis of UCB-Derived and Bone Marrow-Derived 
Endothelial Progenitor Cells In Vivo 

SEVERE COMBINED IMMUNODEFICIENT–NONOBESE DIABETIC MURINE HINDLIMB

INJURY MODEL

EPCs (adherent cells only) were harvested at day 7, and 1 × 106 cells/mouse were
injected into hind limb-injured mice after femoral artery ligation. Immediately after
surgery and cell injection, baseline blood flow of both the ischemic right leg and the
nonoperated left leg was measured by a laser Doppler flowmeter. Study mice were
injected with EPCs derived from either UCB or BM. Control mice were injected with
saline or complete EBM2 medium. Laser Doppler measurements of both hind limbs
were taken on days 7, 14, and 28. A ratio of perfusion in the ischemic limb vs the
healthy limb was used to compare neovascularization in the three study groups. 
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Fig. 2. Flow cytometric analysis of endothelial progenitor cells derived from umbilical cord blood
(UCB) vs bone marrow (BM). UCB was cultured for 19 d, and BM for 12 d, in media, and adherent
cells were trypsinized and stained for CD34 and the endothelial-specific markers VE-cadherin,
CD146, and CD31. Nonstained control is shown in black; stained cells are shown in grey.
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Immediately following femoral ligation, the perfusion ratios were 0.057 ± 0.011
(control group), 0.029 ± 0.007 (UCB-derived EPCs), and 0.020 ± 0.004 (BM-derived
EPCs), showing reduced perfusion in all groups (Fig. 3). After 14 d there was a statis-
tically significant higher blood flow in the injured leg in study groups receiving UCB-
derived EPCs between the control group (p < 0.05) and between the BM-derived EPC
group and the control group (p < 0.001). Perfusion ratios in the control group remained
low, with 0.24 ± 0.032 (n = 14) compared to 0.41 ± 0.031 (n = 22) in the group receiving
UCB-derived EPCs (p = 0.0008) and 0.48 ± 0.039 (n = 14) in the group receiving BM-
derived EPCs. Importantly, at day 14 there was no significant difference between the
two sources of EPCs (p = 0.18). Subsequent measurements at 28 days was notable for
improvement in Doppler blood flow in control animals, rendering perfusion ratios
equalized when comparing the control group to mice receiving cell infusions.

HISTOLOGY CONFIRMATION STUDIES

Tissue from the lower calf muscle of both hind limbs was harvested at day 28 for
histological evaluation. Samples were fresh-frozen in liquid nitrogen and fixed in for-
malin. Frozen sections of 6-µm thickness were mounted on saline-coated glass slides
and stained using immunohistochemistry technique to identify incorporation of EPCs
derived from human cells by staining with human anti-CD31 antibody. Specimens from
mice injected with EPCs showed positive staining for CD31, whereas control mice
injected with complete EBM2 medium did not. Healthy limbs of all groups did not
show positive CD31 staining (data not shown). Further histological analyses included
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Fig. 3. Functional analysis of umbilical cord blood (UCB)- and bone marrow (BM)-derived endothe-
lial progenitor cells in vivo in the nonobese (NOD)–severe combined immune-deficient (SCID)
femoral artery ligation hindlimb injury model. NOD-SCID mice underwent femoral artery ligation
and excision followed by intracardiac injection of saline, medium, or cells cultured for 7 d. Laser
Doppler measurements were taken postoperatively and then at 7,14, and 28 days under the same con-
ditions. Depicted is a comparison of the perfusion ratios between the ischemic and nonischemic legs.
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assessment of capillary density by alkaline phosphatase staining. Animals treated with
EPCs derived from either marrow or UCB demonstrated significantly higher capillary
density at 28 days compared with saline/cytokine controls. Taken together, these results
support the hypothesis that UCB demonstrates equivalent biological effect in the in
vivo model to that exerted by EPCs derived from BM sources. 

Selection of AC133+ Cells From UCB and Characterization
of Early Events During Vascular Endothelial Differentiation 

Our initial studies demonstrated that nonselected UCB cells proliferate rapidly and
expand in endothelial cell culture conditions. These UCB-derived EPCs exhibited mul-
tiple endothelial characteristics and functionality. Our next experiments included cell
selection of CD133+ from UCB. Selected CD133+ cells were characterized by flow
cytometry and staining for CD34 and CD133 (Fig. 4). Distinct populations of
CD133+/CD34– and CD133+/CD34+ cells were identified. For isolation and purifica-
tion, CD133+ cells from UCB MNCs were labeled with CD133-conjugated magnetic
beads followed by automated sorting through magnetic columns (Automacs, Miltenyi).
By passaging the labeled cells through one column, routine yield was 1.6% of MNCs,
with a purity ranging between 75 and 85%. 

Differential Expression of CD45, CD34, BCL-2, and p21 in Purified CD133+

Cells After 24 Hours of Culture 
Purified CD133+ cells from UCB were cultured in conditions described below in

hematopoiesis-driving cytokines as well as in cytokines reported to generate
endothelial cells from CD133+ cells (31). After 24 hours of incubation, cells were
analyzed by flow cytometry for CD34 and CD45, as well as for expression of BCL-2
and p21 (Fig. 5). CD45 and CD34 expression was strongly increased after 24 hours
of culture in hematopoiesis lineage-specific cytokines. CD45 expression was entirely
lost after culture in endothelial cytokines, suggesting that the cells had already
started differentiation away from hematopoietic lineage. 

Further analysis included expression of the cell cycle and apoptosis-regulating pro-
teins p21cip1/waf and BCL-2, which have been shown to play a role in regulation of HSC
fate. p21cip1/waf1, an inhibitor of cyclin-dependent kinases, mediates cell cycle arrest in
G1. It has been shown that in p21cip1/waf1-deficient mice there is increased proliferation
of HSCs under normal homeostatic conditions and exhaustion of the stem cell pool. This
suggests that p21cip1/waf1 may be a molecular switch governing the entry of HSCs into
the cell cycle (24). Overexpression of the antiapoptotic protein BCL-2 in the hematopoi-
etic compartment of transgenic mice has been shown to improve numbers of HSC as
well as in vitro plating capacity and to maintain HSCs in a more quiescent cell cycle sta-
tus. Expression of both p21 and BCL-2 proteins was increased in hematopoietic cytokine
conditions. Interestingly, however, expression of both proteins decreased significantly in
vascular endothelial cytokine conditions, again suggesting that the two AC133 cell pop-
ulations have initiated differential gene expression at this early (24-hour) time point.

Cell Cycle Analysis of Cultured CD133+ Cells 
Further analysis included measurement of cell cycle stages in freshly isolated

CD133+ cells as well as in CD133+ cells after 24 hours of culture in either medium
(IMDM, 2% FBS) or hematopoietic or endothelial cytokines. As expected, freshly
isolated CD133+ cells were resting in G0 phase (99%). Interestingly, after 24 hours of
culture in cytokines, we did not observe significant cellular division in hematopoietic
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Fig. 4. Selection of AC133+ cells from UCB and characterization of early events during vascular endothelial differentiation.
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Fig. 5. Differential expression of CD45, CD34, BCL-2, and p21 in purified CD133+ cells after 24 h of culture. CD133+ cells were selected as above, and
0.2 × 106 cells/well/condition were plated on a 96-well plate and incubated for 24 h in either medium alone (IMDM) with 2% FBS, in hematopoietic condi-
tions (IMDM, 30% FBS, 50 ng/mL of SCF, 20 ng/mL of GM-CSF, G-CSF, IL-3, IL-6, 3U/mL of EPO) or endothelial conditions (IMDM, 10% FBS, 10%
horse serum, 1 mM hydrocortisone, 100 ng/mL of SCGF, 50 ng/mL of VEGF). Cells were surface stained for CD45 and CD34 and permeabilized and stained
for BCL-2 and p21 expression. Percentages are out of total cells analyzed.
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Fig. 6. Neovascularization by purified CD133+ cells vs mononuclear stem cells (MNCs). Purified CD133
cells (0.5 × 106) from umbilical cord blood (n = 3) were injected intracardiac after femoral artery liga-
tion. Comparison groups included crude MNCs (1.0 × 106) (n = 5) and cytokines alone (n = 4). Blood
flow measured by Doppler over time is expressed as ratio of the injured leg to the noninjured leg.

or endothelial conditions, with the majority of the cells (93–94%) remaining in G0
phase at that point. These preliminary data of differential protein expression after only
24 hours of incubation in hematopoietic vs vascular endothelial specific cytokines indi-
cate that although no significant cell division has yet taken place, the CD133+ cell has
already progressed along differential gene expression programs. More importantly,
with no cellular division having occurred, cells cultured in hematopoietic cytokine con-
ditions remain, in effect, the same cells as plated, with only changes in gene expression
patterns. The same is valid for the cells plated in endothelial conditions. 

Neovascularization by Endothelial Progenitor Cells Derived
From Purified CD133+ Cells 

After hindlimb femoral artery ligation, 0.5 × 106 selected CD133+ cells, 1 × 106

MNCs, or cytokines (EGM2 medium) were given via intracardiac injection. Data from
this limited set (n = 3) showed significantly increased blood flow in mice receiving
CD133+ cells 28 days after surgery when compared to MNCs or control cytokines 
(p = 0.03) (Fig. 6).

Mixed Lymphocyte Culture: Adult Lymphocyte Proliferative Response 
to Umbilical Cord Blood CD133+ Stem Cells

One important concern with the use of UCB as source material for AC133+ for vas-
culogenesis therapeutic intent is the potential alloreactivity exerted by patient immune
cells in response to the intracoronary infusion of HLA-mismatched UCB AC133+-
selected cells. To determine whether AC133+-selected cells from UCB elicit robust
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lymphocyte response in normal adults, we performed mixed lymphocyte culture to
measure the degree of proliferation of adult blood (AB) lymphocytes in the presence
of selected AC133+ stimulator cells from HLA-disparate UCB. Cells were cultured at
a 3:1 stimulator (UCB AC133) to responder (AB) ratio. Responder AB lymphocytes
were stained with carboxyfluorescein diacetate succinimidyl ester (CFSE) and cul-
tured for 24, 72, and 120 hours with AC133 stimulator cells selected from UCB using
an automated magnetic column (AutoMACS, Miltenyi). Appropriate passive hemag-
glutination (PHA) controls were run concomitantly (Fig. 7).

As can be seen in Fig. 7 both BM- and UCB-derived CD133+ cells elicit in vitro prolif-
eration of allogeneic MNCs derived from healthy adults. This proliferation response is
comparable in amplitude to that elicited by the CD 133-negative fractions containing
MNCs from which CD133+ cells were selected. These results suggest that allogeneic
CD133+ cell transplantation may elicit an immune response in an immunocompetent adult.

When UCB-derived CD133+ cells stimulated healthy adult-derived CFSE-labeled
MNCs (AB), proliferation above autoproliferation of adult-derived MNCs (Fig. 8, AB
alone panel) was visible.

In conclusion, our preliminary data showing HLA expression on UCB-derived
CD133+ cells and the immune proliferation elicited by them strongly suggests that
selected CD133+ cells may elicit an immune response when transplanted into immuno-
competent patients.

UCB-CD133+ Ex Vivo Expansion
Potential clinical application of UCB-derived CD133 progenitors is limited by the

small cell content of collected UCB. We anticipate this significant problem and have
established a collaboration with Takayuki Asahara at Tokai University School of
Medicine, Tokyo, Japan. Dr. Asahara has studied an ex vivo serum-free expansion cul-
ture system consisting of UCB-derived CD133+ cells. 

UCB-CD133+ cells isolated by AutoMACS were expanded for 14 d with serum-free
culture medium including recombinant human (rh) VEGF, rhSCF, rhFlt-3 ligand,
rhTPO (thrombopoietin), rhIL-6, and TGF-α inhibitor (SB-431542). The total expanded
cells (Ex-CB133+) increased without firm adhesion, compared to pre-expanded CD133+

cells (x-fold on day 7 = x*54.7 ± 7.8, day 14 = x*696.2 ± 163.0 vs day 0; *p < 0.05).
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Fig. 7. Proliferation elicited by purified CD133+ in standard MLR. CD133+ cells were magnetic
bead-selected from 2 UCB units (CB1, CB2) and 1 BM, irradiated and 0.1 × 106 cells were presented
as stimulators to 0.3 × 106 responder MNC from 2 different adults (AB1, AB2), incubated for 72 h,
labeled with 3H-thymidine for an additional 18 h, harvested and thymidine incorporation analyzed.
Proliferation was compared to the response elicited by the cells of the negative fraction, i.e., the cells
not retained on the magnetic column.
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Enriched progenitor cells in Ex-CB133+ were evaluated by vasculogenic methylcellulose
culture (vascMCC), where progenitor cells were detected as doubly stained cells with
FITC-UEA-1 lectin and acLDL-DiI. The frequency of progenitor colonies increased (per-
centage of progenitor colony no./total colony no. per 1 × 103 cells = day 7, *52.3 ± 4.4;
day 14, *68.4 ± 5.8; vs day 0, 25.0 ± 4.8; *p < 0.05), although the number per 1 × 103

cells was not changed. Progenitor colonies per total expanded cells drastically increased
(colony no. = day 7, *5.58 × 104; day 14, *3.19 × 105 vs day 0; 1.04 × 103; *p < 0.05). 

After 14 days of expansion, Ex-CB133+ were transplanted into ischemic myocardium
of nude rats following left coronary artery ligation. Ex-CB133+-transplanted ischemic
myocardium was assessed functionally by echocardiography and immunohistochemi-
cally by CD31 or anti-smooth muscle actin antibodies combined with HLA class I.
Cardiac function improved after 28 days following cell transplantation (see Table 1).
Immunohistochemical analysis demonstrated that Ex-CB133+ contributed not only to
neovessel formation but also to myocardiogenesis by themselves in ischemic sites via
differentiation into endothelial cells, pericytes, and cardiomyocytes.

Comparison of Mesenchymal Stem Cells Alone, UCB Alone,
and Their Combination in Perfusion Ratios 

We next performed a series of experiments to test whether stromal elements
(hMSC) added to UCB-derived EPCs might augment neovascularization in the in
vivo model. Injection of UCB-derived EPCs in combination with hMSC into mice

Table 1
Effects on Ejection Fraction and Fractional Shortening Following UCB-Derived AC133+

Cell Transplantation in Nude Rat Ischemic Myocardium After Left Coronary Artery Ligation

Control group 1 × 105 cells/rat 5 × 105 cells/rat

EF% (mean + SE) 36.9 + 3.2 53.6 + 3.4 66.9 + 4.3
FS% (mean + SE) 20.1 + 0.6 27.5 + 0.6 31.2 + 0.9

UCB, umbilical cord blood; EF, ejection fraction; FS, fractional shortening; SE, standard error. p < 0.05
for comparison between both cell therapy groups and control group for both EF and FS. 

Fig. 8. Proliferation induced by selected CD133+ cells from UCB. UCB CD133+ and healthy adult
CSFE-labeled MNC were mixed in an MLR at a ratio of 1:3 respectively, the cells incubated for 72 h
and stained for CD3. CSFE expression was measured on gated CD3+ cells and CSFE fluorescence
plotted vs cell numbers. Upon proliferation of the CSFE-labeled cells, the dye dilutes at each 
cellular division, the fluorescence diminishes and the peaks move out to the left side of the histogram.
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after hindlimb injury resulted in improved Doppler flow at day 7 compared with mice
infused with EPCs alone (Fig. 9). However, this improvement was not significantly
higher than that observed in mice infused with EPCs alone, and the augmentation
effect of concurrent hMSC infusion did not persist at later time points. To date, only
a small number of mice have been studied, and there are insufficient data to generate
appropriate statistical analysis. Further studies of the effect of hMSC alone and in
combination with EPC are ongoing.

SUMMARY

Current revascularization therapies for coronary artery disease including percuta-
neous transluminal coronary angioplasty and coronary artery bypass graft have limited
efficacy in patients with diffuse small vessel disease. Bench-to-bedside studies to deter-
mine the safety and efficacy of UCB-derived CD133+ selected progenitor cells infused
by intracoronary injection as adjunct to percutaneous transluminal coronary angio-
plasty will attempt to augment postnatal vasculogenesis in coronary artery disease
patients. Crude MNC preparations from adult BM or mobilized peripheral blood have
been isolated and culture-expanded to generate EPCs for clinical use in therapeutic
angiogenesis (24,25). Little is known about EPC ontogeny. Murine studies included
infused culture-expanded EPCs, which are notably heterogeneous and include immature
EPCs derived from early hemangioblasts and myeloid progenitors, mesenchymal cells,
as well as endothelial cells at various stages of maturation. What specific cell popula-
tion within these heterogeneous cell cultures homes to sites of vascular injury and pro-
mote neovascularization is not known. 

Moreover, the role of stromal cell populations including marrow-derived mesenchy-
mal cells, which may facilitate neovascularization, either by direct cellular interactions
and/or secondary paracrine effects, is not well delineated (26,27). Because angiogene-
sis is rapidly initiated during wound healing, we have utilized a skin organotypic study
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Fig. 9. Comparison of mesenchymal stem cells (MSCs), umbilical cord blood (UCB), and the com-
bination of UCB and human MSC perfusion ratios. Shown are the perfusion ratios between the
ischemic and nonischemic limbs of nonobese diabetic–severe combined immunodeficient mice
injected with MSCs, UCB, and the combination after ligation of femoral artery in one hindlimb.
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model in an attempt to gain a further understanding of this process, which is regulated
by multiple cell populations, including endothelial cells, fibroblasts, hematopoietic
cells, and epidermal cells. These studies of the regulation of angiogenesis show that
this process depends not only on the production and release of signaling factors such as
VEGFs and FGF-2 but also on the production of suitable extracellular matrix elicited
by mesenchymal and endothelial cell–cell interactions.

Our Case Western Reserve University collaborative group includes faculty of
diverse backgrounds who have designed and evaluated results of these studies from
the perspectives of cardiovascular disease, endothelial and stromal cell biology, and
stem cell hematology/immunology. These differing faculty perspectives provide
both an in-depth evaluation of UCB as a potential stem cell source for heman-
gioblasts as well as an interpretation of studies to further understand the cellular
interactions between hemangioblasts and mesenchymal cells and their secreted fac-
tors in neovasculogenesis. UCB is chosen as a stem cell source because of its high
content of early CD133+ stem cells as well as its robust proliferative capacity, low
immunogenicity, low infectious contamination, including virions, and off-the-shelf
clinical application potential, with diverse representation of HLA genotypes present
in unrelated banked UCB. UCB procurement poses no imposition on the normal
birthing process and is not associated with ethical concerns in the arena of use of
embryonic stem cells. UCB stem cell infusion has been routinely performed for
hematology clinical use in approx 3000 procedures. To date, no malignant transfor-
mation has been observed in any study patient. This potential risk in humans is a
concern in the use of embryonic stem cells, which are known to generate teratomas
in animal study models. 

Our laboratory has compared isolated CD133+ stem cell populations and culture-
expanded EPCs from UCB and adult marrow using standard in vitro and in vivo read-
outs. EPCs generated from UCB are comparable to adult marrow in mediating
neovascularization, despite differing CD133+ and stromal cell populations. Further, our
studies point to cell–cell and conditioned media interactions between human mesenchy-
mal cells and endothelial cells, as well as in vitro organotypic studies utilizing skin
wound healing as a paradigm for study of postnatal vasculogenesis. The hypothesis
underlying this work is that early CD133+-selected hemangioblasts is a crucial cell
population that migrates to sites of vascular injury and mediates new vessel formation
in vivo. We further hypothesize that mesenchymal cells augment CD133+ stem cell
homing and neovasculogenesis at sites of vascular injury either by direct cell–cell con-
tact and/or secreted factors.
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SUMMARY

In recent years, the evidence of myocardial regeneration in animal models as well as in
humans has produced a paradigm shift in  scientific opinion: cardiomyocytes can be generated
ex novo in the adult heart. The origin of these dividing myocytes is still the subject of scientific
debate. In fact, following the first observations of chimerism in transplanted heart and  myocyte
growth in cardiac hypertrophy and failure, studies of different groups pointed to the existence of
local primitive stem (or progenitor) cells, which are able to proliferate and differentiate during
the entire cardiac cell lineage.

This chapter will focus on those resident cardiac cells claimed to be local sources of myocar-
dial regeneration (endogenous cardiac stem cells). Different isolation procedures, characteriza-
tion, and potential clinical application will be discussed.

Key Words: Adult cardiac stem cells; myocardial regeneration; chimera.

INTRODUCTION

Until recently, the heart has been considered a terminally differentiated organ, inca-
pable of self-regeneration after injury. The major response to myocardial damage was
thought to be hypertrophy of still viable cardiomyocytes that have exited the cell cycle
(1–3). This dogma has been challenged by recent findings of cycling myocytes under-
going mitosis and cytokinesis under both physiological and pathological conditions
(4–7). That would imply that there is a population of stem cells or cardiac progenitor
cells (CSCs) either resident in the mammalian heart or recruited from noncardiac
sources from which new myocytes can be derived. 

Recent studies reveal that the heart contains a reservoir of small cells expressing
stem cell markers (c-kit, MDR-1, Sca-1) and harboring telomerase activity, which is
only present in replicating cells. The in vivo relevance of these cardiac stem cells was
emphasized by the fact that their number increased more than 13-fold in the hypertro-
phied myocardium of aortic stenosis patients. The cell clusters revealed stem cell mark-
ers on cells in different stages of cardiomyocyte differentiation, which was determined
by both early and late cardiac markers. This suggests the existence of a lineage com-
mitment of resident cardiac stem cells toward becoming cardioblasts and then 
cardiomyocytes in the heart. 

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ
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Fig. 1. Resident cardiac stem cells and obstacles for myocardial regeneration. In the adult heart resident
cardiac stem cells and perhaps cardioblasts (isl1+ cells) generate new cardiac myocytes and contribute in
the renewal of individual cells within this tissue. Yet new myocytes are not normally generated in large
enough numbers to fully repair a severely damaged myocardium. Limited numbers of cardiac stem cells,
scar formation, an unfavorable milieu associated with the injured tissue (inflammatory environment or
lack of vascular supply), and continuous contractile activity of the injured heart may all limit myocardial
repair and regeneration. Scar formation may serve as an anatomical boundary to limit the release of
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The recognition of the existence of CSCs rationalizes the much older observation of
mitotic events interspersed in adult myocardium, events which are dramatically increased in
frequency under stress (e.g., heart failure or hemodynamic overload) (8). Such mitotic
events likely represent replication and differentiation of resident CSCs, rather than cell divi-
sions of adult myocytes.  The presence of CSCs has challenged the paradigm that the heart
is a postmitotic organ characterized by a predetermined number of parenchymal cells,
which is defined at birth and preserved throughout life until death of the organ and organ-
ism. Thus, the heart belongs to the group of constantly renewing tissues, in which the capac-
ity to replace cells depends on the persistence of a stem cell compartment (9,10). Under
these conditions, regeneration conforms to a hierarchical archetype in which slowly divid-
ing stem cells give rise to highly proliferating lineage-restricted progenitor cells that become
committed precursors and, eventually, reach growth arrest and terminal differentiation. 
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Table 1
Properties of Resident Populations of Cardiac/Progenitor Stem Cells

CSC Source Cardiac Clonogenic Multipotent Other markers Ref.

Side Mouse Yes ND Yes Yes (+) Sca-1a 11
population Co-culturing (–) CD31a

Abcg2 Mouse Yes ND Yes Yes (+) Sca-1 (high), 12
Co-culturing c-Kit (low),

CD34 (low),
CD45 (low) 

C-Kit Rat, human, Yes Yes Yes Yes (–) CD34, 13
dog Spontaneous CD45, Lin 

skeletal 
markers (!) 
GATA4, Nkx2.5,
MEF2

Sca-1 Rat Yes ND ? Yes (–) C-Kit, 14
5-Azacytidine CD34, CD45,

Lin, Nkx2.5,
sarcomeric 
proteins

Mouse Oxytocin (+) SP, GATA4, 15
MEF2, CD45 
(40%), CD34 
and c-Kit (10%)

Cardio- Mouse, man Yes Yes Yes Yes (+) C-kit 16
spheres guinea Spontaneous (20–30%),

pig, pig Co-culturing cardiac and
vascular markers

Islet-1 Rat, mouse, Yes ND Yes Yes (–) Sca-1, c-Kit, 17
human Co-culturing sarcomeric 

proteins (+) 
Nkx2.5, GATA4

aFrom ref. 18.
ND, not determined.

Fig. 1. (Continued) recruitment signals from the injured tissue, or the scar may prevent the mobiliza-
tion of resident stem cells to the area of injury. SP, side population; FTC, Fumitremorgin C.
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Stem cells have a high capacity for cell division, and this property is preserved
throughout the lifetime of an organism. Conversely, the less primitive cells have a
limited proliferative capacity but represent the largest group of dividing cells. This
forms the basis of a new paradigm for the heart in which multipotent CSCs are implicated
in the normal turnover of myocytes, endothelial cells, smooth muscle cells, and fibroblasts. 

Seven separate studies (11–17) have independently described a CSC or progenitor
cell population that may participate in limited myocardial regeneration in response to
an injury (Table 1; Fig. 1). 

In these studies, three approaches yielded CSCs from heart: (1) isolation  based on
the ability to efflux Hoescht dye (side population [SP]) or on the presence of cell-surface
stem cell markers (either c-kit or Sca-1) that allows for the identification and isolation
of the respective  cell populations using magnetic cell sorting or flow cytometry; (2)
tissue culture of cardiac explants with spontaneous shedding of CSCs in vitro; and (3)
expression of the islet-1 gene (isl1POS cells in the adult heart are remnants of a cardiac
progenitor cell population from the heart of the developing fetus). 

The relationship among CSCs isolated using different methods is at present
unknown. An important emerging consensus is the observation that more than one stem
cell may be present in a particular tissue (19).  

RESIDENT CARDIAC STEM CELL ISOLATION

Isolation Based on the Presence of Stem Cell-Like Properties 
or Cell-Surface Proteins

RESIDENT CARDIAC SIDE POPULATION

Most adult tissues contain a stem cell or progenitor cell population (SP) characterized
by its ability to efflux metabolic markers such as rhodamine and Hoechst 33342 on the
basis of high expression of membrane pumps encoded by the multiple drug-resistance
genes (20).  Hoechst dyes intercalate into the cellular DNA and are slightly toxic.  The
ability to efflux the fluorescent dyes depends on the cell cycle status of the cells (21). 

Megeney and colleagues (11) presented the first evidence for the existence of a puta-
tive cardiac progenitor cell population in the adult heart. They showed that postnatal
mouse heart contains a resident Hoechst dye-excluding, verapamil-sensitive SP (approx
1% of the total cell number) with stem cell-like activity: in methylcellulose, stem cell
medium gave rise to cell colonies (approx 1 colony per 50,000 cells plated) and were
capable of differentiating into the cardiomyocyte lineage in co-culture experiments
with primary cardiomyocytes. This myocardial SP cell population changed with altered
physiological demands. When growth of the postnatal heart was attenuated through
overexpression of a dominant-negative cardiac transcription factor (MEF2C), the resi-
dent SP cell population was subject to activation, followed by a consequent depletion.
In addition, cardiac SP cells were capable of fusion with other cell types, but did not
adopt the corresponding gene expression profile. 

The ability of SP cells to efflux rhodamine and Hoechst 33342 dye appears to be
dependent on the expression of ABCG2 (also known as Bcrp1 for breast cancer resist-
ance protein), a member of the family of ATP-binding cassette (ABC) transporters. The
continued presence of SP cells in an ABCG2 knockout mouse implies that more than
one drug efflux pump is responsible for the SP phenotype. Furthermore, ABCG2 does
not efflux the Hoechst dye in actively dividing stem cells (22). However its presence
can certainly serve as a marker specific for stem cells.
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Garry and  colleagues (12) examined ABCG2 expression during murine embryoge-
nesis and observed robust expression in the blood islands of the E8.5 yolk sac and in
developing tissues including the heart. During the latter stages of embryogenesis,
ABCG2 identifies a rare cell population in the developing organs.  They further estab-
lished that the adult heart contains an ABCG2-expressing SP cell population, distinct
from endothelial cells, and these progenitor cells are capable of proliferation (forming
hematopoietic colonies after 14 days into methylcellulose media) and differentiation
into α-actinin-positive cells  (after 14 days of co-culture with primary cardiomyocytes).
Increased numbers of ABCG2-expressing cells have been observed in the border zone
following myocardial infarction (MI). Cardiac ABCG2 expressing SP cells included
Sca1high, cKitlow, CD34low, and CD45low. An alternative analysis revealed that cardiac
SP cells were Sca1+, cKit+, CD34+, and CD45–.

The ability of this resident cardiac SP cell group to differentiate into contracting car-
diac myocytes or to contribute to functional repair of damaged heart muscle has not yet
been extensively evaluated.

C-KITPOS RESIDENT CARDIAC STEM CELLS

Anversa and colleagues (13) reported the discovery of a distinct resident population of
cardiac stem cells. These cells are negative for blood lineage markers CD34, CD45, CD20,
CD45RO, and CD8 (Lin–) and positive for c-kit (c-kitPOS), the receptor for stem cell fac-
tor. In the adult (20–23 months of age) rat myocardium, Lin– c-kitPOS cells are relatively
rare (�1 per 104 myocytes). The cells are roughly one-tenth the size of cardiac myocytes.

Cardiac c-kitPOS cells isolated by fluorescence-activated cell sorting (FACS) are hetero-
geneous, with rare (7–10%) cells expressing Nkx2-5, GATA4, and Mef2, and fewer still
(0.5%) expressing genes encoding sarcomeric proteins. These cells retain these character-
istics with passage in culture and can be expanded. Cardiac c-kitPOS cells were self-
renewing (expanded in culture after plating 1 cell per well) and multipotential (generating
cardiac myocytes, smooth muscle cells, and endothelial cells). However, in culture, the
“differentiated” cells had an immature phenotype. When placed in differentiation medium,
c-kitPOS clones differentiate into cells that biochemically (but not phenotypically) resem-
ble cardiac myocytes. Sarcomeres or striations and/or contractile activity are not observed.

To test whether these cells could achieve full mature differentiation in vivo, they
were labeled and injected into the border zone of hearts of syngeneic rats after experi-
mental myocardial infarction. A band of labeled regenerating myocardium was
observed in 19 of 20 treated infarcts. The labeled cells expressing sarcomeric proteins
were small relative to mature cardiac myocytes, but these cells exhibited visible stria-
tions and expressed connexin 43, a component of the fascia adherens of intercalated
discs. An increase in capillary and arteriole density and contribution of labeled cells to
blood vessels was also observed, as was a marked improvement in multiple indices of
cardiac performance. However, the average infarct size was greater in the treated
animals than in the controls, most likely because untreated animals did not survive with
infarcts as large as those in the treated group. 

One potential caveat for these findings would be if the stem cells had fused with
existing host cells. This might appear to be differentiation when, in fact, it would be
hybrid cells giving the appearance of differentiation. However, the Anversa study (13)
ruled this out by a number of criteria, including showing that the number of new
myocytes is orders of magnitude higher than the number of injected cells and stating
that the DNA content of the new cells is diploid and not tetraploid. Results with clonally
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derived cardiac c-kitPOS cells were equivalent to those with the initial cardiac c-kitPOS

population, which suggests that an expandable source from within the heart might be
applied to cardiac repair. 

The capacity of cardiac c-kitPOS cells to home to the heart and engraft following
intravascular (aortic root) injection was tested in rats subjected to ischemia–reperfusion
injury (23). Echocardiographic analysis showed that injection of c-kitPOS cells attenu-
ated the increase in left ventricular (LV) end-diastolic dimensions and impairment in
LV systolic performance at 5 weeks after MI. Pathological analysis showed that treated
hearts exhibited a smaller increase in LV chamber diameter and volume and a higher
wall thickness-to-chamber radius ratio and LV mass-to-chamber volume ratio. C-kitPOS

cells induced myocardial regeneration, decreasing infarct size by 29%. A diploid DNA
content and only two copies of chromosome 12 were found in new cardiomyocytes,
indicating that cell fusion did not contribute to tissue reconstitution (23). 

A subsequent preliminary report from the Anversa lab extended the isolation and
expansion of ckitPOS cells to human heart tissue, using surgical specimens of human
myocardium, specifically cultured slices of human atrial and ventricular myocardium
(13a). C-kitPOS cells were found in 1.8 ± 1.7% of the unsorted myocardial cell popula-
tion and included lineage negative (52 ± 12%) and early committed cells (48 ± 12%).
After plating, c-kitPOS cells attached rapidly and continued to grow up to P8 undergo-
ing approx 25 population doublings. Ki67 labeling showed that the number of cycling
cells remained constant from P1 to P8 (48 ± 10%). Human c-kitPOS cells were clono-
genic. Doubling time was approx 28 h, and approx 90% of cells were labeled by BrdU
after 5 days of exposure. In differentiation medium, clonogenic cells gave rise to
myocytes, endothelial cells, and vascular smooth muscle cells. When human c-kitPOS

cardiac progenitor cells were locally injected in the infarcted myocardium of immun-
odeficient rats and mice, they regenerated myocytes and coronary vessels of human ori-
gin. This repair process resulted in an improvement in cardiac function. 

Resident stem cells in other tissues are dependent upon appropriate local environ-
ments, or niches, to maintain viability, but detailed information regarding a cardiac resi-
dent stem cell niche is lacking. Preliminary results indicate that c-kitPOS CSCs are stored
in niches that are preferentially located in the atria and apex but are also detectable in the
ventricle. The niches have an ellipsoid shape and are composed of undifferentiated and
early committed cells nested within interstitial fibronectin. The peculiar topographical
distribution of c-kitPOS CSCs in the heart suggests that a relationship may exist between
the function of CSCs and level of hemodynamic stress. C-kitPOS CSCs accumulate in
niches located in the atria and apex that are anatomical areas exposed to low levels of
wall stress. The preferential localization of CSCs in zones where physical forces are
modest is consistent with the common sites of storage of stem cells in self-renewing
organs: c-kitPOS CSCs occupy the most protected areas of the heart.

SCA-1POS CARDIAC PROGENITOR CELLS

Schneider and colleagues (14) reported a resident population of cardiac progenitor
cells that copurifies with the nonmyocyte fraction and is characterized by expression of
stem cell antigen 1 (Sca-1POS). Cardiac-resident Sca-1POS cells lack the hematopoietic
stem cell (HSC) markers CD45 and CD34 (also a marker of EPCs), lack hematopoietic
transcription factors (Lmo2, Gata2, Tal), and thus are readily distinguished from bone
marrow HSCs. These cells express telomerase reverse transcriptase, which has been
associated with self-renewal potential. Although they do express the early cardiac markers
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GATA4, Mef2, and Tef1, they do not express Nkx2-5 or genes encoding cardiac sar-
comeric proteins. Although these cells do not spontaneously differentiate in vitro, when
exposed to the cytosine analog 5-azacytidine (14) or to oxytocin (15), a small subpop-
ulation of cells started to express cardiac transcription factors, showed sarcomeric
structures, and formed spontaneously beating cardiomyocytes with spontaneous cal-
cium transients. Various agonists and antagonists could affect the beating rate of the
differentiated cells. Clearly, the majority of cells do not differentiate into cardiac pro-
genitors under the conditions tested, raising the question of what other cell fates, if any,
were induced following prolonged exposure to oxytocin or 5-azacytidine. Sca-1POS

cells may possess multipotency; however, multipotency needs to be proven in the progeny
of single cells. 

When freshly isolated Sca-1POS cells were injected intravenously into mice after
ischemia-reperfusion, they were shown to target the border zone of the injured
myocardium and differentiate into cardiomyocytes, expressing sarcomeric α-actin,
cTnI, and connexin-43, with and without fusing with host cells. No functional assess-
ment was made. Further studies will be required to determine whether a subpopulation
of cardiac Sca-1POS cells exists with restricted developmental potential to differentiate
(at high frequency) into cardiac progenitors or cardiac myocytes.

Isolation From Tissue Culture of Cardiac Explants
With Spontaneous Shedding In Vitro (Cardiospheres) 

The first report that CSCs can be clonally expanded from human myocardial biop-
sies was from the Giacomello lab (16). In that study we reported that these cells are
spontaneously shed from human surgical specimens and murine heart samples in pri-
mary culture. This heterogeneous population of cells expresses stem cell and endothe-
lial progenitor cell markers. At day 0, roughly 10% of these cells derived from the
mouse express either c-Kit, Sca-1, CD34, or CD31. These cells form multicellular clus-
ters, dubbed cardiospheres (CSps), in suspension culture. CSps express the c-Kit marker
in roughly 30% of the cells by day 6 with no significant upregulation of the other three
markers examined. We have demonstrated that cardiospheres are composed of clonally
derived cells, consist of proliferating c-Kit-positive cells primarily in their core and dif-
ferentiating cells expressing cardiac and endothelial cell markers on their periphery.

CSps become partially differentiated toward the cardiac lineage. These show lacZ-
stained images of CSps from transgenic mice expressing nuclear lacZ driven by the
MLC3  or cTnI  promoter, both of which are cardiac lineage markers. Nuclear lacZ
expression is mainly localized in the external layers of the CSps; internal structures
often stain positive for endothelial or smooth muscle markers. Immunohistochemistry
of a mouse CSp  reveals expression of cTnI in association with obvious sarcomeres. By
video microscopy, we have demonstrated “beating” of CSC-derived CSps in vitro,
either in co-culture with neonatal rat myocytes (human CSCs) or spontaneously (CSCs
from embryonic mouse heart). 

We have evaluated the response of human CSps after their intramyocardial delivery
into the severe combined immunodeficient mouse model. Functional studies in vivo to
date have focused on the implantation or infusion of undifferentiated CSCs. Our work,
in which CSps were injected into the peri-infarct zone of mice, represents one excep-
tion. Despite the fact that only approx 10 CSps were injected, in contrast to more than
10,000 CSCs in the work of Anversa and colleagues (13), functional improvement was
comparable (fractional shortening 37% in the CSp-injected group vs 18% in the control
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group; p < 0.05) with vigorous engraftment and cardiogenesis. It is also noteworthy
that cryopreserved human CSps were used in our work and resulted in vigorous engraft-
ment in post-MI mice.

We have shown that CSCs can be harvested from surgically obtained human cardiac
specimens (left atrial appendages or open ventricular biopsies). Such human CSCs
have full cardiogenic potential. The collaboration of Marbán’s team at Johns Hopkins
University allowed us to extend these data to show that CSCs can be harvested from
routine endomyocardial biopsy specimens from humans or pigs, opening the prospect
for autologous therapy without thoracotomy (16a). In the Cardiology Division at Johns
Hopkins, endomyocardial biopsies were obtained using standard clinical procedures,
which can be completed in 15 minutes. The human samples we are working with are
approx 25 mg wet weight on average and are obtained from transplant or heart failure
patients. Samples are kept on ice in heparinized cardioplegic solution until processing
occurs within 1–2 hours.

Processing (Fig. 2) consists of partial enzymatic digestion of the minced sample,
plating and cultured as explants. When maintained in primary culture for 2–7 days for
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Fig. 2. Human cardiospheres in culture. Phase micrograph of floating cardiac stem cells (cultured
from <24 hours to >48 hours) derived from  primary culture of a human bioptical sample. Time
course observations of cells derived from human explants showed that, early after their seeding
(30 minutes), some of these cells began to divide while still in suspension; most cells became loosely
adherent, others remained in suspension, and some contaminating fibroblast-like cells attached firmly
to the poly-D-lysine coat. Cellular divisions were evident also from the loosely adherent cell popula-
tion and produced clusters of small, round phase-bright cells (cardiospheres).
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pigs and 14–24 days for humans, explants begin to produce a carpet of migratory cells.
Small, round cells can be seen budding off from the explant and dividing in suspension.
Cells are then harvested by gentle enzymatic digestion. The explants are left behind to
regenerate cardiac stem cells. These cells could be isolated at repeated intervals from
the same biopsy specimen.  They are then grown in suspension culture in differentia-
tion media to form CSps within 3–6 days for pigs and 12–18 days for humans.
Cardiospheres, as depicted in Fig. 2, grow primarily in suspension. 

In an effort to improve our cell yield given such a small amount of starting material,
we have tried expanding these cardiospheres as single cells on a monolayer. Those car-
diospheres that are floating in culture are selected for expansion. 

Floating cardiospheres, 100–1000 cells in size, can then be expanded as monolayers
with a doubling time of approx 18 hours for pigs and approx 24 hours for humans.
Cells expanded in this manner can then be used to regenerate cardiospheres, verified up
to passage four in humans. CSCs grown in this manner from adult human ventricular
biopsies can be expanded to upwards of 7–70 million cells in about a month and a half
from a single endomyocardial biopsy specimen. 

One of the most critical features of cell coupling in the heart is the expression of
connexin 43 (the mean gap-junction protein in this organ). Both CSs growing on three-
dimensional suspension culture, rather than single cells growing as a monolayer, show
connexin 43 expression, confirming what was hown in the cited paper (16). The finding
suggests that these cells could show very efficient electrical and metabolic coupling
within them and with the cardiac syncytium.

Roughly 20% of co-cultured CSp-derived cells demonstrate the ability to beat spon-
taneously. We have found (16a) that spontaneous repetitive action potentials could be
recorded from pig CSp-derived cells after 6 days in co-culture, and the action potentials
are reminiscent of nodal cell activity. These recordings confirm that CSp-derived cells
can become spontaneously excitable when co-cultured for 1 week. Spontaneous cal-
cium transients have been observed in a small percentage of CSp-derived cells out to
day 10 in co-culture. So, CSCs (or cells with the function of these in the feature of
CSs) can be isolated from routine biopsy specimens, even those taken from abnormal
patients, and can be expanded to obtain clinically relevant numbers of cells in a short
period of time, making autologous cardiac regeneration therapy a distinct possibility.

CSps are an interesting in vitro model of partial cardiogenic differentiation. The
spontaneous formation of spheres is a known prerogative of neural stem cells, some
tumor cell lines (LIM) (24), endothelial cells (25), and fetal chicken cardiomyocytes (26).
All these models (the cardiospheres included) mimic the true three-dimensional architec-
ture of tissues. They consist  of spheroids of aggregated cells, which develop a two-
compartment system composed of a surface layer of differentiated cells and a core of
unorganized cells that first proliferate and thereafter disappear over time (perhaps
through apoptotic cell death). Moreover, as is well documented in fetal chick car-
diomyocytes and endothelial cell spheroid culture, three-dimensional structure affects
the sensitivity of cells to survival and growth factors. In contrast to monolayer cultures,
three-dimensional cultivation technologies have been reported to mimic cardiac tissue-
like morphologies and provide a suitable environment for coordination of cell–cell
interaction, self-organization, differentiation, and electrical properties, all of which are
essential qualities for the identity and integrity of heart structures (21). Therefore,
cell–cell contact and membrane-associated factors could be already involved in the car-
diosphere system: in this structure, as in the “niche,” stem cells (or cells with stem-cell
function) may only retain their potency within an appropriate environment.
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Isolation Based on the Expression of the Islet-1 Gene
(Postnatal islPOS Cardioblasts) 

Chien and coworkers (17) argued that there are progenitor cells in the heart that
might be able to engage in repair. These cells are distinguished by their expression of
the islet-1 gene (that is, they are isl1POS).

The LIM homeodomain transcription factor islet-1 (isl1) marks a cell population that
makes a substantial contribution to the embryonic heart, comprising most cells in the
right ventricle, both atria, the outflow tract, and specific regions of the left ventricle
(28). This population of cells, called the secondary or anterior heart field, originates
near the cardiac crescent, migrates to the anterior pharynx, and infiltrates the rostral
and caudal poles (the outflow region) of the looped primary heart tube. Cells in the sec-
ondary heart field express Nkx2-5 and GATA4, as do the cells of the primary heart
fields, but they remain undifferentiated until later in development, and they express
some additional markers. Expression of isl1 is lost when these cells differentiate into
cardiac myocytes. Interestingly, some isl1POS cells can be identified in the mature
hearts of newborn rodents and humans, where they remain undifferentiated. They are
found most commonly in the outflow tract, the atria, and the right ventricle, in agree-
ment with the embryonic contribution of the secondary heart field. 

Unlike some other putative resident cardiac progenitor populations, these cells fail to
express Sca-1, CD31, or c-kit, although they do express Nkx2-5 and GATA4.
Importantly, Laugwitz and co-workers have shown that these cells can differentiate into
cardiac myocytes both in vivo, using an inducible cre–lox system, and in vitro. Isl1POS

cells from hearts can be expanded in culture. Co-culture with cardiac myocytes leads to
expression of terminal differentiation markers and electrophysiological characteristics
of fully differentiated cardiac myocytes, including responsiveness to β-adrenergic ago-
nists. The resident population of isl1POS cells in the heart probably represents specified
cardiac progenitors or cardioblasts. 

Isl1POS cells have been isolated only from very young animal and human specimens,
and the number of progenitor cells falls rapidly over the first few weeks of life. Most of
the ex vivo studies were performed on cells taken from 1- to 5-day -old animals, where
only 500–600 isl1POS cells were identified per rat heart. 

It remains to be determined whether isl1POS cells exist in the adult heart beyond the
early postnatal period. The rare isl1POS cells identified at later times were not evaluated
for their ability to expand or differentiate. Importantly, isl1POS cells were identified in
multiple organisms, including humans, but the single human sample examined beyond
8 days of age (at 148 days) failed to reveal any isl1 progenitors. Furthermore, although
a high percentage (25%) of cultured cells expressed troponin T under differentiation
conditions, only 2.3% displayed calcium transients characteristic of cardiac myocytes.
The degree to which significant and meaningful expansion is possible, including expan-
sion from a single isolated cell, is at present unknown. The capacity of isl1POS cardiac
progenitors to engraft in the heart and to regenerate myocardium, to electrically couple,
and to contribute to cardiac work has not been tested. 

OTHER LOCAL SOURCES OF POTENTIAL CARDIAC STEM CELLS

A stem function has been assigned to some of the committed (or differentiated) cell
lineages forming the heart: the epicardium and the epicardially derived cardiac stem
cells, the smooth muscle  cells, and the neural crest stem cells.
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A series of studies reviewed by Wessels and  Perez-Pomares (29) has demonstrated
that a subset of epicardially derived cells can differentiate into multiple cardiac cell
types. Many of these studies are focused on the analysis of the mechanisms that control
the conversion of the epicardial epithelial (mesothelial) cells into a population of
pluripotent epicardially derived cells (EPDCs) that contributes to many cardiac tissues.
Others are looking at different aspects of EPDC development, including the regulatory
role of EPDCs in myocardial proliferation and the involvement of EPDCs in endocar-
dial cushion morphogenesis. EPDCs, in fact, have been suggested to have a role in the
differentiation of endothelial/smooth muscle cell lineage, cardiac fibroblasts, valvu-
loseptal mesenchyme, and, under certain in vitro conditions, cardiomyocytes. 

Studies elucidating the pathways that control epicardial differentiation will help us
better understand normal heart morphogenesis, the mechanisms underlying the etiol-
ogy of congenital heart disease, and the potential of EPDC usefulness and applicability.

In the adult, vascular smooth muscle cells must continually repair arterial injuries
and maintain functional mass in response to changing demands upon the vessel wall.
Recent evidence (30) suggests that this is accomplished, in part, by recruiting multipo-
tential vascular progenitors from bone marrow-derived stem cells as well as from less
well-defined sources within adult tissues themselves. The smooth muscle progenitors
cells within skeletal muscle (referred to as non-SP cells) (31,32) exhibit a phenotype
reminiscent of embryonic mesenchymal cells (they are adherent and express smooth
muscle antibody and platelet-derived growth factor receptor). Furthermore, they also
express c-met (receptor for hepatocyte growth factor), a marker of satellite cells that
regenerating skeletal muscle. Whether the same progenitor cells within skeletal muscle
are capable of regenerating multiple muscle types remains to be conclusively demon-
strated. Furthermore, vascular smooth muscle cells of infiltrating host cell origin can be
found in human cardiac allograft. However, the results regarding the evidence that
chimerism is present in cardiac myocytes are controversial (33).

Cardiac neural crest cells participate in the septation of the cardiac outflow tract into
aorta and pulmonary artery. The migratory cardiac neural crest consists of stem cells,
fate-restricted cells, and cells that are committed to the smooth muscle cell lineage.
During their migration within the posterior branchial arches, the developmental poten-
tials of pluripotent neural crest cells become restricted. Conversely, neural crest stem
cells persist at many locations, including in the cardiac outflow tract. 

Many aspects of neural crest cell differentiation are driven by growth factor action
(34). Neural crest stem cells persist in target locations. However, during advanced migra-
tion, the developmental potentials of neural crest cells become increasingly more
restricted. For instance, cultured cardiac neural crest stem cells at the onset of migration
can give rise to at least six phenotypes: smooth muscle cells, fibroblasts, chondrocytes,
sensory neurons, autonomic neurons, and pigment cells (35). In contrast, once they have
migrated through the posterior branchial arches and have arrived in the cardiac outflow
tract, they can no longer generate sensory neurons or melanocytes (36,37). Together with
the neural tube segment from the midotic placoide to somite 3 axial level (where cells
forming cardiac outflow tract and proximal great vessels originate), another distinct pop-
ulation of neural crest cells enters the heart at the venous pole. In addition to the fact that
the conduction system is derived from cardiac miogenic precursors (38), this second cell
population may play an important role in the development of the conduction system (39). 

Some features of neural crest stem cells in the heart seem to match those of the car-
dioblast population described by Laugwitz and co-workers (cardiac distribution, isl1
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expression, disappearance with age) (17). However, the potential correlation between
these two cell populations has not yet investigated. 

Many features of these potential sources of cardiac stem cells could also be inter-
preted as manifestations of cell plasticity and transdifferentiation or fusion phenomena.
In fact, in addition to  the  fusion mechanism involved in  the acquisition of the cardiac
fate by some of the published CSCs (14), cardiomyocytes themselves have been
reported (40) to have fusogenic activity with many different types of cells (such as car-
diac fibroblasts or smooth muscle cells) and obtain proliferative ability after fusion
with somatic cells without losing their phenotypes in vitro and in vivo. 

In this regard, plasticity (i.e., the nonrestricted potential of adult stem cells to adopt
phenotypes different from those of the original tissue source) and transdifferentiation
(the acquisition by a differentiated cell of a new phenotype different from the commit-
ted one, mostly in defined in vitro conditions) will be discussed here.

WHERE, WHEN, AND HOW DO CARDIAC RESIDENT
STEM/PROENITOR CELLS ARISE IN THE HEART? 

The origin of CSCs is still unclear; in principle, they can be either cells that have
existed from fetal life onwards, or they could come from extracardiac sources. CSCs
can arise in the heart early during embryogenesis and cardiogenesis: SP cells are pres-
ent early during embryogenesis (12), and postnatal isl1POS cardioblasts (17) appear to
result from persistence as undifferentiated remnants of heart-forming tissue. 

The first indication that there is a circulating pool of stem cells that participate in the
regeneration of cardiac muscle came from analyzing posttransplant organs of sex-mis-
matched heart transplantations. Examination of the female donor hearts revealed car-
diomyocytes and vascular cells derived from the male recipients (7). These cells
presumably derived from extracardiac sources of the heart transplantation recipient and
may embody a population of endogenous circulating stem cells. Although considerable
controversy exists regarding the frequency of extracardiac stem cells, which migrate and
repopulate the myocardium in adult (41), these results suggest that extracardiac stem
cells give rise to cardiomyocytes to participate in myocardial repair. A population of
early tissue committed stem cells (TCSCs) has been recognized in the circulating pool
of mononuclear cells (42). TCSCs express nuclear proteins of skeletal muscle cell line-
age—Myf5, MyoD, and myogenin—and transcription factors that drive the cardiac com-
mitment during heart development—GATA4, Mef2C, and Nkx2.5. The expression of
endothelial cell mRNAs in the TCSC pool was also documented by real-time reverse
transcriptase polymerase chain reaction. TCSCs seem to correspond to circulating cells
that carry the surface antigens CD34, CXCR4, CD117, and c-Met, although this has not
been proven conclusively. The possibility that TCSCs are a subset of the cells positive
for these membrane epitopes is supported by the similarity in their responses in patients
with myocardial infarction and ST-segment elevation. These cell classes increase syn-
chronously, and their changes in number are paralleled by increases in the plasma con-
centration of several growth factors and cytokines with chemoattractant properties.

The origin of circulating cardiac progenitor cells is unknown. Because definitive
proof of the source of these circulating cells is lacking, it is tempting to suggest that tissue-
specific stem/progenitor cells migrate between the organ of origin and the blood. The
recently published finding that macrophages invading myocardial tissue can contribute
to the formation of new myocytes (43) is in agreement with the hypothesis that the cir-
culating pool of mononuclear cells  might contribute to cardiac repair. 
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For the origin of Sca-1POS cells, a mechanism involving ingrowth of the developing
coronary vasculature has been suggested (44) given the cells’ striking similarities to the
mesangioblasts (45), which include surface labeling, microarray findings, and the earliest
sites of marker expression. 

CSCs could also arise from dedifferentiated adult cardiac myocytes. In mammals, epi-
morphic regeneration is largely limited by an irreversible differentiation process, and nei-
ther transdifferentiation nor dedifferentiation has been identified as a naturally occurring
process. However, urodele amphibians uniquely use a cellular dedifferentiation mecha-
nism at damaged sites to form a blastema that contains dedifferentiated progenitor cells.
These cells can then proliferate and reifferentiate to regenerate a variety of tissues incud-
ing limb, tail, and lens (46). Recent in vitro studies suggest that terminally differentiated
C2C12 myotubes can be induced to undergo dedifferentiation into mesenchymal progen-
itor cells by ectopic expression of Msx1 (47), addition of extracts form regenerating newt
limb (48), or by treatment with reversine (49), a 2,6-disubstituted purine analog. 

Intriguingly, a recent publication (50) has shown that adult mammalian cardiomy-
ocytes can divide. One important mechanism used by mammalian cardiomyocytes to
control cell cycle is p38 mitogen activated protein kinase activity. p38 regulates expres-
sion of genes required for mitosis in cardiomyocytes, including cyclin A and cyclin B.
The authors demonstrated that activation of p38 in vivo reduces fetal cardiomyocyte
proliferation, whereas inhibition of p38 in cardiomyocytes promotes cytokinesis.
Finally, mitosis in adult cardiomyocytes is associated with transient dedifferentiation of
the contractile apparatus. These results indicate that the inhibitory effects of p38 on
cardiomyocyte proliferation are reversible and that postmitotic differentiated cells are
capable of proliferation. Interestingly, the authors provocatively argue that cardiac
regeneration could involve, as occurs in the liver, proliferation of differentiated cells
and not stem cells. 

In other stem cell populations (19), stem cells isolated from an adult organ and then
incorporated into blastocysts or injected into irradiated adult animals were able to
contribute to multiple lineages in vivo, including lineages derived from a different
embryonic germ layer than the donor cell.  These studies suggest that many or all tis-
sues contain a population of pluripotent stem cells and challenge the widely held view
that tissue-specific stem cells are predetermined, i.e., monopotential, or able to give
rise only to a particular cell type. In fact, these stem cells appear to be pluripotential
or even totipotent, possessing the ability to activate various genetic programs when
exposed to the appropriate environment. Thus, such pluripotential stem cells must dif-
ferentiate as a function of the growth factors and signals provided by their host tissue.
However, skeletal myoblasts  and bone marrow cells do not appear to transdifferenti-
ate into cardiomyocytes. This limitation has always been clear for myoblasts (51). For
bone marrow cells, the issue remains more controversial (52–55), although their
alleged developmental plasticity (52,55) has been seriously challenged by studies that
have used unambiguous genetic tracking methods to show that what was mistakenly
interpreted as transdifferentiation may have corresponded to fusion events or to
immunohistochemical artifacts (53,54).

RESIDENT CARDIAC STEM CELLS AND HEART FAILURE: 
A PARADOX

An apparent paradox exists when considering the availability of stem cells in the
heart and the prevalence of heart failure. Stem cells provide regenerative potential and
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should influence the status of the heart, thereby decreasing the incidence of heart fail-
ure. So why is heart failure so prevalent? Why, in infarction, do regenerative processes
fail to complete the repair?

Primitive and early committed cells accumulate acutely in the region bordering the
infarct in humans and animals. After homing, these cells grow and differentiate in new
myocytes and coronary vessels. However, a block exists at the sharp boundary that sep-
arates the viable myocardium of the border zone from the dead tissue of the infarct.
CSCs; progenitors and precursors may not cross this boundary because their transloca-
tion to the dead myocardium is impeded. Such an obstruction hampers the reconstitu-
tion of infarcted myocardium and the recovery of function. The entire phenomenon is
obscure and of great clinical relevance for its impact on all organs. The number of res-
ident myocardial stem cells might be inadequate to repopulate injured tissue after a
large MI. Alternatively, the fibroproliferative response after a myocardial injury pro-
duces a fibrotic scar. This scar may function to limit the access of resident stem cells to
the area of injury, or it may limit the release (or serve as an anatomical barrier) of sig-
nals (growth factors such as hepatocyte growth factor, insulin growth factors, stromal-
derived growth factor, etc.) that recruit stem cells to the site of injury. Additionally, the
milieu of the injured myocardium may have a negative (i.e., inflammatory environment
or lack of vascular supply) effect on stem cell viability and differentiation.  Finally, an
active working contracting heart may have a limited regenerative response compared
with a resting, unloaded heart (Fig. 1).

Heart failure and the unpredictable path of the disease may influence the CSC com-
partment and, thereby, cardiac reserve. Depletion of the CSC pool in the chronically
decompensated heart may involve the expression of genes that inhibit cell replication
and activate CSC death. Whether the CSC pool is worn out in end-stage failure and/or
the growth reserve of the remaining CSCs is exhausted remains an important question.

RESIDENT CARDIAC STEM CELLS AND AUTOLOGOUS 
CARDIOMYOPLASTY

Recently, the technique of cardiac cell therapy (CCT) has been developed. This
method consists of transplanting cells into the infarcted area of the myocardium to
(1) increase or to preserve the number of cardiomyocytes, (2) improve vascular supply,
and (3) augment the contractile function of the injured myocardium. Animal and clinical
studies clearly show that stem cells may improve cardiac function after a heart attack,
but we still not have identified the optimal population of cells to use (56,57). 

Embryonic stem cells (ESCs) replicate indefinitely and are able to differentiate into
cardiomyocytes. There are several difficulties in using human ESCs. The first is the
ethical issue surrounding the use of human ESCs derived from products of conception.
Second, ESCs are allogeneic, and immunosuppressive therapy might be needed. Third,
increased cell death resulting from ischemia has been observed when ESC-derived
cardiomyocytes were grafted into a normal myocardium. Finally, human ESCs have
also been shown to have the potential to form teratomas. These drawbacks have led
researchers to seek alternative undifferentiated cells for CCT. 

Recently, there has been major interest in the use of adult stem cells because they
can be used in an autologous setting, and many reports highlight their plasticity.
However, there is still a great deal of controversy surrounding these claims (52–55).
These include failures to reproduce results, contamination of donor samples by other
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rare stem cells, and the possibility that cell fusion accounts for apparent lineage-switch-
ing and transdifferentiation. 

Multiple cell types of myocardial infarction have been tested experimentally in ani-
mal models, with functional improvement as the primary endpoint (44,51,56,57). So
far, safety and practicality considerations have dictated the use of autologous skeletal
myoblasts and bone marrow-derived cells as the first cell types to be tested in patients.
Several trials have been completed or are underway. Their results, although often
reported as positive, should be interpreted cautiously because most of these trials
involve small numbers of patients and often lack randomization, double-blinding, and
traditional placebo-controlled groups.

No matter the ultimate results, it now seems clear that skeletal myoblasts and bone
marrow cells share a fundamental limitation: an inability to convert into true cardiomy-
ocytes that could replace those irreversibly injured by heart attack(s). This limitation
has always been clear for myoblasts, which, once engrafted, remain committed to their
skeletal muscle phenotype. 

For bone marrow cells, the issue remains more controversial. There is little doubt
that bone marrow cells and their derivatives can acquire a cardiomyogenic pheno-
type, but the extent to which such differentiation occurs in vivo for the cell types in
clinical use needs to be better defined. Mesenchymal stem cells have clearer potential
than hematopoetic cells to form cardiomyocytes upon injection into the heart (44,57).
Even if skeletal myoblasts and bone marrow cells cannot transdifferentiate, they may
still have functional benefits, mediated by a limitation of ventricular dilatation or
paracrine induction of angiogenesis. Yet it is increasingly clear that these cells fail to
satisfy the two major prerequisites for cardiac regeneration: an electrical coupling of
the grafted cells with host cardiomyocytes and the subsequent generation of an active
mechanical force.

The difficulty of inducing adult stem cells to cross their lineage boundaries gives
new impetus to the intuitively appealing idea that the most appropriate cells for replac-
ing dead cardiomyocytes might turn out to be cardiomyocytes. This view is supported
by groundbreaking proof-of-principle experiments showing that transplanted fetal car-
diac cells successfully engrafted into myocardial scars, connected with their host neigh-
bors, and improved function. However, the ethical, availability, scalability, and
immunological issues associated with fetal material make it unlikely that these cells
could be used for large-scale clinical myocardial replacement therapy. 

The limitations of both fetal cells and ESCs highlight the potential of a third source of
cardiac cells: resident cardiac stem cells. They offer many advantages for regenerative
therapy: (1) CSCs, if harvested and grown in vitro for later transplantation in the same
patient, are autologous and thus unlikely to trigger infectious or immunological compli-
cations; (2) CSCs are more cardiogenic than other adult stem cells; (3) CSCs trigger
robust angiogenic responses after myocardial transplantation. Most importantly, car-
diosphere-forming cells can be harvested using standard methods (endomyocardial
biopsy or surgey) and can be expanded to obtain clinically relevant numbers of cells in
a short period of time. Furthermore, partially differentiated cells present in cardios-
pheres may enhance engraftment, cardiogenesis, and functional improvement.
Percutaneous injection of autologous CSCs may enable the reconstitution of dead or scarred
myocardium and halt the inevitable unfavorable evolution of the infarcted heart.
Moreover, the replacement of poorly functional, markedly hypertrophied myocytes of
the severely decompensated heart with new, younger, more powerful muscle cells and
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coronary resistance and nonresistance vessels may positively interfere with the onset of
terminal failure and death. 

However, we will ultimately need to gain a more fundamental understanding of CSC
proliferation and differentiation to control it both in vitro and in vivo. Timing of the
delivery, routes of application, the capacity of engrafted cells to differentiate and main-
tain a mature cardiac phenotype while at the same time integrating with the host
myocardium and contributing to contractile function, the longevity of intracardiac
grafts, and the response of engrafted cells to physiological and pathological stimuli are
all issues that require optimization or definition before this strategy can be applied in
the clinical setting.  More research is needed to determine the long-term outcome and
assess the potential associated risks.
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SUMMARY

Cell replacement therapy is emerging as a novel therapuetic paradigm for restoration of
the myocardial electromechanical properties. This innovative strategy has been significantly
hampered by the paucity of cell sources for human heart cells. The recent establishment of
the human embryonic stem cell (hESC) lines may provide a possible solution for this cell-
sourcing problem. These unique pluripotent cell lines can be propagated in the undifferenti-
ated state in culture and coaxed to differentiate into cell derivatives of all three germ layers,
including cardiomyocytes. This chapter will focus on the derivation and properties of hESC
and their cardiomyocyte cell derivatives. The potential applications of this unique differenti-
ating system in several research areas will be discussed, with special emphasis on the steps
required to fully harness their unique potential in the emerging field of cardiovascular regen-
erative medicine. 

Key Words: Embryonic stem cells; stem cells; cell therapy; tissue engineering; cardiac
development; cardiomyocytes.

The adult heart lacks effective repair mechanisms, and therefore any significant cell
loss or dysfunction, such as occurs during myocardial infarction, is mostly irreversible
and may lead to the development of progressive heart failure. Chronic heart failure is
currently a growing epidemic that results in significant disability and mortality while
placing a heavy burden on health care systems (1,2). Despite advances in pharmacolog-
ical, interventional, and surgical therapeutic measures, the prognosis for patients with
this disease remains poor. With chronic lack of donors limiting the number of patients
who can benefit from heart transplantations, development of new therapeutic para-
digms has become imperative.

The recent advances in the areas of stem cell biology and tissue engineering coupled
with parallel achievements in molecular and cell biology have paved the way to the
development of a new field in biomedicine, regenerative medicine. This approach seeks
to develop new biological solutions to replace or modify the function of diseased,
absent, or malfunctioning tissue. The heart represents an attractive candidate for these
new therapeutic paradigms, and molecular manipulation of the myocardial tissue and

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ

101

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


cell transplantation represents exciting new possibilities for assisting the failing
myocardium. The rationale behind the cell replacement approach is based on the
assumption that myocardial function may be improved by repopulating diseased areas
with a new pool of functional cells (3–5). Based on this assumption, a variety of dif-
ferent cell types have been suggested as potential sources for tissue grafting. Recent
animal studies have shown that cells derived from some of these sources may survive
to a certain degree, differentiate within the host myocardium, and improve cardiac
function (3–5). 

Although a number of cell types have been suggested as possible cell candidates for
myocardial repair, the inherent electrophysiological, structural, and contractile properties
of cardiomyocytes (CMs) strongly suggest that they may be the ideal donor cell type. In
early studies, fetal CMs transplanted into healthy mice hearts were demonstrated to
survive, align, and form cell-to-cell contacts with host CMs (6). Interestingly, early-
stage CMs (fetal and neonatal) were demonstrated to show superior engraftment results
in both healthy and infarcted rat hearts when compared to more mature cardiac cells
(7). More recently it was demonstrated that these cells could survive and improve car-
diac function for up to 6 mo in a rat model of chronic infarction (8). CM transplanta-
tion was associated with smaller infarcts (9), prevented cardiac dilatation and remodeling
following infarction (10), and improved ventricular function in some of the studies (11). 

Despite these encouraging results, the clinical utility of this approach is signifi-
cantly hampered by the paucity of cell sources for human CMs, by the high degree of
donor cell death following cell grafting (12,13), and by the limited evidence for direct
functional integration of grafted and host cells. A possible solution to the above-
mentioned cell-sourcing problem may be the use of the recently described human
embryonic stem cell (hESC) lines (14,15), because these unique cells can be propa-
gated in vitro in large quantities and coaxed to differentiate into the desired cardiac
lineage (16–18). The current chapter will therefore focus on describing the unique
properties of the hESC lines and on the establishment of a reproducible CM differen-
tiating system using these cells. The possible role of hESC-derived CMs (hESC-CMs)
in cardiovascular regenerative medicine will be discussed as well as the steps required
to fully harness their potential.

HUMAN EMBRYONIC STEM CELLS

All stem cells, whether from adult or embryonic sources, share a number of proper-
ties (19). First, they are capable of self-renewal, meaning that they can divide and give
rise to stem cell progeny with similar properties. Second, the stem cells are clonogenic,
meaning that each cell can form a colony in which all the cells are derived from this
single cell and have identical genetic constitution. Third, they are capable of differenti-
ation into one or more mature cell types. The different stem cells can be categorized
anatomically, functionally, or by different cell surface markers, transcription factors,
and the proteins they express. One clear division of the stem cell family is between
those present in adult somatic tissue, known as adult stem cells, and those isolated from
the embryo, known as embryonic stem cells (ESCs). 

Although adult stem cells have been found to be more versatile than originally
believed, they typically can differentiate into a relatively limited number of cell types.
In contrast, the early preimplantation mammalian embryo (at the blastocyst stage) con-
tains a group of cells (inner cell mass [ICM] cells) that will eventually give rise, through
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specialized progenitor cells, to all the tissues in the body. In 1981 ICM cells isolated
from mouse blastocysts were used to generate pluripotent stem cell lines (ESCs) (20,21).

Given the unique properties of mouse ESCs and the large impact that they had on
modern biology during the last 20 years, it is not surprising that much effort has been
spent on the development of similar human pluripotent lines. Similar to the mouse and
rhesus ESC systems, the origin of the hESC lines is from the preimplantation embryo
produced by in vitro fertilization for clinical purposes and donated by individuals after
informed consent. The hESC lines were established by isolating the ICM cells using
specific antibodies (immuno-surgery) to remove an outer cell layer called the trophoec-
toderm. The ICM cells were then plated on a feeder layer of mitotically inactivated
mouse embryonic fibroblasts (MEFs). The resulting colonies were selected, passaged,
and expanded for the creation of the hESC lines (Fig.1). 

hESCs have been demonstrated to fulfill all the criteria defining ESCs, namely: deriva-
tion from the pre- or peri-implantation embryo, prolonged undifferentiated proliferation
under special conditions in culture, and the capacity to form derivatives of all three germ
layers. Hence, when cultured on the MEF feeder layer, hESCs could be maintained in the
undifferentiated state for prolonged periods. When removed from the feeder layer and
allowed to spontaneously differentiate, hESCs form three-dimensional differentiating cell
clusters termed embryoid bodies (EBs) containing cell derivatives of all three germ layers
(Fig. 1). The undifferentiated hESCs were also shown to possess high levels of telom-
erase activity, to retain a normal karyotype for several passages, and to express specific
cell surface markers such as the stage-specific embryonic antigens 3 and 4 (SSEA3,
SSEA4), Tra-1-60, Tra-1-81, and the embryonic transcription factor Oct-4.

CARDIOMYOCYTE DIFFERENTIATION OF hESC LINES

Since the initial report of derivation of the hESC lines, a variety of studies have
established in vitro spontaneous and directed differentiation systems to several cell
lineages, including neuronal tissue (22,23), β islet pancreatic cells (24), hematopoi-
etic progenitors (25), endothelial cells (26), and hepatocytes (27). Recently we
were also able to establish a reproducible spontaneous CMs differentiating from
hESCs (Fig. 1) (16). Undifferentiated hESCs of the single-cell clone H9.2 were
propagated on top of the MEF feeder layer. The hESCs were then removed from
the feeder layer, dissociated into small clumps of 3–20 cells, and grown in suspen-
sion for 7–10 days, where they formed EBs. The EBs were then plated on gelatin-
coated culture dishes. Rhythmically contracting areas appeared 4–22 days later in
about 10% of the EBs. 

Several lines of evidence confirmed the CM nature of the cells within the beat-
ing EBs (Fig. 2) (16). Reverse transcriptase–polymerase chain reaction studies
demonstrated the expression of cardiac specific transcription factors (such as
GATA4 and Nkx2.5) and cardiac-specific structural genes (cTnI, cTnT, ANP, MLC-
2V, MLC-2a). Initial analysis of gene expression pattern during in vitro CM differen-
tiation of hESCs revealed a reproducible developmental temporal pattern. This was
manifested initially by a gradual decrease during differentiation in the expression of
undifferentiated stem cell markers, such as OCT-4, coupled with an early increase,
during the suspension phase, in the expression of cardiogenic-inducing growth fac-
tors such as Wnt11 and BMP-2. This was followed by expression of cardiac specific
transcription factors (Nkx2.5, Mef2c, and GATA4) and finally by the expression of
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cardiac specific structural genes such as ANP and myosin heavy chain major histo-
compatibility complex (MHC). 

Immunostaining studies of cells isolated from the contracting areas within the EBs
confirmed the presence of cardiac specific proteins (myosin heavy chain, sarcomeric
α-actinin, desmin, cTnI, and ANP). These studies also demonstrated the presence of
early cardiac morphology with a typical early striated staining pattern. Ultrastructural
analysis of the differentiating CMs demonstrated that these cells were mainly mono-
nuclear, contained varying degrees of myofibrillar bundle organization, and exhibited
nascent intercalated discs. Transmission electron microscopy of EBs at varying devel-
opmental stages showed the progressive ultrastructural maturation from an irregular
myofilament distribution to a more mature sarcomeric organization in late-stage EBs
(28). Interestingly, in parallel to this ultrastructural maturation process we also observed
a reproducible temporal pattern of early CM cell proliferation (using [3H]thymidine
incorporation and immunostaining for Ki67, a marker of cycling cells), cell-cycle
withdrawal, and cellular hypertrophy and maturation.

Several functional assays including extracellular and intacellular electrophysiological
recordings, calcium imaging, and pharmacological studies clearly demonstrated that the
contracting areas within the EBs display functional properties consistent with an early-
stage human cardiac phenotype (16,29,30). These studies also revealed important
insights into the mechanism of automaticity, excitability, and repolarization in these
developing CMs as well as calcium handling and electromechanical coupling (29).

Extracellular electrophysiological recordings using microelectrodes demonstrated a
sharp and a slow component, consistent with a relatively long action potential duration
characteristic of CMs (Fig. 2). The contracting EBs also displayed appropriate
chronotropic responses to adrenergic and cholinergic stimulation indicating functional
receptors and signaling pathways.

Whole cell patch-clamp recording from hESC-CMs demonstrated the presence of
cardiac-specific action potentials and ionic currents (Fig. 2). These studies also provided
mechanistic insights for the basis for spontaneous excitability in early human cardiac
cells, namely a high-input resistance as a result of low expression of the Ik1 current
coupled with a prominent sodium current and the presence of the hyperpolarization
activated pacemaker current (If) (29). 

Our next step was to determine whether the hESC differentiating system is limited to
the creation of isolated CMs or whether a functional cardiac tissue is generated. In order
to answer this question, we microdissected the spontaneously contracting areas within
the EBs and plated them on top of a unique microelectrode array (MEA) mapping tech-
nique. This allowed long-term, high-resolution electrophysiological recordings from the
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Fig. 1. (Opposite page) Early embryonic development, derivation of the human embryonic stem cell
(hESC) lines and in vitro differentiation. (A) The hESC lines were generated from the early-stage
embryo at the blastocyst stage. At this stage the embryo is composed of the trophectoderm and the
inner cell mass (ICM), which will eventually give rise to all tissue types in the embryo. (B, C) ICM
cells isolated by immunosurgery and plated on the mouse embryonic fibroblast (MEF) feeder layer
were used for the generation of the hESC lines. The resulting colonies were propagated and expanded.
Following establishment of the hESC lines, they can be propagated continuously in the undifferenti-
ated state when grown on top of the MEF feeder layer. When removed from these conditions and
grown in suspension, they form embryoid bodies (EBs). This in vitro differentiating system can be
used to generate a plurality of tissue types, including cardiomyocytes.
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EBs. These measurements demonstrated the presence of a functional syncytium with sta-
ble spontaneous pacemaking activity and synchronous action-potential propagation (30).

POSSIBLE RESEARCH AND CLINICAL APPLICATIONS OF hESCs

The absence of in vitro sources for human cardiac tissue imposes significant limita-
tions on cardiovascular research. Therefore, the ability to generate CM tissue from the
hESC lines may, for the first time, provide researchers with a unique tool for the inves-
tigation of the mechanisms involved in early human cardiac lineage commitment,
differentiation, and maturation. In addition, the generation of a long-term in vitro
model to study human cardiac tissue may also be used for several pathophysoiological
studies, for functional genomics, drug and growth factor discovery, drug testing, and
reproductive toxicology. Finally, the ability to generate ex vivo human cardiac tissue
may bring a unique value to the developing field of cardiovascular regerative medicine. 

MYOCARDIAL REGENERATION STRATEGIES USING hESC-CMs

Myocardial cell replacement therapy is emerging as an innovative therapeutic
approach to degenerative heart diseases. Although a number of cell types have been
suggested for tissue grafting, the ideal donor cell should probably display the electro-
physiological, structural, and contractile properties of CMs and should be able to inte-
grate structurally and functionally with host tissue. In addition, this ideal cell should
preferably retain an initial proliferative potential that may enable improved colonization
of the scar. The ability to screen the phenotypic properties or to engineer the desired
properties of the cells prior to cell grfating may be another advantage of such an ideal
cell type. Finally, the optimal candidate cell should be autologous or display minimal
immunogenicity and should be readily available in large quantities for transplantation. 

Although none of the suggested cell sources can fulfill all the aforementioned criteria,
the derivation of the hESC lines offers a number of potential advantages. hESCs are cur-
rently the only cell source that can provide, ex vivo, a potentially unlimited number of
human CMs for cell transplantation, and because of their inherent cardiac phenotype,
these cells are more likely to achieve functional connections with host myocardium.
Another possible advantage of hESCs is their ability to differentiate into a plurality of cell
lineages such as endothelial progenitor cells for induction of angiogenesis (26,31) and
even specialized CMs subtypes (pacemaking cells, atrial, ventricular, etc.) tailored for
specific applications. hESC-CMs could also lend themselves to extensive characteriza-
tion and genetic manipulation to promote desirable characteristics such as resistance to
ischemia and apoptosis, improved contractile function, and specific electrophysiological
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Fig. 2. (Opposite page) The contracting areas within the embryoid bodies displayed molecular,
structural, and functional properties of early-stage human cardiomyocytes. These properties include
expression of cardiac-specific genes and transcription factors and positive immunocytochemical
staining for cardiac specific proteins (such as major histocompatibility complex and cTnI).
Transmission electron microscopy studies demonstrated the presence of early sarcomeric ultrastruc-
tural pattern and intercalated discs typical of cardiomyocytes. Finally, the cells were also demon-
strated to display cardiac specific action potentials, ionic transients, and intracellular calcium
transients at the cellular level during patch-clamp recordings and calcium imaging and spontaneous
pacemaker activity and electrical conduction at the tissue level using multielectrode recordings (see
color-coded activation map). (See color plate following p. XX)
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properties. Finally, the ability to generate potentially unlimited numbers of CMs ex vivo
may also bring a unique value to tissue engineering approaches. 

Nevertheless, despite the enormous potential of the hESC-CMs and the important
progress achieved so far, several obstacles must be overcome before this strategy can
become a clinical reality. These include the need to study the mechanisms underlying
hESC cardiomyogenesis in order to generate a directed and more efficient differentiat-
ing system, the need to establish selection protocols to derive pure populations of car-
diac cells, the need to upscale the entire process to derive clinically relevant numbers of
cells, the need to develop methods for in vivo cell grafting and to improve the engraft-
ment, survival, function, and regenerative properties of these cells in healthy and
diseased hearts, and the need to counter immune rejection. Similarly, the ability of
donor cells to integrate structurally and functionally with host cells should be evalu-
ated, as should their ability to improve myocardial performance in disease hearts.
Finally, care should be taken to prevent possible adverse effects such as the possible
generation of teratomas or ventricular arrhythmias. 

FUNCTIONAL INTEGRATION OF hESC-CM GRAFTS

Optimal functional improvement following cell grafting would require structural,
electrophysiological, and mechanical coupling of donor cells to the existing network of
host CMs. For example, although transplantation of skeletal myoblasts was shown to
improve myocardial performance, gap junctions were not observed between graft and
host tissues (32). Yet even the presence of such gap junctions between host and donor
CM tissues, as observed in some studies, does not guarantee functional integration. For
such integration, currents generated in one cell passing through gap junctions must be
sufficient to depolarize neighboring cells. 

In a recent study we tested the ability of hESC-CMs to integrate structurally and
functionally with host cardiac tissue both in vitro and in vivo (33). Initially, the ability
of the hESC-CMs to form electromechanical connections with primary cardiac cultures
was assessed using a high-resolution in vitro co-culturing system. Primary cultures
were created from neonatal rat ventricular myocytes. The contracting areas within the
EBs were then mechanically dissected and added to the co-cultures. Within 24 hours
postgrafting, we could detect synchronous contraction in the co-cultures that persisted
for several weeks. To further elucidate the functional interaction within the co-cultures,
we utilized the MEA mapping technique and documented synchronous activity and
tight electrophysiological coupling between the two tissue types. Immunostaining studies
demonstrated that this coupling was the result of the generation of gap junctions between
the human and rat CMs. 

To demonstrate the ability of the hESC-CMs to survive, function, and integrate in
the in vivo heart, we assessed their ability to pace the heart and to function as a “bio-
logical pacemaker” in an animal model of slow heart rate (the pig complete heart block
model, generated by catheter ablation of the atrioventricular [AV] node). Following
creation of an AV block, we injected spontaneously contracting EBs into the posterolat-
eral left ventricular wall. A few days following cell grafting, we could begin to detect,
in some of the animals, episodes of a new ectopic ventricular rhythm. Three-dimensional
electrophysiological mapping revealed that this ectopic ventricular rhythm originated
from the area of cell transplantation. Pathological studies validated the presence and
integration of the grafted hESC-CMs at the site of earliest electrical activation. 
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CARDIOMYOCYTE ENRICHMENT, PURIFICATION,
AND UPSCALING STRATEGIES

Although CMs can be reproducibly generated from hESCs using the EB differentiating
system, these cells typically account for only a minority of the cells within the EBs.
Similarly, spontaneously contracting areas were observed in only 10–20% of all EBs.
Consequently, developing strategies to augment CM differentiation as well as methods
for the selection of the generated CMs should have an important impact on the ultimate
success of these cells in myocardial repair.

Directing Cardiac Differentiation
The current CM differentiation system of hESCs is spontaneous and is characterized

by a relatively low CM yield. The development of a directed and more efficient differ-
entiation system is hampered, however, by the relative paucity of data regarding the
inductive clues that lead to commitment and differentiation of early cardiac tissue in
humans. Thus, strategies for directed differentiation should undoubtedly follow research
conducted in a number of model organisms, most notably the chick, amphibians,
zebrafish, and mouse (34–37). 

The heart arises from cells in the anterior lateral plate mesoderm of the early embryo.
The endoderm that is in direct contact with the cardiac crescent is considered to have
an obligatory role in cardiac fate induction (38). Experimental results from a variety of
in vitro and in vivo models suggest that bone morphogenic proteins (BMPs), expressed
in the endoderm adjacent to the heart-forming region, may play an important instructive
role in cardiogenic induction as well as in maintaining the cardiac lineage (39). 

Studies from the xenopus and chick models suggest that the boundaries of the heart-
forming region (the cardiac crescent) are also delineated by repressive signals mediated
by members of the Wnt family (36). These proteins are secreted from the underlying
neural tube and notochord and inhibit cardiomyogenesis in the posterior mesoderm.
Coordination of these signaling gradients is further accomplished by secretion of the
Wnt-binding proteins (Crescent and Dkk-1) in the anterior endoderm, inhibiting Wnt
activity and thereby defining the heart field in an area of low Wnt activity and high
BMP strength signals. However, two recent articles suggest that the role of the Wnt
family in cardiomyogenesis is more complex then previously thought. Pandur et al.
demonstrated that Wnt-11, an activator of the noncanonical Wnt/JNK pathway, is
required for cardiogenesis in the xenopus model and the pluripotent mouse embryonic
carcinoma stem cell line (40). Nakamura et al., using the P19 cell line as well, revealed
that the canonical β-catenin pathway of Wnt signaling is actually activated early during
mammalian cardiogenesis (41). 

Possible strategies for increasing CM yield during hESC differentiation may
include the use of different growth factors, overexpression of cardiac transcription
factors, co-culturing with feeder layers, and mechanical factors. Directed differen-
tiation of ESCs to the cardiac lineage in the murine model was achieved using a vari-
ety of soluble factors including dimethysulfoxide (DMSO), retinoic acid (RA), and, more
recently, BMP-2, transforming growth factor-β, and ascorbic acid. Xu et al. demon-
strated enhancement of cardiac differentiation in the hESC model by using 5-Aza-2′-
deoxycytidene but, surprisingly, not by DMSO or RA (18).

There is also evidence to suggest that lessons learned from early cardiac differen-
tiation in the model systems, described above, may also be applicable to the hESC
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system. The cardiogenic inductive role of the primitive visceral endoderm (VE) was
demonstrated to play a role in hESC-CM differentiation in an elegant study con-
ducted by Mummery et al. Co-culturing of the hESC line (hES2) that does not regu-
larly differentiate spontaneously to CMs with END-2 cells (a VE-like cell line)
provided the missing trigger for cardiac differentiation (17). 

Purification of hESC-CMs
Although CM differentiation may be enhanced by one of the possible directed dif-

ferentiation approaches described above, it is unlikely that the degree of purity that will
be achieved would be sufficient for clinical purposes. Given the heterogeneous mixture
of differentiating cells within the EB, achieving the goal of obtaining pure cultures of
CMs would probably require some form of selection. This selection strategy is required
to increase the number of CMs and to avoid the presence of other cell derivatives or
remaining pluripotent stem cells in the graft. The latter is crucial to prevent the generation
of hESC-related teratomas. 

A relatively simple and elegant strategy for CM selection during hESC differentiation
was previously reported in the mouse model by Field’s group (42). In this approach a
cardiac-restrictive promoter is used to drive a selection marker such as an antibiotic-
resistance gene (NeoR). Once a clone that stably expresses the vector is isolated, undif-
ferentiated genetically modified ES cells could be propagated and expanded. The ES
cells are then allowed to differentiate in vitro and are subjected to selection with the
appropriate antibiotic. Using this selection process during in vitro differentiation, Klug
et al. showed that more than 99% pure CM cultures could be generated in the murine
model (42). The selected CMs were further demonstrated to form stable grafts following
in vivo transplantation. 

Using a slightly different approach, researchers have transfected murine ES cells
with a construct encoding a cytomegalovirus enhancer and a ventricular specific
(MLC-2V) promoter, driving the green fluorescent protein (GFP) product (43). The
use of Percoll gradient centrifugation and subsequent fluorescent-activated cell sorting
(FACS) yielded 97% pure CM fractions. Approximately 80% of these CMs displayed a
typical ventricular action potential.

Upscaling
It is estimated that hundreds of millions of CMs are typically lost in a large myocardial

infarction that results in heart failure. Moreover, transplantation of an even a greater num-
ber of cells may be required to replace this cell loss because of the relatively low per-
centage of cells surviving following engraftment. Therefore, a major barrier for the
clinical use of hESC-CMs is the generation of sufficient numbers of CMs. 

Strategies to increase the number of CMs generated during hESC differentiation may
theoretically be employed at several levels: (1) by increasing the initial number of undiffer-
entiated hESC used, (2) by increasing the percentage of hESCs differentiating to the cardiac
lineage, (3) by increasing the ability of the cells to proliferate following CM differentiation,
and (4) by upscaling the entire process using bioreactors and related technologies.

PREVENTION OF IMMUNE REJECTION

A major obstacle in the utilization of hESC derivatives in the regeneration of different
tissue types is the prevention of their immune rejection. A detailed discussion of this
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issue is beyond the scope of this chapter; it is discussed in detail in a number of excel-
lent reviews (44), and we will briefly discuss some of the strategies suggested to deal
with this problem. 

The first question to be contended with is precisely how immunogenic are tissues
derived from the hESC. Initial characterization of the immunogencity of the hESC was
conducted by Drukker et al.(45). hESCs were shown to express relatively low levels of
human leukocyte antigen (HLA) class I molecules. This expression was only moder-
ately increased after differentiation in vitro (to EBs) and in vivo (to teratoma cells) but
was significantly augmented following interferon-γ treatment. No expression of HLA
class II molecules and the ligands for natural killer cell receptors was detected on
hESCs or their differentiated products. This may provide an inherent immune advan-
tage to hESC-derived grafts, theoretically requiring milder immunosuppressive regimens.
In addition, strategies aimed at reducing the mass of alloreactive T-cells are being devel-
oped, and these and other novel therapies with particular relevance to the anticipated
immune response mounted against hESC transplants will probably be employed (46). 

Other approaches for reducing graft rejection may be the establishment of banks of
MHC antigen typed hESCs, establishment of hematopoeitic chimerism using different
cell products of hESC-CMs, or the generation of universal donor hESC lines (44). The
latter could be achieved by silencing genes associated with the assembly or transcrip-
tional regulation of MHCs or by inserting or deleting other genes that can modulate the
immune response. 

SUMMARY

The development of hESC lines and their ability to differentiate into CM tissue holds
great promise for several cardiovascular research and clinical areas. Research based on
the cells may help to elucidate the mechanisms involved in early human cardiac lineage
commitment, differentiation, and maturation. Moreover, this research may promote the
discovery of novel growth and transcriptional factors using gene-trapping techniques,
functional genomics and proteomics, as well as providing a novel in vitro model for
drug development and testing. Finally, the ability to generate, for the first time, human
cardiac tissue provides an exciting and promising cell source for the emerging discipline
of regenerative medicine, tissue engineering, and myocardial repair. Nevertheless, as
described above, several milestones have to be achieved in order to fully harness the
enormous research and clinical potential of this unique technology.
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SUMMARY

Acute myocardial infarction (MI) remains a leading cause of morbidity and mortality despite
advances in treatment that have resulted in the lowest mortality rate to date. However, a significant
proportion of patients do not receive these beneficial therapies because they are deemed ineligible or
they present outside the window of opportunity for benefit. Thus, the prevalence of heart failure con-
tinues to rise. Although the treatments for heart failure have advanced tremendously, they simply
focus on attenuating hemodynamic stimuli that induce deranged remodeling. The limitations of these
therapies have prompted the search for additional treatments that may improve the outcomes experi-
enced by patients stricken with an acute MI as well as those who have developed heart failure. 

Central to the development of novel therapeutic strategies to treat these two manifestations of
ischemic heart disease is an understanding of the different goals for treatment in each situation
as well as the differences in the molecular milieu present in each. Whereas targeting preserva-
tion of injured tissue and restoration of ample blood flow may be targets in the acute setting,
restoring the deranged infrastructure as well as regenerating myocardium may be targets in the
failing myocardium. 

Potent molecular signaling processes are present that respond to the initial insult of an acute
MI and facilitate the initiation of the repair process. However, overactive or persistent expres-
sion of these factors may lead to altered myocardial matrix and, ultimately, facilitate the devel-
opment of heart failure. This chapter will serve to expose the reader to this molecular signaling
focusing on the acutely infarcted myocardium and the failing heart.

Key Words: Myocardium; cytokines; growth factors; chemokines; heart failure; myocardial
infarction.

INTRODUCTION

Ischemic heart disease, ranging from acute myocardial infarction (MI) to established
heart failure, remains the leading cause of morbidity and mortality worldwide. Through
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rigorous research and advances in management strategies, patients have enjoyed the
lowest mortality rate associated with acute ischemic syndromes to date. Nevertheless, a
substantial proportion of patients are ineligible for acute therapies established to
improve outcomes following acute ischemic syndromes, fail to achieve optimal left
ventricular (LV) preservation after receiving acute therapy, or present years after their
event with an already established cardiomyopathy. Ultimately, a sizable number of
patients will be stricken with LV dysfunction and the syndrome of heart failure.

The detrimental effects of an ischemic event do not cease after the acute insult.
Progressive expansion of the initial infarct territory, dilatation of the LV cavity, and
replacement of cardiomyocytes with fibrous tissue characterizes the untoward reactions
following an acute MI (1). Both inflammation and a limited vascular supply seem to
facilitate this ventricular remodeling (2), a process that is inversely related to cardiac
output, pressure-generating capacity, and, ultimately, increased morbidity and
decreased survival following ana acute MI (3). Currently available therapies for heart
faliure remain limited, and death rates from heart failure continue to rise (4), which
heightens the potential for stem cells in the treatment at the time of acute MI and in
patients with chronic heart failure. 

THE ACUTELY INFARCTED MYOCARDIUM

The Inflammatory Response to Myocardial Injury

POSTINFARCTION CYTOKINE RELEASE

The inflammatory response is particularly active after an MI, the degree of which is
an important determinant of the extent of cardiac remodeling and, ultimately, outcomes
(2). Elevated serum levels of markers of inflammation have predicted short- and long-
term outcomes in patients with unstable coronary artery disease (CAD) (5,6). In addi-
tion, elevation in the white blood cell count following acute MI is an independent
predictor of adverse prognosis (7). However, emerging data suggest that a specific fac-
tion of mononuclear cells, the hematopoietic stem cell (HSC), may also be mobilized
in response to an ischemic stimulus and that this response could be integral to and/or
exploited as an adaptive mechanism following an MI resulting in neovascularization
and tissue preservation/regeneration (8–10). Although elevations in endothelial progen-
itor cells have been demonstrated in patients following acute MI (11), a comprehensive
understanding of the time course and stimuli of mobilization of HSCs remains in its
infancy. Enhanced understanding of the integral components of HSC mobilization,
homing, and differentiation may facilitate improved long-term outcomes for this popu-
lation of patients. 

Cytokines released following the acute ischemic insult play an integral role in mod-
ulation of tissue repair. The elaboration of cytokines and various growth factors repre-
sents an innate response to myocardial injury (Table 1) (12). Increased expression of
pro-inflammatory cytokine mRNA, including tumor necrosis factor (TNF)-α, inter-
leukin (IL)-1β, and IL-6, seen in the infarct area (up to 50-fold), as well as in the non-
infarcted myocardium (up to 15-fold), generally occurs within 24 hours following an
MI and may be transient or more sustained depending on the infarct size (13,14).
Acutely, this leads to further local oxidative stress and remodeling but also initiates the
processes of wound healing. Chronically, sustained presence of cytokines leads to
myocyte phenotype transition and activation of matrix metalloproteinases, which
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Table 1
Selected Cytokines and Growth Factors Elaborated After an Acute MI

Cytokine,
growth 
factor,
chemokine Source Effects on myocardium Hazardous effects Comment

TNF-αa Monocytes/macrophages High levels in ischemic myocardium Chronic–heart failure TNF has also been shown 
Mast cells modulates inflammatory response to have chemoattractive
Cardiac fibroblasts Acute–may increase inotropy properties but also
Cardiac myocytes Regulates apoptosis antiproliferative

May induce CM resistabce to hypoxia properties on BMSC
Modulates LV remodeling Facilitates LV remodeling

IL-1a Monocytes/macrophages High levels in ischemic myocardium Heart failure Plays an important role in 
modulates inflammatory response wound healing in the acute 
stimulates production of acute phase after an MI
phase reactants

Modulates LV remodeling
IL-6a Monocytes/macrophages Regulates myocyte survival/apoptosis Potent negative inotrope Rapidly elaborated soon after

Modulates LV remodeling MI in ischemia/reperfusion 
Attenuates myocardial contractility models

MCPb Monocytes/macrophages Promotes transmigration of Amplification of the An additional source of 
macrophages into injured inflammatory response local cytokine production
myocardium to injury and amplification of 

inflammation
G-CSFa,b Monocytes/macrophages Mobilization of stem cells Neutrophil attractant Pro-angiogenic

Exogenous Induces BMSC mobilization
Facilitates LV remodeling

HIF-1αa,c Cardiomyocytes Induce secretion of VEGF and EPO ND Transcription regulator of 
Interstitial cells Balances oxygen demand and supply response to hypoxia
Endothelial cells Facilitates LV remodeling
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Table 1 (Continued)

Cytokine,
growth 
factor,
chemokine Source Effects on myocardium Hazardous effects Comment

VEGFa,b,c Monocyte/macrophages Endothelial cell migration, Increased vascular Group of secreted proteins
Cardiomyocytes proliferation, differentiation permeability Induce BMSC recruitment
Interstitial cells Induction of cardiomyocyte Facilitates LV remodeling
Endothelial cells proliferation

Mobilizes BMSC

HGFc Fibroblasts Cardiogenesis ND Expression induced by IL-1,
Smooth muscle cells Enhances cardiomyocyte PDGF, G-CSF
Mast cells survival in ischemic Suppressed by TGF and GCC
Macrophages Antiapoptotic Promotes adhesion,
Endothelial cells proliferation, and survival 
Leukocytes of HSC

EPOc Kidneys
Activated macrophages Cardiomyocyte mitogen Excess promotes MI EPOR expressed in epicardium,

Stimulates cardiac angiogenesis pericardium, endothelial cells,
cardiomyocytes

Involved in proliferation and 
mobilization of BMSC

TGF-βb,c Fibroblasts Cardiac myocyte differentiation Myocardial fibrosis Up-regulated in response to MI
Smooth muscle cells Angiogenesis: EC and SMC Combined with stem cell
Platelets migration/proliferation transplantation promotes
Endothelial cells ECM production cardiac differentiation

Antiapoptotic Suppresses HGF expression
Monocyte chemoattractant
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IL-8 (CXCL8)a,b,c Monocytes Regulates neutrophil recruitment Neutrophil attractant Pro-angiogenic
Endothelial cells and activation

Mobilizes BMSC
Involved in LV remodeling

IP-10a, Endothelial cells Inhibits angiogenesis ND Induced by TNF-α
Involved in LV remodeling Downregulated by TGF-β

SDF-1b,c Cardiac fibroblasts Cardiogenesis and vasculogenesis ND Potent stem cell chemoattractant
Regulates cardiac myocyte apoptosis
Involved with vasculogenesis
Mobilizes BMSC

aSignaling factors that are expressed after myocardial infarction involved in the patho-physiological healing process.
bSignaling factors known for their mobilizing and chemotactic abilities.
cSignaling factors that are involved in cardiogenesis and neo-angiogenesis.
BMSC = bone marrow stem cell; EC = endothelial cell; ECM = extracellular matrix;  EPO = erythropoietin; EPOR = erythropoietin receptor; GCC = glucocorti-

coids; G-CSF = granulocyte colony stimulating factor; HGF = hepatocyte growth factor; HIF = hypoxia inducible factor; HSC = hematopoietic stem cell; IL = inter-
leukin; IP-10 = interferon-inducible protein-10; LV = left ventricular; MCP = monocyte chemoattractant protein;  MI = myocardial infarction; ND = not described;
PGDF = platelet derived growth factor; SDF-1 = stromal cell-derived factor 1; SMC = smooth muscle cell; TGF = transforming growth factor; TNF = tumor necrosis
factor; VEGF = vascular endothelial growth factor.
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modifies the interstitial matrix, further augmenting the remodeling process (15). This
in turn alters the local collagen composition and also the integrins that constitute the
interface between myocytes and the matrix. These processes ultimately, when favor-
able, pave the way for angiogenesis and cellular regeneration. 

STIMULI FOR POSTINFARCTION CYTOKINE RELEASE

The triggers of cytokine release in the acute postinfarction period include mechani-
cal deformation (16), the ischemic stimulus (17), reactive oxygen species (18–20), and
cytokine self-amplification pathways (21) (Table 2). Mechanical stress associated with
MI leads to the prompt production of TNF-α and IL-6 in the myocardium through stim-
ulation of potential mechanosensors. These pathways activate related downstream
nuclear transcription factors, such as nuclear factor (NF)-κB and activating protein
(AP)-1, which are required for the induction of most cytokine genes, including TNF-α
and IL-6 (22). Similarly, the ischemic stress is a potent stimulus for the transient induc-
tion of stress-induced transcription factors, culminating in the expression of cytokines
and regulators of cellular proliferation and apoptosis (23,24). These signaling pathways
are upregulated in response to diverse stimuli such as hypoxia, free radical excess,
osmotic dysregulation, and early membrane injury. 

Acute and appropriate cytokine activation in the postinfarct myocardium is funda-
mentally protective for the host. TNF-α, IL-1β, IL-6, and transforming growth factor
(TGF)-β appear to facilitate wound healing, a process that includes phagocytosis and
resorption of the necrotic tissue, survival, and hypertrophy of the surviving myocytes,
degradation and synthesis of matrix support, such as collagens and integrins, prolifera-
tion of the myofibroblasts and angiogenesis/vasculogenesis, and, to a limited extent,
progenitor cell proliferation (13,25,26). That inhibition of IL-1β early postinfarction
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Table 2
Triggers of Cytokine Release Following Acute Myocardial Infarction

Trigger Effect of stimulus

Mechanical stress Most severe at infarct border zone
Triggers TNF-α and IL-6 production within 30 min
Acts through stimulation of mechanosensors
Upregulates Nf-κB

Acute ischemia Upregulates stress-induced transcription factors
Increased expression of PPARs
Sets into motion stimuli that regulate cellular proliferation 

and the inflammatory response
ROS Induce and are induced by cytokines

H2O2 increases TNF production through p38/MAPK pathway
Participate in several myocardial signaling events

Cytokine 
self-amplification Self-amplification through feedback loop targeting Nf-κB

Facilitated through recruitment of inflammatory cells
High levels of pro-inflammatory cytokines seen in 

uninfarcted myocardium

TNF, tumor necrosis factor; IL, interleukin; NF-κB, nuclear factor κB; PPAR, peroxisome proliferation-
activated receptor; ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase.
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leads to poor wound healing and delayed collagen deposition further supports the role
of these inflammatory cytokines in wound healing (27). 

Transmigration of macrophages from the blood, in response to the ischemic induction
of monocyte chemoattractant protein (MCP), provides a supplementary source of
cytokine production and amplification of the local inflammatory response. Participating
in this cellular amplification are additional inflammatory cells. For example, mast cells accu-
mulate within infarcted myocardium in response to macrophage-secreted stem cell factor and
secrete preformed TNF-α, leading to further localization of mononuclear cells.

Growth Factors, Chemokines, and Myocardial Regeneration
GROWTH FACTORS AND ACUTE ISCHEMIA

Along the continuum of ventricular remodeling following an MI exists the possibility
of myocardial regeneration. Resulting from both angiogenesis and myogenesis, this
process has been shown to occur naturally and can be augmented in order to improve
outcomes. Although tissue injury and inflammation are considered essential for the
induction of angiogenesis, the molecular controls of this cascade are mostly unknown.
Angiogenic factors, chemokines, and inflammatory cells all play a role in mediating
myocardial repair following an MI. In addition, the expression of these mediators of
repair may be dictated by the time from the initial insult. For example, expression of vas-
cular endothelial growth factor (VEGF) 120 was found at days 1 and 4 after MI, whereas
VEGF164 and VEGF188 along with expression of TNF-α and inducible nitric oxide syn-
thase were noted for a much longer period of time in a postinfarction model (28). 

Several growth factors, including IL-3, IL-6, granulocyte–colony-stimulating factor
(G-CSF), hepatocyte growth factor (HGF), hypoxia-inducible factor-1-α (HIF-1α),
VEGF, erythropoietin (EPO), and TGF-β, have been reported to facilitate HSC mobi-
lization and/or to minimize myocardial cell loss following an ischemic insult. The ability
of G-CSF to attenuate LV remodeling through the mobilization of HSC (29) and through
Akt-induced inhibition of apoptosis (30) has been suggested. Based on these mecha-
nisms of benefit, the effects of G-CSF administration were recently assessed in patients
with an ST-segment-elevation MI receiving primary percutaneous coronary interven-
tion (PCI) (31). Postreperfusion G-CSF administration over 6 d exposed postischemic
human myocardium to approx 2.8 x 1010 mobilized CD34+ cells with potential for
homing to necrotic areas and documented improvement of both regional and global
myocardial function with sustained functional benefit over 1 year. This benefit was
without associated accelerated restenosis post-PCI. 

HGF is a multifunctional factor implicated in tissue regeneration, wound healing,
and angiogenesis. Circulating HGF is reportedly elevated during the early stage of
myocardial infarction. The significance of this rests in its ability to facilitate endothe-
lial cell regeneration (32) as well as mesenchymal stem cell (MSC) proliferation, migra-
tion, and differentiation (33). The increase in HGF following an acute coronary
syndrome also has been correlated with clinical outcomes (34).

HIF-1α is a hypoxia-sensitive transcription factor, which is able to orchestrate and
activate many factors and pathways following an ischemic insult. Early overexpression
of HIF-1α can result in an increased transcriptional response of factors, such as VEGF
and EPO, involved in pathways that increase oxygen delivery and promote adaptive
pro-survival responses (35). The release of these factors has been correlated with the
increase in circulating HSCs following an MI (11) and has been shown to induce the
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differentiation of these cells into the endothelial cells essential for neovascular tissue
formation. After permanent coronary artery ligation in rats, HIF-1α accumulates at the
infarct border zone and in the nuclei of cardiomyocytes, interstitial cells, and endothe-
lial cells. This persists for 4 weeks and is co-localized with transcriptional target gene
expression (36). 

VEGF also plays a role in attenuating LV remodeling in response to an acute MI.
VEGF is involved in several pathophysiological processes in response to an acute MI (37).
In addition to its role in the healing process and neo-angiogenesis, VEGF possesses
CD34+-mobilizing and chemotactic abilities, with the time course of VEGF elevation
following an acute MI correlating with the peak in mobilized CD34+ cells (11).
Furthermore, myocardial stimulation with MSC transplantation 1 week after an acute
MI induced the expression of VEGF, supporting its important role following myocar-
dial injury (38). 

Similar to its ability to mediate tissue regeneration in models of nervous system
injury (39,40), EPO has demonstrated significant benefit in models of acute myocardial
ischemia (41–43). The physiological functions of EPO are mediated by its specific cell-
surface receptor, which has been shown to be expressed in the adult heart. In one model
of myocardial ischemia and infarction, the administration of EPO imparted significant
benefit by preventing myocyte apoptosis and attenuating deterioration in hemodynamic
function (44). This benefit may also accrue from the mobilization of circulating stem
cells, as observed in brain injury. 

TGF-β is a growth factor that possesses a myriad of functions that facilitate healing
in response to an MI, not the least of which is limiting infarct size through the attenua-
tion of myocardial apoptosis during reperfusion following an MI (45,46). In addition,
TGF-β has been shown to facilitate cardiac myocyte differentiation of CD117+ stem
cells transplanted into infarcted myocardium following ex vivo preprogramming with
this growth factor (47). The ability of TGF-β to facilitate cardiac commitment of vari-
ous populations of stem cells makes it an attractive target for the purposes of myocar-
dial regeneration (48). 

From the description of the various activities/properties of the above-mentioned
growth factors, it can be seen that they play an important role in the response to acute
MI and provide potential targets for future therapeutics within the field of myocardial
regeneration. 

GROWTH FACTORS AND BONE MARROW-DERIVED CELLS

That inflammatory cells such as macrophages participate in angiogenesis has also
been suggested. The macrophage-derived peptide PR39 was shown to inhibit the ubiq-
uitin proteasome-dependent degradation of HIF-1α, resulting in accelerated formation
of vascular structures in vitro, and increased the production of functional blood vessels
in mice (49). These findings suggest that PR39-induced inhibition of HIF-1α degrada-
tion may contribute to inflammation-induced angiogenesis. Furthermore, macrophages
secrete additional proteases and growth factors necessary for neovascularization. 

Additional bone marrow cells with phenotypic and functional characteristics of
embryonic hemangioblasts can be used to directly induce new blood vessel formation
in the infarct bed and proliferation of preexisting vasculature after experimental MI
(10). This neoangiogenesis has been shown to contribute to decreased apoptosis of
hypertrophied myocytes in the peri-infarct region, long-term salvage and survival of
viable myocardium, reduction in collagen deposition, and sustained improvement in
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cardiac function. These cells can be recruited in response to the secretion of various
chemokines in the acute infarct period (50).

CHEMOKINES AND ACUTE ISCHEMIA

Myocardial infarction is associated with an inflammatory response leading to leuko-
cyte recruitment, healing, and formation of a scar. Chemotactic cytokines, members of
the chemokine superfamily, are rapidly induced in the infarcted myocardium and may
critically regulate the postinfarction inflammatory response. Unlike cytokines, which
have pleiotropic effects, chemokines have more specific cellular targets. A CXC
chemokine, CXCL8/IL-8, is upregulated in the infarcted area and may induce neu-
trophil infiltration. In addition, mononuclear cell chemoattractants, such as the CC
chemokines CCL2/MCP-1, CCL3/macrophage inflammatory protein (MIP)1α, and
CCL4/MIP-1β are expressed in the ischemic area and may regulate monocyte and lym-
phocyte recruitment following an ischemic insult. 

Chemokines may have additional effects on healing infarcts beyond their chemotac-
tic properties. The CXC chemokine CXCL10/interferon-γ inducible protein (IP)-10, a
potent angiostatic factor with antifibrotic properties, is induced in the infarct and may
prevent premature angiogenesis and fibrous tissue deposition until the infarct is
debrided and the provisional matrix necessary to support granulation tissue in-growth
is formed. Subsequently, TGF-β-mediated downregulation of IP-10 may shift the bal-
ance towards angiogenesis. In addition, TGF-β potently upregulates b-FGF and VEGF
expression in endothelial cells and smooth muscle cells, thus enhancing angiogenic
activity.

The transient expression of chemokines in recently infarcted myocardium orches-
trates the response to injury and induces the inefficient repair processes that have
been shown to occur. A key component of the repair process involves stem cell hom-
ing to infarcted myocardium. Although the mechanisms involved are incompletely
understood, “homing” of stem cells to injured myocardium is essential because it
concentrates bone marrow stem cells in a milieu conducive for their engraftment,
expansion, and differentiation. That G-CSF-mobilized stem cells fail to engraft in
already remodeled myocardium suggests that whatever homing signal may be pres-
ent in the early postinfarct period is present transiently. Stromal cell-derived
factor(SDF)-1 (CXCL12) is known to be a mediator of stem cell homing to the bone
marrow, and knockout animals of SDF-1 and its receptor CXCR4 are not viable due
to abnormal hematopoietic trafficking (51,52). We and others have demonstrated the
transient nature of SDF-1 expression following an acute MI (50,53). Coupled with
the expression of VEGF (11), this may provide another link between the response to
an MI and the possibility of regeneration of myocardium, especially because SDF-1
overexpression has been shown to induce mobilization of hematopoietic and mes-
enchymal stem cells. 

The complex interactions between growth factors, chemokines, and stem cells dis-
cussed above suggest that in order for myocardial regeneration to become a feasible
treatment goal following an MI, a multifaceted approach harnessing each of these com-
ponents may be necessary. In the early post-MI period, focusing on signaling factors
known for their mobilizing and chemotactic abilities, signaling factors expressed after
MI involved in the pathophysiological healing process and signaling factors involved in
cardiogenesis and neo-angiogenesis may afford the best opportunity for myocardial
preservation and/or regeneration (Table 1).
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THE MYOCARDIUM IN CHF

Once believed to result from an aberrant response to hemodynamic loading following
an MI, heart failure appears to be the phenotypic expression of an equally dynamic
interplay of inflammation, alterations in the myocyte infrastructure, and the perpetuation
of stimuli known to facilitate negative remodeling. The complexity of the myocardium
in heart failure cannot be understated, especially in light of the paradoxical worsening of
heart failure with the administration of anti-TNF agents (54,55). Furthermore, the
myocardium in heart failure does not secrete agents known to facilitate stem cell hom-
ing, engraftment, and improved function unless provoked to do so (50). An understand-
ing of these components may potentially facilitate the development of targeted
therapeutics in order to improve the dismal outcome destined for these patients. 

Inflammation and the Failing Heart
Whereas the inflammatory response to an acute MI facilitates the response to injury

and initiates the healing process, unregulated or continuous production of cytokines
contributes to the progression to heart failure via their known biological effects (Table 3).
TNF-α (56), IL-1 (57), and IL-6 (58) all produce deleterious effects on LV function
and have been correlated with the progression to heart failure and adverse outcomes
(59). Although the expression of pro-inflammatory cytokines peaked at 1 week in
infarcted tissue, persistent gene expression was noted in noninfarcted tissue (17). The
level of one of these cytokines, IL-1, was correlated with the amount of collagen depo-
sition supporting the role in pathological remodeling.

The pro-inflammatory cytokines impart their deleterious effects through several
mechanisms, including depression of LV systolic function, pathological LV remodeling,
and deleterious effects on the endothelium. Nitric oxide (NO) appears to mediate, at
least in part, the negative inotropic effects of these cytokines (60). Cytokine-induced NO
mediates its negative inotropic effects through inhibition of β-adrenergic signaling (61). 

Like in the acutely infarcted myocardium, these cytokines play an important role in
LV remodeling, including myocyte hypertrophy, alterations in fetal gene expression,
and progressive myocyte loss through apoptosis. In addition to the above effects, sev-
eral lines of evidence suggest that TNF may promote LV remodeling through alter-
ations in the extracellular matrix (56,62). Inflammation provokes time-dependent
changes in the balance between matrix metalloproteinase (MMP) activity and tissue
inhibitors of MMP (TIMP) activity (63). During the early stages of inflammation, there
is an increase in the ratio of MMP activity to TIMP levels, which fosters LV dilation.
However, with chronic inflammatory signaling, there is a time-dependent increase in
TIMP levels, with a resultant decrease in the ratio of MMP activity to TIMP activity
and a subsequent increase in myocardial collagen content.

In addition to the effects of inflammatory mediators on cardiac structure and func-
tion, there is growing evidence that the concentrations of inflammatory mediators that
exist in heart failure are sufficient to contribute to endothelial dysfunction. Pro-
inflammatory cytokines such as TNF-α and IL-6 are associated with endothelial dys-
function in patients with CAD or heart failure. When compared with CAD patients and
healthy controls, patients with ischemic heart failure and dilated cardiomyopathy exhib-
ited higher levels of pro-inflammatory cytokines (64). Commensurate with increase,
patients with ischemic and dilated cardiomyopathy exhibited greater endothelial dys-
function compared to CAD patients (p < 0.05) or controls (p < 0.001).
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Growth Factors, Chemokines, and the Failing Heart
The complex pathways involving stimulation of growth factor and chemokine

expression remain active in the failing myocardium, but regulatory mechanisms and
differential responses serve to modulate these effects, culminating in progressive LV
remodeling. Ultimately, the balance of pro- and anti-inflammatory factors as well as
factors that stimulate collagen production and degradation dictates the perpetuation or
stabilization of myocardial remodeling, respectively (65). 

Cardiomyopathy comprises a heterogeneous group of diseases, including the
ischemic (ICM) and dilative (DCM) forms. Recent studies in mice show that VEGF is
involved in ICM. Whether VEGF played a role in human cardiomyopathy was assessed
by examining the mRNA and protein expression of VEGF and its receptors in hearts of
patients with end-stage DCM and ICM and in healthy individuals (66). In DCM, mRNA
transcript levels of various isoforms of VEGF and the respective protein levels of VEGF
and VEGF-R1 were downregulated compared with controls. However, in ICM, mRNA
transcript levels of VEGF isoforms and the respective protein levels of VEGF were
upregulated. The vascular density was decreased in DCM but increased in ICM com-
pared with controls. Blunted VEGF and VEGF-R1 protein expression and downregu-
lated mRNA of the predominant isoform of VEGF, VEGF-165, provide evidence that
the VEGF-165 defect contributes to DCM. Furthermore, other VEGF-independent path-
ways are also involved in endothelial cell survival (67). The disturbance in the angio-
genesis pathways may facilitate the development of a cardiomyopathy (68). Targeting
these pathways might be of benefit through upregulating a key component of myocardium,
the blood vessels. 

Targeting the other component of LV remodeling, the cardiac myocytes, may also
contribute to improved LV function in remodeled myocardium. Fibroblast growth fac-
tors (FGFs) have diverse effects on the myocardium, but the importance of stimulating
angiogenesis vs direct effects of FGFs on cardiac myocytes is unclear. However, the
administration of a replication-deficient adenoviral construct overexpressing FGF-5
(AdvFGF-5) to improve flow and function in swine with hibernating myocardium
induced profound myocyte cellular hypertrophy and reentry of a small number of
myocytes into the mitotic phase of the cell cycle, suggesting that overexpression of
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Table 3
Biological Effects of Inflammatory Cytokines in Heart Failure

Left ventricular function
Potent negative inotropes
Deranged diastolic function

Left ventricular remodeling
Myocyte hypertrophy
Alterations in fetal gene expression
Cardiac myocyte apoptosis
Alterations in the extracellular matrix

Excitation-contraction uncoupling
Endothelial dysfunction
Decreased catecholamine responsiveness
Pulmonary edema
Decreased skeletal muscle blood flow 
Anorexia and cachexia
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AdvFGF-5 may afford a way to restore function in hibernating myocardium and ame-
liorate heart failure in chronic ischemic cardiomyopathy (69).

It is postulated that heart failure is related to blood flow and collagen synthesis.
HGF, a mesenchyme-derived pleiotropic factor, is known to regulate cell growth, motil-
ity, and morphogenesis of various types of cells, but it has also been shown to facilitate
the regression of fibrosis in animal injury models of liver and lung. The potent angio-
genic and antifibrotic effects of HGF have recently been demonstrated in an animal
model of cardiomyopathy. In this model, weekly direct injections of HGF resulted in
increased blood flow and capillary density and decreased fibrosis (70).

What these studies emphasize is that remodeled myocardium possesses characteris-
tics that perpetuate dysfunction and preclude the intrinsic myocardial repair mecha-
nisms from stabilizing the decompensation. Consistent with this notion, we have
demonstrated that an integral chemokine involved in stem cell homing, SDF-1, is no
longer expressed in remodeled myocardium (50). However, the importance of this
chemokine to preservation of myocardial function was also demonstrated through reca-
pitulation of its expression profile as well as overexpression in ischemic cardiomyopa-
thy. Although SDF-1 was the first chemokine shown to link the chemokine/stem cell
axis in ischemic cardiomyopathy, other factors are becoming elucidated that may facil-
itate the improvement of LV function through myocardial regeneration.

Apoptosis in the Failing Heart
Apoptosis, a universal mechanism by which organisms clear damaged or unnec-

essary cells, appears to be an ongoing process in the failing heart that disrupts the
contractile infrastructure—the cardiac myocytes. Although heart failure can be the
result of a variety of causes, including ischemic, hypertensive, toxic, and inflamma-
tory heart disease, the cellular mechanisms responsible for the progressive deterio-
ration of myocardial function observed in heart failure remain unclear and may
result from apoptosis (programmed cell death). Ongoing inflammatory signaling
such as that present in the failing myocardium can set into motion the apoptotic
pathways and contribute to the loss of cardiomyocytes (71–74) and cardiac stem
cells (75). The loss of functionally competent cardiac stem cells in chronic ischemic
cardiomyopathy may underlie the progressive functional deterioration and the onset
of terminal failure (75). The importance of cardiac apoptosis in the failing heart can
be emphasized through studies that have resulted in improved LV function via tar-
geting anti-apoptosis mechanisms through pharmacological, gene, or cell therapy
(10,50,76–79). 

The regenerative and restorative capacity of stem cell therapy in this patient popula-
tion may arise, in part, from attenuated apoptosis following an ischemic event, which,
ultimately, minimizes LV remodeling, resulting in preserved LV function. The delivery
of bone marrow containing endothelial progenitor cells was shown to reduce cardiomy-
ocyte apoptosis and improve myocardial function when delivered early following an
MI (10). The benefits of reduced apoptosis have also been demonstrated with enhanced
stem cell mobilization in already remodeled myocardium (50). In addition to improved
neovascularization with SDF-1-induced stem cell mobilization, a significant reduction
in cardiomyocyte apoptosis was observed in a rat model of ischemic cardiomyopathy,
supporting the multifaceted mechanisms of benefit of this therapy.

Despite significant achievements in our understanding of the molecular mechanisms
responsible for decreased cardiac performance in animals and patients with CHF,
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numerous hurdles remain before targeting these pathways contributes significantly to
treatment of clinical populations with cardiomyopathy.

CLINICAL IMPLICATIONS/CONCLUSIONS

From the discussion above it can be seen that various cytokines, growth factors, and
chemokines are produced in significant quantities from the multiple sources following
an MI and affect the post-MI milieu through effects on inflammatory cells, myocytes,
and the matrix. These agents are also continuously expressed in the failing myocardium,
albeit in different proportions. The effects of the response to injury and remodeling are
pleiotropic and depend on the balance of other factors, the timing of release, and the
cell types involved. In addition, the substantial upregulation of “homing” factors that
occurs following an MI may allow for either peripheral or locally infused delivery of
stem cells, whereas in the failing myocardium the absence of integral homing factor
expression may dictate direct injection of therapies in order to facilitate preservation or
regeneration of myocardium. 

Although similarities exist between acutely infarcted myocardium and that present
in the failing heart, the unique milieu present in each situation may ultimately dictate
the optimal therapies. While targeting preservation of as much viable tissue as possible
through harnessing and augmenting the natural repair processes may be the goal in the
acute MI setting, restoration of the derangements in the myocardial infrastructure
through combined cell/gene transfer may be the goal in the heart failure setting.
Through a better understanding of the uniqueness of acutely infarcted myocardium and
of the myocardium in heart failure, potential novel therapies can be developed that may
provide patients with the chance of improved outcomes.

The differences between the acutely infarcted and the failing myocardium suggest
that there is a limited therapeutic window early following an MI during which augmen-
tation of the naturally expressed stem cell homing factors and, ultimately, stem cell
therapy for the purposes of myocardial regeneration is possible. This pro-regenerative
environment can be recapitulated through combined cell therapy and gene transfer in
order to awaken the regeneratively quiescent, remodeled myocardium and afford simi-
lar benefits of stem cell therapy in the failing myocardium. For example, we demon-
strated that the transient expression of a putative homing factor, SDF-1, following an
acute MI could be reproduced through transplantation of genetically altered skeletal
myoblasts into failing myocardium. This could then be coupled with stem cell mobi-
lization using G-CSF which, ultimately, resulted in improved LV function (50). Because
data are compiled with respect to the homing and differentiation capabilities of the dif-
ferent factors expressed in acutely infarcted and failing myocardium, the ability to
potentially preserve and regenerate, respectively, myocardium and improve outcomes
following an MI will become a reality rather than a dream.
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Stem Cell Differentiation Toward 
a Cardiac Myocyte Phenotype

Andrea N. Ladd, PhD
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SUMMARY

Understanding cardiac myocyte differentiation during embryonic heart development will pro-
vide insight into how to promote cardiac myogenesis in stem cell populations for cell-based ther-
apies. This chapter reviews what is known about the embryonic origin of cardiac myocytes in
vertebrates, the signals that induce myocardial cell specification, the factors that regulate tran-
scription during cardiac myocyte differentiation, and the regulatory networks that connect them.

Key Words: Embryonic development; specification; differentiation; lineage establishment;
induction; cardiac transcription factors; cardiac myocyte.

All of the tissues of the embryo arise from cells in the inner cell mass of the early
blastocyst. These cells are initially totipotent, meaning that a cell from this population
can give rise to all the cell types of the body if exposed to the appropriate cues. The
developmental potential of these cells is thought to become increasingly more restricted
as embryogenesis progresses and the cells terminally differentiate to form the various
tissues. Tissues that undergo lifelong regeneration, such as blood and skin, have long
been known to maintain populations of stem cells, “embryonic-like” undifferentiated
cells that are capable of self-renewal or differentiation, well into adulthood. Findings
from studies in the past few years suggest that stem cells are much more widespread in
adult tissues than originally anticipated, and both embryonic and adult stem cells may
have broad developmental potential. From these findings, the exciting possibility of
using stem cells to repair terminally differentiated tissues with little or no regenerative
potential has arisen. The idea of stem cell therapy is particularly appealing for regener-
ating heart muscle tissue because heart disease remains the leading cause of death in the
United States. 

The promise of stem cell therapy for heart patients depends on the premise that dif-
ferentiation to a myocardial phenotype can be induced in a stem cell population through
purposeful and specific activation of the myocardial program. Understanding myocar-
dial cell development during embryonic heart formation may provide a blueprint for
devising a successful stem cell therapy. The purpose of this chapter is to review what is
known about the developmental pathways that establish myocardial cell identity in the
developing vertebrate embryo. 

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ
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EMBRYONIC ORIGIN OF CARDIAC MYOCYTES

The multilayered body plan of the vertebrate organism is established during gas-
trulation, when embryonic cells are rearranged into three germ layers: inner endo-
derm, outer ectoderm, and interstitial mesoderm. The endoderm gives rise to the
digestive and respiratory tracts, the ectoderm gives rise to skin and nervous tissue,
and the mesoderm produces a host of derivatives that form the internal organ systems
that lie in between, including the heart. The heart is derived from lateral plate meso-
derm, which also forms the blood, blood vessels, linings of the body cavities, and
portions of the limbs. 

The circulatory system is the first functioning system to form during embryogenesis,
and the heart is the first functional organ. Fate maps in fish (1), amphibians (2), birds
(3), and mammals (4) have revealed considerable conservation in the location and
movements of cells that ultimately give rise to cells of heart muscle lineage (Fig. 1). In
each case, cells fated to form the heart can be identified in the blastula, scattered broadly
throughout the posterior region. The cardiac progenitors progressively localize toward
the midline as gastrulation commences and involute early within a broad region of the
primitive streak, just caudal to the anterior node (5). As gastrulation proceeds, myocar-
dial precursors migrate out of the streak and form paired heart primordia on either side
of the anterior midline. Continued cell migration, along with overall flexion and fold-
ing of the embryo during neurulation, brings the bilateral precardiac regions together,
where they unite to form a simple tube composed of an outer myocardium surrounding
an inner endocardium. Cardiac myocyte differentiation occurs during this process, and
by the time fusion is complete the simple heart tube is already a functioning pump.
A second population of myocardial progenitors lying anterior and dorsal to the lin-
ear heart tube contributes to the forming outflow tract (6). Subsequent looping of the
heart tube and remodeling of the endocardium to form the valves and septa gives rise to
the familiar four-chambered architecture of the heart.

Although fate-mapping studies provide valuable information concerning the local-
ization of cells that will give rise to the muscle of the heart, they do not address
important questions about the developmental state of presumptive myocardial cells.
Lineage establishment is a multistep process that includes competence, specification,
determination, and, ultimately, differentiation. Competence is the ability of a cell to
recognize and respond to external cues that influence cell fate. Specification is the
initial assumption of lineage identity by a precursor cell. Operationally, presumptive
cells are said to be specified when they are able to differentiate when explanted and
cultured in the absence of external inductive factors. Determination occurs when lin-
eage identity becomes set, such that presumptive cells remain committed to their fate
even when exposed to external influences that instruct the cells to adopt an alterna-
tive fate. The final step, differentiation, is characterized by the activation of genes
that define the morphology and function of a cell lineage. In the case of cardiac
myocytes, these would include the structural and contractile proteins such as the
myosins and troponins. 

The timing and position of involution determines the ultimate fate of the mesoder-
mal cell. The regionalization of cell fate within the primitive streak at later stages
reflects the spatial relationship of precursors fate-mapped within the epiblast prior to
gastrulation, suggesting a role for the streak region in patterning the mesoderm of the
embryo. Myocardial specification occurs during gastrulation, as cells fated to form
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Fig. 1. Origin and movement of precardiac cells. Ventral views (left) and transverse sections (right)
of developing chick embryos are shown; cells that form the heart are indicated by black dots. Cells
fated to become the heart are broadly distributed throughout the posterior region of the epiblast prior
to gastrulation. During gastrulation, cardiac progenitors involute early, and specification of precar-
diac mesoderm begins while cells are still within the primitive streak. As gastrulation progresses,
specified precardiac cells migrate to either side of the anterior midline to form bilateral heart fields.
Continued cell migration and overall flexion of the embryo during neurulation bring the heart pri-
mordia together, where they fuse to form the primitive heart tube.
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heart involute and migrate through the primitive streak. In Xenopus, precardiac cells
become self-differentiating in culture as soon as cells can be isolated following involution
(7,8). Explantation studies in chick and quail have demonstrated that myocardial cell
specification has also commenced in avians by early to mid-gastrulation (9–11). Some
isolated precardiac cells are already capable of self-differentiating in culture when
excised, from within the primitive streak (11).

INDUCTION OF HEART MUSCLE CELL SPECIFICATION

Studies from amphibians, birds, and mammals all suggest that heart muscle cell
specification involves inductive signals from two distinct sources (Fig. 2). In amphibians,
the organizer region at the dorsal blastopore lip and the deep dorsoanterior endoderm are
both important for heart induction (7,8). In birds, the two inductive tissues have been
identified as the posterior hypoblast and anterior lateral endoderm. Hypoblast, the avian
equivalent of the mammalian trophoblast, has been implicated in axis formation in the
posterior region of the pregastrula embryo and may have mesoderm-inducing activity
analogous to the amphibian organizer region (12,13). Hypoblast-derived signaling is
important prior to gastrulation and may serve to make heart progenitors within the nas-
cent mesoderm competent to respond to inductive signals from the emerging endoderm
during gastrulation. Anterior lateral endoderm, which subtends the precardiac meso-
derm at late gastrula stages, has heart-inducing capacity and can convert responsive
mesoderm, which otherwise would not form heart to a myocardial lineage (11,14,15).
In mice, inductive signals are generated by the anterior visceral endoderm, an extraem-
bryonic tissue similar to the avian hypoblast, and the anterior definitive endoderm (16).

Members of the transforming growth factor (TGF)-β superfamily have been impli-
cated in both stages of cardiogenic signaling (Fig. 2). Activin and TGF-β have been
detected in the chick pregastrula hypoblast (17,18), and both can promote cardiac myo-
genesis in avian explant experiments (19). In contrast, the related bone morphogenetic
proteins (BMPs) play an early inhibitory role. BMP-2 and BMP-4 are broadly expressed
in the chick embryo prior to gastrulation, but their activity is repressed in the posterior
region containing the cells fated to form heart by localized expression of chordin and
noggin, two BMP antagonists (20,21). Treatment with either BMP-2 or BMP-4 can
block the ability of activin or the hypoblast to induce formation of cardiac myocytes in
chick precardiac explants (19), and transient inhibition of BMP signaling by noggin
can promote cardiac myocyte differentiation in mouse embryonic stem cells (22).

Although BMP signaling inhibits cardiogenic induction prior to gastrulation, it also
mediates the positive inductive role of the anterior lateral endoderm during subsequent
stages. BMP-2 expression is detectable in anterior lateral endoderm subtending the pre-
cardiac mesoderm (21,23). Loss of BMP-2 expression or inhibition of BMP signaling
from the endoderm disrupts heart formation and inhibits cardiac differentiation in
Xenopus, chick, and mouse (19,23–25). Ectopic application of BMP-2 induces expres-
sion of cardiac transcription factors in gastrulating chick embryos (20,23), and although
treatment with BMP-2 or BMP-4 alone is not sufficient to induce cardiac myocyte dif-
ferentiation in nonprecardiac mesoderm explants, either will induce full conversion
when used in combination with fibroblast growth factor (FGF)-4 (19,26). Combined
treatment with FGF-2 and BMP-2 also promotes cardiac myocyte differentiation in
mouse embryonic stem cells (27). Members of the FGF family are expressed in precar-
diac endoderm (15), and ectopic expression of FGF-8 leads to lateral expansion of the
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presumptive heart fields (28). These results support a hypothesis that FGFs potentiate
the competence of cardiac precursors to respond to BMP signals, although an essential
role for FGF signaling in cardiogenic induction has not yet been demonstrated. FGF
proteins have also been implicated in the maintenance of cardiac gene expression fol-
lowing specification in chicken and mouse (28). 

In addition to members of the TGF-β superfamily and the FGF family, other secreted
factors may play a role in myocardial specification. Cripto is a member of the
Cripto/FRL/Cryptic family (29), defined by a unique cysteine-rich motif and a diver-
gent epidermal growth factor (EGF)-like motif that fails to bind to the EGF receptor or
other known ErgB family receptors (30). Cripto can been detected in prestreak and
primitive streak stage mouse embryos in epiblast and forming mesodermal cells, but is
later restricted to the developing heart (31,32). Ablation of Cripto-1 (Cr1) in mouse
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Fig. 2. Early and late signals define the heart fields and commit cells to a myocardial fate. Members
of the transforming growth factor (TGF)-β superfamily and fibroblast growth factor (FGF) family
mediate signals arising from the hypoblast prior to gastrulation and from the anterior lateral endo-
derm during gastrulation that are required for induction of cardiac myogenesis. Inhibitory signals
involving bone morphogenetic protein (BMP) antagonists and Wnt proteins produced by the axial
tissues help restrict the presumptive heart field.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


embryonic stem cells leads to a specific block in the differentiation of cardiac myocytes
in vitro (33), and Cr1- null mice exhibit embryonic lethality due to severe deficiency of
embryonic mesodermal derivatives, including cardiac muscle (34,35). In these mutants,
the anterior–posterior axis does not form, suggesting that the inability of the heart tube
to differentiate may be a result of failure to generate the precardiac field within the
mesoderm from which the heart would normally develop.

The boundaries of the presumptive heart field are defined not only by the inductive
signals produced by cardiogenic tissues, but also by repressive signals emanating from
the axial tissues. Juxtaposition of neural tube and notochord blocks BMP-mediated
induction of cardiac differentiation in chick precardiac explants (23), effects that are
likely mediated in part by noggin and chordin, diffusible BMP antagonists produced by
the notochord (36). The dorsal neural plate also expresses two members of the wing-
less/int (Wnt) family of secreted glycoproteins, Wnt-1 and Wnt-3a, which repress car-
diogenesis in culture (37). Wnt antagonists are expressed in the endoderm around the
heart fields, and ectopic expression of Wnt antagonists can relieve the repressive effects
of the neural plate and activate cardiogenesis in noncardiac mesoderm in frogs and
chicks (37,38). Targeted inactivation of β-catenin, which forms a complex in the cyto-
plasm and enters the nucleus, where it activates transcription of target genes in response
to canonical Wnt signaling, results in the formation of ectopic hearts along the
anterior–posterior axis in the developing mouse (39). Together, these results support a
role for Wnt/β-catenin signaling in limiting cardiac specification to the heart fields.
Interestingly, another member of the Wnt family that inhibits the canonical Wnt/β-catenin
pathway, Wnt-11, promotes cardiac differentiation (40,41).

The cell surface signaling molecule Notch-1 and its ligand, Serrate, have also been
implicated in the refinement of cell fates within the heart field in Xenopus (42). Notch-1
and Serrate are initially expressed throughout the presumptive heart field, but over time
Serrate becomes restricted to nonmyogenic cells in the future heart, consistent with a
role for activated Notch signaling in the inhibition of myogenesis (42).

TRANSCRIPTIONAL CONTROL OF CARDIAC MYOCYTE
DIFFERENTIATION

Specification may be thought of as a state in which a cell has initiated the regulatory
program that will in turn activate the genes required for differentiation. Several families
of transcription factors have been implicated in the regulation of cardiac myogenesis,
including the vertebrate homologs of the Drosophila homeobox gene tinman, the
GATA4/5/6 family, the myocyte enhancer factor 2 (MEF2) proteins, the bHLH tran-
scription factors of the HAND family, and members of the T-box transcription factor
(Tbx) family.

The importance of the tinman gene in embryonic heart development was first sug-
gested in Drosophila, where it was observed that null mutants completely lacked the
muscle of the dorsal vessel, the fly equivalent to the vertebrate heart (43). In fish (44),
frog (45), chick (14), and mouse (46,47), the vertebrate homolog of tinman, the NK-
class homeodomain-containing transcription factor Nkx2-5 (also known as Csx), is
expressed during gastrulation in the lateral plate mesoderm and currently represents the
most commonly used early marker of the presumptive heart field. Several putative
downstream target genes for Nkx2-5 have been identified in the cardiac myogenesis
pathway, including structural myofibril proteins such as ventricular myosin light chain 2
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and other transcriptional regulators, such as eHAND (48,49). Targeted ablation of
Nkx2-5 in mice does not prevent myocardial cell differentiation, although it does lead
to disruption of normal cardiac gene expression and morphogenetic defects in the heart
tube at later stages (49,50). 

The presence of multiple members of the Nkx-2 family in most vertebrate species
suggests that some functional redundancy may complicate the interpretation of the
Nkx2-5 null phenotype. Injection of dominant inhibitory XNkx-2 constructs that block
multiple Nkx-2 family members into Xenopus embryos results in the complete elimi-
nation of myocardial gene expression and the absence of a morphologically distin-
guishable heart (51,52). This phenotype is rescuable by coinjection with wild-type
homologs (51,52). Although these results suggest that Nkx-2 family members are
required for normal cardiac myogenesis, there is no conclusive evidence that Nkx-2
factors initiate the myocardial gene program. The vertebrate Nkx-2 genes fail to com-
pensate for loss of tinman in gene replacement experiments in flies (53,54), suggesting
that the vertebrate tinman homologs have diverged functionally from their Drosophila
counterpart and may play a different role in heart development. Overexpression of
Nkx2-5 in frog or zebrafish embryos never leads to ectopic heart formation, suggesting
that Nkx2-5 is not sufficient for myocardial specification, but overexpression does
result in enlargement of the heart, suggesting a possible involvement in defining the
heart field (44,55).

The GATA proteins are a family of zinc finger-containing transcription factors. Three
GATA family members, GATA4, GATA5, and GATA6, have been detected in the pre-
sumptive heart and have been shown to activate numerous myocardial genes (56). Like
Nkx2-5, deletion of individual GATA genes in the mouse has not revealed determina-
tive roles for these factors in myocardial specification, resulting in part from genetic
redundancy (56–59). Interpretation of GATA null phenotypes is further confounded by
defects caused by developmental roles for the GATA proteins outside of the heart. Early
endodermal defects in GATA4 knockouts and peri-implantation lethality in GATA6
knockouts hinder our ability to analyze the role of these factors in myocardial differen-
tiation. Nevertheless, a cardiogenic role for these factors has been proposed. GATA4-/-

embryonic stem cells have a reduced potential for cardiac differentiation (60), and
GATA4 expression in the anterior endoderm and mesoderm may help restrict the meso-
derm to a cardiac fate (28). Involvement of GATA factors in the migration of cardiac
progenitors during coalescence of the heart tube has also been proposed (57,58).
Consistent with this idea, targeted reduction of GATA4 by RNA interference in chick
whole embryo cultures and mutation of the GATA5 gene in zebrafish both result in cardia
bifida (61,62).

Members of the Mef2 family of MADS-box transcription factors have been impli-
cated in early steps of both cardiac and skeletal myogenesis (63). MEF2 proteins bind
to A/T-rich sequences in the promoters of several cardiac and skeletal muscle-specific
genes (64–67). In Drosophila, the loss of the single D-mef2 gene ablates cardiac, vis-
ceral, and skeletal muscle (68). In vertebrates, multiple family members are expressed
in precardiac mesoderm, and the functional importance of individual MEF2 proteins is
not yet fully understood. For example, in mice Mef2B and Mef2C are expressed in precar-
diac mesoderm at e7.75, followed by Mef2A and Mef2D (63,69). Cardiac development is
normal in Mef2B-/- mice, while both ventricles are hypoplastic in Mef2C-/- mice (70).

In skeletal muscle, the MyoD family of basic helix-loop-helix (bHLH) proteins is
responsible for activation of the skeletal muscle gene program. A different subclass of
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bHLH proteins may play a similar role in cardiac development. eHand (also called
Hand1) and dHand (also called Hand2) are bHLH genes expressed in the lateral plate
and heart tube, as well as other embryonic tissues (71,72). If antisense oligonucleotides
to both of these Hand genes are added simultaneously to chick embryos, heart develop-
ment arrests at the looping stage (71). Heart development also arrests during cardiac
looping in both dHand-/- and eHand-/- knockout mice (73,74). Thus, early myocardial
cell fate decisions can progress without the HAND proteins, but later cardiac morpho-
genesis requires these factors.

The first indication that T-box transcription factors are important for heart develop-
ment came in 1997, when mutations in the Tbx5 gene were identified as being respon-
sible for Holt–Oram syndrome, a human genetic disorder characterized by congenital
heart malformations (75,76). Since then, Tbx1, -2, -3, -18, and -20 have also been
implicated in cardiac development (77). A differentiated heart tube forms in Tbx1, -3,
and -5 null mice, suggesting that loss of a single Tbx gene does not impair cardiac lin-
eage specification or differentiation (78–80). Investigations into the function of these
factors are still in the early stages, but the Tbx target genes that have been identified to
date suggest involvement of cardiac Tbx proteins in regulating chamber-specific gene
expression and cardiac myocyte proliferation (77).

Although all of these transcription factor families are expressed in precardiac meso-
derm prior to or concurrent with cardiac myocyte differentiation, none are expressed
exclusively in the heart, and none are sufficient to drive the differentiation of lateral
plate mesoderm into heart by themselves (81). Other transcription factors that may par-
ticipate in cardiac specification and/or differentiation include the bHLH factors Mesp1
and -2, serum response factor (SRF), the Iroquois homeobox gene family members
Irx1-4, Cited1 and -2, the Hairy/Enhancer of Split family proteins Hey1 and -2, Sox6,
Pitx2, myocardin, and their homologs (81–84). Some of these, such as the Mesp pro-
teins, may play a more general role in mesoderm development, whereas others, such as
myocardin, may play a more specific role in cardiac development, although these roles
have not yet been well defined.

INTERACTIONS WITHIN THE REGULATORY NETWORK

It is worth noting that the cardiac transcription factors do not act independently of
one another, but rather are integrated in a complex transcriptional network.
Investigation of the targets of transcription factor families has revealed numerous
physical interactions between factors acting on a variety of target gene promoters. In
some cases, transcription factors have been shown to coexist in a stable ternary com-
plex that involves both direct protein–protein interactions and protein–DNA interac-
tions. In many cases, however, it is still not clear whether the transcription factors
interact directly with one another or only appear to interact because they bind to ele-
ments within the same promoter region.

Nkx2-5, GATA4, and Tbx5 display cooperative binding to DNA, direct protein–pro-
tein interactions, and synergistic activation of cardiac transcription (77). Tbx2 and -3
have also been shown to interact with Nkx2-5 when bound to DNA, and Tbx20 inter-
acts with Nkx2-5 and GATA4, although synergistic activation of transcription has not
been demonstrated (77). SRF can interact with Nkx2-5 or GATA4 and synergizes with
Nkx2-5 and the GATA factors on target promoters (85). GATA4 or -6, but not GATA5,
can recruit MEF2 proteins to target promoters that lack MEF2 binding sites, and
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GATA4 has been shown to cooperate with MEF2 proteins on a number of cardiac
promoters (86).

It is unlikely that all of the possible interactions occur simultaneously on any given
promoter. For example, Nkx2-5 can interact with GATA4, Tbx5, Tbx20, and SRF on or
near an Nkx2-5 binding site, but it seems improbable that all of these proteins could be
physically present on a small stretch of DNA at the same time. The formation of differ-
ent regulatory complexes may be instrumental for fine-tuning cardiac gene expression.
Determining the circumstances in which different combinations arise and their specific
consequences for cardiac myogenesis is a major challenge for future investigations.

CHAMBER-SPECIFIC GENE REGULATION IN THE MYOCARDIUM

The muscle cells of the diversified atria and ventricles express distinct subsets of
contractile proteins and display different conductive and contractile properties (87).
The atrial or ventricular character of cardiac myocytes reflects their position along the
anterior/posterior axis, with atrial/ventricular diversification becoming apparent by
mid-gastrulation (87,88). This character can be altered prior to differentiation, however,
by treatment with retinoic acid, an agent known to influence anterior–posterior identity
(88,89). This suggests that final determination occurs concomitantly with terminal dif-
ferentiation some time following the initial decision to enter the myocardial lineage.
Differentiation itself proceeds in an anterior to posterior direction within the cardio-
genic mesoderm during neurula stages (90,91).

Few chamber-restricted regulators of cardiac gene expression have been identified to
date. eHAND and dHAND develop chamber-restricted expression patterns in the mouse
heart, but only after initially being expressed throughout the heart (73). The importance
of the HAND proteins for establishment of chamber identity is not clear, as the cham-
ber-restricted expression patterns observed in mouse are not conserved in the chick
(71). Irx4 is a homeodomain-containing transcription factor that is expressed only in
ventricular myocardium (92). Irx4 is not the only regulator of ventricle-specific gene
expression, however, since Irx4-deficient mice display defects in the expression of only
a subset of ventricular genes (92,93). Expression of Hey2 (also known as HRT2 or
Hesr1) is also restricted to the ventricles (94). The role of Hey2 in ventricular myocyte
formation is unknown, but targeted disruption of Hey2 in mice leads to ventricular dys-
function, suggesting a role in the regulation of ventricular gene expression (95). To
date, no atrial-specific transcription factors have been identified.

FROM INDUCTIVE SIGNALS TO TRANSCRIPTIONAL CONTROL
AND BACK AGAIN

Signaling by the TGF-β superfamily is propagated downstream by the Smad pro-
teins, transcription factors regulated via phosphorylation by TGF-β receptor family
members. Smad1, -3, and -5 mediate BMP signaling during cardiac induction and
directly activate expression of the early cardiac transcription factors such as Nkx2-5
(96,97). In addition to the Smad proteins, TGF-β and BMP pathways can activate
TAK1, a member of the mitogen-activated protein kinase kinase kinase superfamily,
and TAK1 has been implicated in BMP-mediated induction of cardiac transcription
programs (98). 

Nkx2-5 expression overlaps with the anterior expression domains of the BMPs in the
chick embryo and is induced medially in response to ectopic BMP-2 (20,23). Inhibition
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of BMP signaling by noggin represses Nkx2-5 expression in cultured precardiac
mesendoderm (23). Consistent with the activation of eHand by Nkx2-5 (49), in Xenopus
eHand is strongly induced in animal cap assays by ectopic BMP-2 and BMP-4, while
induction is blocked by dominant negative BMP receptors (72). GATA4 expression also
overlaps with the expression of BMPs and is induced in response to ectopic BMP-2 in
regions medial to its normal domains of expression (20,23). 

In addition to the data suggesting that BMP signaling activates expression of the car-
diac transcription factors, there is also evidence to suggest that continuation and propa-
gation of BMP signaling in the cardiogenic tissues depends on positive feedback from
these same regulatory programs (Fig. 3). BMP-4 has been identified as a direct down-
stream target of GATA4 and -6 in the mouse (99). Knockdown of GATA6 in Xenopus
and zebrafish embryos leads to a reduction of BMP-4 in the developing heart despite
normal initiation of BMP expression in the early embryo, suggesting a role for GATA
factors in maintaining BMP expression during cardiogenesis (100). GATA4, -5, and -6
can physically interact with SMAD-1, the downstream mediator of BMP signaling
(101), suggesting the GATA factors not only maintain BMP signaling, but also help
mediate its downstream effects.
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Fig. 3. Positive feedback maintains and propagates inductive signaling in the presumptive heart.
Bone morphogenetic protein (BMP) signaling activates expression of cardiac transcription factor
genes such as GATA4. GATA4 has been shown to activate Bmp4 gene expression in turn, suggesting
that a positive feedback loop maintains BMP expression. GATA4 also interacts with SMAD1, the
mediator of BMP signaling, to activate the transcription of BMP target genes.
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FUTURE CHALLENGES

Several areas of basic understanding will be helpful for devising and improving suc-
cessful stem cell therapies to regenerate heart muscle in patients. First, it would be
advantageous to maximize the fraction of cells within a stem cell population that com-
mits to a myocardial fate. This will require a more detailed understanding of the signals
that induce the cardiac myocyte lineages in the embryo, including the precise order,
combination, and dosage of growth factors required for specification, as well as what
elements the cells must already possess in order to be competent to respond to these
signals. Second, it would be useful to understand what cues promote proliferation of
committed progenitor cells, to expand the population, withdraw from the cell cycle
when appropriate, and possibly even maintain a subset of self-renewing cells in the
repaired heart. Third, it will be important to elucidate how distinct cardiac myocyte lin-
eages (e.g., atrial vs ventricular myocytes) are established in order to fine-tune stem
cell differentiation to fit the site of repair. Finally, greater understanding of the regula-
tion of the cardiac gene expression program following differentiation will shed light on
how cardiac myocytes mature, a process that must take place if new myocardial cells
are to properly integrate into the adult myocardium. A limited capacity for cardiac
regeneration has been observed in some species, suggesting that the adult heart main-
tains an environment conducive for the differentiation and integration of stem cell pro-
genitors into the myocardium. It remains to be seen whether regenerative medicine will
be able to tap into that potential.
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Electrical Coupling and/or Ventricular
Tachycardia Risk of Cell Therapy

Dayi Hu, MD and Shuixiang Yang, MD

11

SUMMARY

Electromechanical coupling is crucial in the process of functional cardiomyocyte regeneration.
Experimental and initial clinical studies have showed the high risk of arrhythmia in the animals
and patients receiving cell transplantation from pluripotent stem cells. The mechanism underly-
ing these arrhythmogenic properties is still unclear. The communications between the cells via
gap junction formed by connexin proteins are essential for activating cardiac tissue, allowing
propagation of electrical stimuli and related ionic currents. It has been shown that there is a
functional gap junction between cardiomyocytes and most cells used for cell transplantation,
such as human embryonic stem cells, human mesenchymal stem cells, bone marrow-derived
mononuclear cells, and fibroblasts. Although it is still controversial, a recent study has shown
that there are N-cadherin- and connexin-43-mediated junctions between skeletal myoblasts and
cardiomyocytes, allowing them to induce synchronous beating. However, it should be empha-
sized that all of the cells mentioned above have been demonstrated to have pro-arrhythmogenic
potentials. These factors must be weighed as we pursue the avenues of cell therapy for failed
hearts. Experimental studies and initial clinical experience with cell transplantation has opened
new perspectives for treatment of irreversibly injured myocardium. It must be pointed out that
further studies, including experimental and clinical studies, are necessary to address the ques-
tions regarding the efficacy and long-term safety of cell transplantation. 

Key Words: Electromechanical coupling; connexin; gap junction; arrhythmogenic risk.

Cell therapy is emerging as a promising strategy for myocardial repair. This approach
is hampered, however, by the absence of direct evidence for functional integration of
donor cells into host tissues (1). Electromechanical coupling is a crucial foundation for
the strategy of regeneration of cardiomyocyte and revasculization. Electrical coupling
is dependent on gap junction formation between original cardiomyocytes (CMs) and
stem cell-derived implantation cells. Communications between the cells via gap junc-
tions formed by the connexin proteins are essential for activating the cardiac tissue,
allowing propagation of electrical stimuli and related ionic currents. Experimental and
initial clinical studies have demonstrated abnormal action potential characteristics and
arrhythmogenic properties in CMs derived from pluripotent stem cells (2). Electrical
coupling and ventricular tachycardia risk is the focus of scientists paying close atten-
tion to experimental and clinical studies and needs further to be addressed and resolved

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ

151

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


in future trials. In this chapter we will discuss these problems and the advances in stem
cell implantation therapy.

ELECTRICAL COUPLING AND GAP JUNCTION

Gap Junction
The molecular cloning of connexins and their identification as the protein compo-

nents of gap junctions heralded a new era. They are in fact channels formed by the
oligomerization of connexins: six connexins make a connexon or hemichannel, and two
connexons from adjacent cells align in the extracellular space to make a full intercellu-
lar gap junction channel that allows direct communication between cells without using
the extracellular space to exchange messages (3). With the completion of the human
genome sequence, it appears that we have at least 20 connexins. Family members are
usually distinguished by their expected molecular weight, so that the best-known con-
nexin (Cx), a protein of 43 kDa, is referred to as Cx43 (4).

Gap junctions are intercellular channels that allow both chemical and electrical sig-
naling between two adjacent cells. Junctions, morphologically represented by interca-
lated disks, contain adherens and gap junctions for mechanical and electrical coupling,
respectively. Adherens junctions are built up from N-cadherin molecules sarcolemma,
which allow binding to N-cadherin’s neighbor molecules (5). Gap junctions consist
mainly of Cx43 transmembrane protein, by which the electrical current can be quickly
and freely conducted (6). The presence of intercalated disks represents the ability of
CMs to achieve synchronous (gap junction) and effective (adherens junctions, attach-
ment to surrounding tissue) contraction leading to a synchronous contraction of whole
left ventricular (LV) cavity. Gap junction intercellular communication has been also
implicated in the regulation of various cellular processes, including cell migration, cell
proliferation, cell differentiation, and cell apoptosis.

Early-Stage Heart Connexin
Egashira et al.’s (7) research results indicate that Cx45 is an essential connexin for

coordinated conduction through early cardiac myocytes. In early-stage heart, the car-
diac impulse does not travel through the specialized conduction system but spreads
from myocyte to myocyte, because it is the only gap junction protein present in early
hearts. Cx45-deficient (Cx45(–/–)) mice die of heart failure, concomitantly displaying
other complex defects in the cardiovascular system. 

Embryonic Stem Cell Gap Junction
Wong et al. (8), using reverse transcription–polymerase chain reaction and immuno-

cytochemistry, demonstrated that human embryonic stem cells (ESCs) express two gap
junction proteins, Cx43 and Cx45. Western blot analysis revealed the presence of three
phosphorylated forms (nonphosphorylated [NP], P1, and P2) of Cx43, with NP being
prominent. Moreover, scrape loading/dye transfer assay indicates that human ESCs are
coupled through functional gap junctions that are inhibited by protein kinase C activa-
tion and extracellular signal-regulated kinase inhibition.

hMSC Connexins
Human mesenchymal stem cells (hMSCs) are a multipotent cell population with

the potential to be a cellular repair or delivery system provided they communicate with
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target cells such as cardiac myocytes via gap junctions. hMSC coupling via gap junc-
tions to other cell types provides the basis for considering them as a therapeutic repair
or cellular delivery system to syncytia such as the myocardium.

Valiunas et al. (9), using immunostaining, revealed typical punctate staining for
Cx43 and Cx40 along regions of intimate cell-to-cell contact between hMSCs. The
staining patterns for Cx45 were typified by granular cytoplasmic staining. hMSCs
exhibited cell–cell coupling.

The existence of functional gap junctions between hematopoietic progenitor cells
(HPCs) and stromal cells of the hematopoietic microenvironment in the human system
is a controversial issue. Durig et al.’s (10) data indicate that intercellular communica-
tion between bone marrow stromal cells and CD34+ hematopoietic progenitor cells is
mediated by Cx43-type gap junctions and, thus, may provide an important regulatory
pathway in hematopoiesis. 

Gap Junction of Bone Marrow-Derived Mononuclear Cells 
It is unknown whether or not CMs and bone marrow-derived mononuclear cells

(BMCs) can form functioning cell–cell coupling and develop adequate electrophysio-
logical properties. Rastan et al. (11) demonstrated that cocultured BMCs have the poten-
tial for early expression of muscle specific proteins in about 60% after 14 days and for
cardiac gap junction proteins. Synchronous beating indicates an effective electro-
mechanical coupling. From day 7 in coculture, BMCs beat synchronously with neonatal
rat CMs. On day 14, 55.9% of BMCs expressed actinin, and 98.3% were positive for
gap junction protein Cx43. BMC action potential duration (APD90) was mean 11.1 ms
with dV/dtmax of 26.8V/s, similar to atrial cardiac type. However, microinjection of
Lucifer yellow revealed little dye transfer into adjacent rat CMs. 

Fibroblast Gap Junction
Camelliti et al. (12) explored the possibility that fibroblasts form functional gap junc-

tions and communicate electrically with other fibroblasts and with CMs in native cardiac
tissue (rabbit sinoatrial node). Using confocal laser-scanning microscopy and immuno-
histochemical techniques to study structure and spread of Lucifer yellow dye to evaluate
the functionality of intercellular coupling, they arrived at the following conclusions:

1. Fibroblasts express both Cx40 and Cx45 to form functional gap junctions.
2. Cx40 is found primarily in regions in which fibroblasts are surrounded by other fibroblasts,

while Cx45 is expressed mostly where fibroblasts intermingle with myocytes.
3. Gap junctions formed by Cx40 provide fibroblast–fibroblast coupling, while hetero-

geneous fibroblast–myocyte coupling is provided mostly by the Cx45 isoform.
4. Cx43 is not expressed in nodal tissue from the central region of the sinus node but pro-

vides myocyte–myocyte coupling in atrial fibers that protrude into this region.
Importantly, the dye-spread studies suggest that fibroblasts can provide conductive
pathways between myocytes that are not in direct contact, thus forming bridges for
electrical communication.

COUPLING OF SKELETAL MYOBLASTS

Skeletal myoblasts consist of muscle tissue reservoir cells, because they have the
ability for self-renewal and differentiation if muscle injury occurs (13). It was shown
that after transplantation, myoblasts stay alive for prolonged periods of time (14), form
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myocyte-like elements, and tend to align parallel to host CMs (15,16). Experimental
data and initial clinical studies invariably showed not only engraftment of donor cells,
but improvement in global cardiac pump function as well (15,17–24). However, the
exact mechanism by which they improve LV function is still debated.

The structure of myocardial and skeletal muscle tissue and their electromechanical
properties differ significantly. Skeletal muscle cells are fused together, forming multi-
nuclear fibers that are insulated from one another. Although certain data suggest that
skeletal myoblasts may acquire few characteristics of CMs (18), it could be assumed
that the grafted cells do not transdifferentiate and keep morphological and electrophysio-
logical properties of skeletal muscle. It is speculated that satellite cells are not able to
form intercellular junctions characteristic for CMs. This suggests no possibility for
electromechanical coupling with the host myocardium, which means that graft cannot
be excited by host tissue.

On the other hand, it was shown that the lack of junctions between grafted cells and
host tissue does not preclude improvement in LV contractile function (18). This posi-
tive effect on contractility seems to last over time and is correlated with the number of
implanted cells (17). These results have led to further experiments on electromechani-
cal coupling. Results of the experimental studies performed on myocardial wound strips
proved that skeletal myoblast grafts do contract when exogenously stimulated (15).
Reinecke and co-workers showed that CMs and skeletal myoblasts, when placed in
coculture, forms synchronous beating network (18). On microscopy they even revealed
the presence of N-cadherin- and Cx43-mediated junctions between skeletal myoblasts
and CMs, allowing them to induce synchronous beating. Although encouraging, it must
be emphasized that these results were obtained in cultured myoblasts, which are less
differentiated than in vivo graft cells. Cultured myoblasts still express a low level of
Cx43, which is undetectable in more matured in vivo cells. It has been suggested that
the transplanted cells can contract synchronously even in the absence of connections
between cells, because a simple stretch may initiate contraction (19).

Discussing the issue of connections between host and transplanted cells, it must be
stated that probably equally valid is the problem of insulation of cells by scar tissue.
The scar forms a physical barrier that impedes electromechanical coupling. Therefore,
any cell-based therapy that is based on excitation of graft by host tissue must address
this problem in future.

Stem Cell Implantation and Ventricular Tachycardia Risk
Experimental and initial clinical studies have demonstrated abnormal action poten-

tial characteristics in CMs derived from pluripotent stem cells, which offers experimen-
tal evidence confirming that primordial cells may provide the foundation for ultimate
repair of the myocardium but, because of their immaturity, may also create an environ-
ment conducive to malignant arrhythmias. These factors must be weighed as we pursue
avenues of therapy based on the introduction of pluripotent cell lines.

Electrophysiological Properties of Human Stem Cell-Derived
Cardiomyocytes

ESCs obviously have the greatest differentiation potential and propagation capacity;
on the other hand, the very same advantages give rise to the as yet not fully explored
risk of tumor formation. Caspi and Gepstein (25) summarized their experience with
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cardiac myocytes differentiated from human ESCs. Human ESC-derived CMs exhibit
nodal, atrial, and ventricular myocyte-like action potentials (AP; most often atrial-like),
depolarize and beat spontaneously (�60/min), express a strong sodium current, and
interconnect by Cx-positive gap junctions. When co-cultured with neonatal rat CMs,
human and rat cells couple electrically and mechanically and beat in synchrony. When
embryoid bodies (the cell aggregates embryonic stem CMs are derived from) are
injected into the LV of pigs in which the AV had been ablated, ESCs came into contact
with the host myocardium and created an “escape pacemaker” that partly took over the
endogenous His bundle escape rhythm. 

The Arrhythmogenic Properties of Cardiomyocytes Derived
From Mouse Embryonic Stem Cells

Zhang et al. (26) studied the arrhythmogenic properties of CMs differentiated from
mouse pluripotent ESCs in the whole-cell patch-clamp mode and demonstrated that ESCs
differentiated into at least three AP phenotypes. CMs showed spontaneous activity, low
dV/dt, and prolonged AP duration. CMs demonstrated prolonged, spontaneous electrical
activity in culture. Frequent triggered activity was observed with and without pharmaco-
logical enhancement. Phase 2 or 3 early afterdepolarizations could be induced easily by
Bay K8644 plus tetraethylammonium chloride (TEA) or [TEA]o after Cs+ replacement
for [K+]i, respectively. A combination of bradycardic stimulation, hypokalemia, and
quinidine resulted in early afterdepolarizations. Delayed afterdepolarizations could be
induced easily and reversibly by hypercalcemia or isoproterenol.These findings raise cau-
tion about the use of totipotent ESCs in cell transplantation therapy, because they may act
as an unanticipated arrhythmogenic source from any of the three classic mechanisms
(reentry, automaticity, or triggered activity).

Ion Channels and Currents in hMSCs 
The injection transfers undifferentiated cells, which can contain hMSCs, directly

into an electrically active environment. Zhang et al. (27) demonstrated that hMSCs
express a consistent pattern of ion channels and at least three different ion currents.
Therefore, the cells have some bioelectrical activity (28). Based on our findings, we
cannot judge whether implantation of hMSCs is safe or includes the risk of arrhythmia.
However, careful monitoring of patients will be necessary, and will certainly be done,
to rule out any pro-arrhythmogenic potential of undifferentiated hMSCs or hMSC-
derived CMs.

ARRHYTHMIC POTENTIAL OF STEM CELL-DERIVED
CARDIOMYOCYTES

Although it might be related to the intrinsic properties of the infarcted myocardium
with LV systolic dysfunction, a major concern with stem cell transplantation is the
potential for life-threatening ventricular tachyarrhythmias, especially with skeletal
myoblasts (29). Electrical heterogeneity of action potentials exists between the native
and transplanted stem cells. Although the exact mechanisms are unknown, there are
several proposed hypotheses to explain ventricular tachyarrythmias:

1. Intrinsic arrhythmic potential of transplanted cells
2. Increased nerve sprouting induced by stem cell transplantation 
3. Local tissue injury induced by intramyocardial injection
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Mesenchymal stem cells also increased cardiac nerve sprouting in both atria and
ventricles and increased the magnitude of atrial sympathetic hyperinnervation.
However, heterogeneous sympathetic nerve sprouting affects automaticity, triggered
activity, refractoriness, and conduction velocity of myocardial cells and, therefore, may
represent a substrate for lethal ventricular arrhythmia. 

Zhang et al. (26) studied the arrhythmogenic properties of CMs differentiated from
mouse ESCs. They found that ESCs differentiated into at least four AP phenotypes.
CMs showed spontaneous activity, low dV/dt, prolonged AP duration, and easily
inducible triggered arrhythmias. These findings raise caution about the use of totipotent
ESCs in cell transplantation therapy, because they may act as an unanticipated arrhyth-
mogeic source from any of the three classic mechanisms—reentry, automaticity, or
triggered activity.

Arryhthmogenic Risk of Embryonic Stem Cells
Besides the allogenic character and the risk of tumor formation, one potential lim-

itation of the ESC approach is arrhythmogenicity. Dr. Dudley (26,27) presented a
detailed analysis of ionic currents of ESC-derived CMs from mice. As in humans,
these cells come in different electrophysiological flavors—nodal-, atrial-, and ven-
tricular myocyte-like—at different percentages (5, 15, and 80%). The main result
was that the ventricular-like, i.e., those one is looking for, exhibit an unusually long
action potential (three- to fourfold longer than in adult mouse), a slow propagation
velocity, and that classical interventions to induce prolongation of AP duration (low K+,
quinidine, TEA, Bay K 8644) induce early and catecholamines induce late after depo-
larizations.

Arrhythmogenicity of Skeletal Myoblasts
Menasche et al. (30–32) presented the recent state of the art in this field. From animal

experiments and the experience in a total of 70 patients treated up to now, the following
conclusions can be drawn. The approach is feasible in terms of cell propagation and cell
engraftment (survival rate after 2 wk = 5%). Skeletal myoblasts integrate into the host
myocardium and survive for a long time, but do not differentiate into CMs and do not
electrically couple to them. Animal experiments consistently demonstrate functional
improvement. The first data in patients demonstrate an arrhythmogenic potential. The
phase 2 trial is therefore conducted with a simultaneous implantation of a cardioverter
defibrillator. This will also allow exact quantification of the proarrhythmic potential. 

Relative Mechanics of Arrhythmogenic Effect
Based on the published data from clinical studies, we believe that the possible

arrhythmogenic effect of myoblast transplantation would be evident only in the initial
weeks after the procedure. The possible arrhythmogenic effect of myoblast transplanta-
tion is more probably related to its mechanics, including myocardial puncture and the
inflammatory response to transplanted cells, some of which die after injection, than to
possible problems with electromechanical coupling between newly developed myocytes
and CMs. Possible electromechanical coupling problems would result in late arrhyth-
mia as cells differentiate (downregulation of Cx43 and N-cadherin), a situation that has
not been observed in clinical trials so far.
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FUTURE DIRECTIONS

Initial clinical experience with cell transplantation has opened new perspectives for
regeneration of inversibly injured organs, including myocardium. However, future clin-
ical studies are needed to establish the role of cell transplantation in clinical practice
and to make cell-delivery techniques more user-friendly and more efficacious. It must
also be pointed out that further clinical studies are necessary to address questions
regarding efficacy and long-term safety of cell transplantation. Phase 2 and 3 clinical
trials must be conducted to prove the clinical efficacy of cellular cardiomyoplasty and
to answer many other important questions regarding electric coupling and ventricular
tachycardia risk, the need for repeated procedures, and its suitability for myocardial
diseases other than post-myocardial infarct dysfunction.

At this stage, with few patients who have undergone autologous stem cell transplanta-
tions, it is difficult to predict whether stem cell transplantations are really arrhythmogenic,
especially when patients with ischemic LV dysfunction frequently develop ventricular
arrhythmia (23,24). Nevertheless, future studies on cell transplantation in patients with
postinfarction heart failure will have to focus on the potential arrhythmogenic effect.

ESC-derived CM transplantation approaches are still in their early days, and ESC
transplantation still has arrhythmogenic potential. Whether or not this is relevant to the
in vivo situation remains to be tested (the former for unresolved safety and efficacy
issues, the latter for the problem of ideal cell source). The endothelial progenitor cell
and skeletal myoblast strategies, on the other hand, are already under clinical evalua-
tion, but many questions with regard to the efficacy, safety, and mechanism of action
appear open and await answers, which will be provided by the ongoing controlled clin-
ical trials and solid experimental research.
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Cell Therapy for Myocardial Damage
Arrhythmia Risk and Mechanisms
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SUMMARY

Ischemic heart disease resulting from myocardial infarction (MI) is the leading cause of sud-
den cardiac death (SCD) in the United States. Recent clinical and basic science investigations
have focused on replacing damaged myocardium with skeletal muscle myoblasts (SKMBs) and
bone marrow-derived stem cells (BMCs). Such cell therapies for MI have been shown to improve
cardiac function; however, it is unknown if electrical viability of damaged myocardium can be
restored and, thus, reduce the risk for SCD. Presently, several studies suggest that SKMB ther-
apy for damaged myocardium increases arrhythmia risk, which may be causally related to a lack
of SKMB integration into the electrical syncytium of the heart. In contrast, BMCs demonstrate
less arrhythmia risk, enhanced electrical viability, and evidence of electrical integration. Other
cell types and delivery methods may offer an even greater potential for enhanced electrical via-
bility and reduced arrhythmia risk. Considering that SCD associated with damaged myocardium
is primarily caused by arrhythmias, it is clear that an important factor that will determine
whether cell therapy will succeed or fail is its electrophysiological consequence.

Key Words: Arrhythmia; myoblasts; stem cells; electrophysiology; myocardial infarction. 

INTRODUCTION

Ischemic heart disease resulting from myocardial infarction (MI) is the leading cause
of death in the United States. Chronic heart failure and sudden cardiac death (SCD) caused
by ventricular arrhythmias are common devastating consequences of MI. MI results in
irreversible damage because cardiomyocytes do not have sufficient ability to regenerate
cardiac tissue. As a result, recent investigations have focused on replacing injured car-
diomyocytes with new, healthy cells such as skeletal muscle myoblasts (SKMBs) and
bone marrow-derived stem cells (BMCs). Such cell therapies for MI have been shown to
improve cardiac function (1–6), perfusion (7), and symptoms (8) and decrease infarct size
(6). Given the rapidity in which cell therapy for damaged myocardium has evolved and
the fact that cell therapies are already being used in patients, it is critically important to
understand the electrophysiological and arrhythmia consequence. 

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
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DOES CELL THERAPY INCREASE ARRHYTHMIA RISK?

Clinical Trials
To date, SKMBs are the most studied cell type used as treatment for damaged

myocardium. Several clinical studies have shown that SKMBs can improve hemo-
dynamic function. Early animal studies using SKMBs did not report an incidence of
ventricular arrhythmias, but subsequent clinical trials of SKMBs have raised concern.
Menasche et al. (9) reported a study of SKMB therapy during coronary artery bypass
grafting (CABG) in 10 patients with chronic MI and left ventricular (LV) dysfunction
(ejection fraction [EF]<35%). Autologous SKMB (>50% SKMB, >70% viable) were
injected into areas of scar tissue remote from the revascularized region. They reported
a significant improvement in EF, but 4 out of 10 patients had sustained monomorphic
ventricular tachycardia (VT) 9–22 days after surgery. Because of the lack of a control
group, it was not possible to definitively determine whether SKMB therapy or natural
disease progression was directly related to the high incidence of VT. Smits et al. (10)
reported a small pilot study of five patients with ischemic cardiomyopathy (EF
20–45%) and a history of MI more than 4 weeks old with no previous history of ven-
tricular arrhythmias who received an average of 196 million SKMBs via NOGA-guided
transendocardial injection. The authors report that one out of five patients had post-
therapy nonsustained VT, but they also report their experience with an additional eight
patients and strikingly found that two died suddenly and three had ventricular arrhyth-
mias within 3 months. Consequently, the study was stopped, and all patients enrolled
subsequently were mandated to have a pretreatment implantable defibrillator. Recently,
Dib et al. (11) reported 4-year follow-up data on an American study of SKMB therapy
during CABG/LV assist device surgery. They found an 8% increase in EF measured at
24 months postsurgery, improved myocardial viability, and improved ventricular dilata-
tion in patients receiving SKMB therapy, although the lack of a control group made
drawing definitive hemodynamic conclusions difficult. Postoperative ventricular
arrhythmias were observed in 3 of 24 patients in the CABG group. The authors remark
that the incidence of post-SKMB therapy arrhythmias was no different from the
10–15% incidence expected in post-CABG patients with EF below 40% (10). Therefore,
despite improvements in cardiac function, clinical trials using SKMBs have not
demonstrated a reduction of SCD risk and, importantly, have also raised serious
safety concerns. 

Several clinical studies have utilized BMCs for treatment of damaged myocardium.
The Transplantation of Progenitor Cells and Regeneration Enhancement in Acute
Myocardial Infarction (TOPCARE-AMI) trial allocated 20 patients who had MIs and
successful percutaneous intervention (PCI) within 5 days to receive either autologous
bone marrow cell therapy or peripheral blood progenitor cells via intracoronary
catheter delivery (5). Improved EF and myocardial viability (as measured by fluo-
rodeoxyglucose-positron emission tomography) were observed in the cell therapy
groups compared with patients receiving PCI and medical treatment. TOPCARE-AMI
did not conduct posttreatment arrhythmia monitoring, but by history no patients
reported malignant arrhythmias and no deaths occurred. The BOne marrOw transfer to
enhance ST-elevation infarct generation (BOOST) trial was the first randomized con-
trolled clinical trial of bone marrow-derived cell therapy (12). After successful PCI for
acute MI, 60 patients who had severe post-MI LV dysfunction were randomized to receive
either optimal medical therapy or CD34+ bone marrow cell therapy via intracoronary
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infusion. Patients receiving cell therapy experienced a significant improvement in car-
diac function as assessed by cardiac MRI 6 months after MI, whereas non-cell ther-
apy-receiving patients did not. In the follow-up period, 24-hour Holter monitoring at 1
day, 6 weeks, 3 months, and 6 months showed no difference in arrhythmia occurrence
between groups. In addition, programmed stimulation 6 months after therapy induced
nonsustained VT in one control and one bone marrow cell-receiving patient and
induced ventricular fibrillation in one control and zero cell therapy-receiving patients.
The authors concluded that bone marrow cell therapy for MI was safe and was associ-
ated with improved cardiac function. However, as with SKMB therapy, it is unclear if
bone marrow cell therapy can reduce the risk of SCD associated with MI. 

Experimental Models
The current understanding of the electrophysiological effects of cell therapy for

damaged myocardium has evolved in an unusual manner. Given that early basic studies
of cell therapy in animals did not report a significant incidence of posttherapy arrhyth-
mias (1,13–15), the results reported by Menasche (9) and Smits (10) were surprising.
The response has been to re-examine the arrhythmic and electrophysiological effects of
cell therapy in experimental models.

As reported by Zhang et al. (16), cardiomyocytes derived from stem cells have
demonstrated spontaneous activity, slow upstroke velocity, prolonged action poten-
tial duration, and easily inducible triggered arrhythmias. In a recent study by
Abraham et al. (17), human SKMBs were co-cultured with rat ventricular myocytes
in a monolayer, and optical mapping techniques were used to measure action poten-
tial propagation and arrhythmia inducibility. When co-cultures contained more than
30% myoblasts, abnormal impulse propagation and re-entrant excitation were
observed. These results suggest a dose dependency of SKMBs on arrhythmia vulner-
ability; however, it is difficult to extrapolate such results from isolated cells and cell
cultures to the whole heart.

Notwithstanding the high rate of ventricular arrhythmias reported in early clinical
studies of cell therapy (9,10), few systematic investigations of arrhythmia vulnerability
in the whole heart have been reported (17a). Our laboratory has recently developed a
rat model of MI specifically designed to determine the electrophysiological and arrhyth-
mic consequences of cell therapy (18). This model of MI shares many of the electrical
and hemodynamic characteristics of MI in patients. Compared with normal rats, which
have a mean echocardiographic shortening fraction of 50%, our rat model of MI has a
mean shortening fraction of approx 10% (see Fig. 1). For SKMB therapy, 1–2 million
SKMBs were injected from the epicardium into the border zone of the infarct (19,20).
For mesenchymal stem cell (MSC) therapy, a similar amount of MSCs was adminis-
tered intravenously with or without adenoviral myocardial homing factor (SDF-1) over-
expression (19). We have shown in this model that both SKMB and MSC therapy
typically result in a 50–60% increase in shortening fraction (Fig. 1) (20). These data are
comparable to those reported in most clinical trials. Importantly, we have also consis-
tently found that such improvement in cardiac function does not imply a decrease in
arrhythmic risk (20,21). Shown in Fig. 2 is arrhythmia inducibility by programmed
stimulation 1 month after MI in rats that received SKMB therapy within 24 hours of MI
(MI + SKMB 1 month), rats with MI and no cell therapy (control MI), and age-matched
normal hearts (normal). Also shown are data from rats 4 months after MI that received
homing factor-enhanced (SDF-1) SKMBs 2 months after MI (21). Strikingly, all
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SKMB-receiving animals (100%) had inducible VT during programmed stimulation.
Also shown in Fig. 2 is arrhythmia inducibility from rats that received intravenous
MSCs 24 hours after MI. MI + MSC hearts were significantly less vulnerable to arrhyth-
mias than MI + SKMB hearts and trended toward being less vulnerable than control
MIs. The low arrhythmia vulnerability we observed in MI + MSC hearts is also consis-
tent with the low incidence of SCD and ventricular arrhythmias reported in early clini-
cal trials of BMC therapies.

162 Mills and Laurita

Fig. 1. Shown are shortening fractions measured by echocardiography 1 month after myocardial
infarction (MI). Skeletal muscle myoblast (SKMB) and mesenchymal stem cell (MSC) therapy
improved cardiac function to a similar extent compared with MI alone (Control MI). p-values indi-
cate statistical significance comparing SKMB and MSC therapy groups to control MI.

Fig. 2. Arrhythmia vulnerability assessed by percent of preparations inducible during programmed
stimulation. Note that skeletal muscle myoblast (SKMB) therapy was associated with increased
arrhythmia vulnerability (100% at 1 and 4 months after myocardial infarction [MI]). Note that mes-
enchymal stem cell (MSC) therapy tended to decrease arrhythmia inducibility compared to control
MI. VT; ventricular tachycardia.
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WHY IS CELL THERAPY SOMETIMES ARRHYTHMOGENIC?

Studies in Isolated Cells
Normal myocardium is electrically integrated through intercellular coupling of

adjacent myocytes, resulting in a syncytium that promotes rapid and uniform electri-
cal impulse propagation. Electrical coupling occurs through gap junctions that are
formed, in part, by connexin proteins. Under conditions of reduced gap junction cou-
pling, cells become electrically uncoupled and can manifest abnormal (e.g., slow,
blocked) impulse propagation, a requirement for reentrant arrhythmias. Recent studies
suggest that certain cell replacement therapies are unable to form cell-to-cell connec-
tions in vivo (e.g., SKMB). Therefore, it is likely that the ability of cells to structurally
and electrically couple with neighboring cells is an important determinant of arrhyth-
mia risk associated with cell therapy. In addition, previous studies have also shown
that some cell types (i.e., stem cells) express ionic currents that create an inherent
arrhythmogenic potential when studied in isolation (16). See Chapter 11 for a detailed
discussion of the gap junction coupling and cellular electrophysiology. 

Studies In Vitro
The cellular electrophysiology of transplanted cells in situ and their ability to inte-

grate with host myocardium are important determinants of arrhythmogenesis. In an ele-
gant study, Abraham et al. (17) used optical action potential mapping techniques to
study impulse propagation in cell monolayers comprised of various ratios of human
SKMBs co-plated with neonatal rat ventricular myocytes (NRVMs). The authors
demonstrate that neither action potentials nor calcium transients propagated between
regions of SKMBs and NRVMs, confirming a lack of electrical integration. The authors
also report slow-impulse conduction and prolonged action potential duration in co-
cultures, both of which are electrophysiological substrates for arrhythmias. Importantly,
all co-cultures with more than 1% SKMBs demonstrated sustained reentry that was ter-
minated by nitrendipine, which also suggests a calcium-dependent mechanism. This
study suggests that an important mechanism of arrhythmogenesis associated with
SKMB therapy is abnormal impulse propagation directly related to poor electrical inte-
gration. At present, there are very few reports of the electrical integration between
BMCs and host cardiomyocytes. One such study showed that MSCs can couple with
native cardiomyocytes both in vitro and in vivo; however, the percentage of coupling
pairs was very low (22). 

Studies in the Whole Heart 
To determine the mechanisms of arrhythmogenesis associated with cell therapy in

the whole heart, we have developed a novel optical action potential mapping system for
measuring cellular electrophysiology in a rat MI model. Whole hearts are stained with a
fluorescent voltage-sensitive dye (di-4-ANEPPS) using a novel superfusion technique that
has been developed and validated previously (18). After dye-superfusion staining, the
heart is Langendorff perfused and placed in an imaging chamber (Fig. 3). Excitation light
(514 nm) is directed to the surface of the heart, and fluorescence from the heart is focused
onto a 256-element photodiode array. Photocurrent, which is linearly related to transmem-
brane potential, is converted to voltage and digitized at all 256 sites simultaneously. Similar
optical action potential mapping techniques have been used to determine the cellular
electrophysiological basis of arrhythmias in a variety of heart preparations (23,24). 
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Fig. 4. Myocardial infarction (MI) is associated with conduction block and a lack of significant elec-
trical viability in the infarct border zone as determined by optical mapping. Optically recorded action
potentials obtained from normal (A) and infarcted rat hearts 1 month after MI. (B) The images in
each panel show the area mapped in each heart, and the signals beside each image were recorded
from the depicted sites, numbered 1–4. See text for details. (See color insert following p. 114.)

In the rat MI model with cell therapy (SKMB or MSC) or without (control MI),
optical action potentials were recorded simultaneously from normal, border zone, and
infarcted tissue (20). Shown in Fig. 4 are optically recorded action potentials from a
normal heart (Fig. 4A) and a heart with a 1-month-old infarct (Fig. 4B). The image in
each panel shows the anterior surface of the heart and the location from which action

Fig. 3. Optical mapping system for measuring action potential propagation in the intact heart.
Excitation light is directed to the heart surface, and resultant fluorescence from membrane-bound
di-4-ANEPPS is focused by a tandem lens assembly onto a 256-element photodiode array. Current
from each photodiode element is simultaneously converted to an action potential. Reflected light or
fluorescence from labeled cells (e.g., DiI or green fluorescent protein) can be redirected by the tan-
dem lens to a change-coupled device video camera.
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potentials were recorded (right) corresponding to normal (site 1), border zone (sites 2
and 3), and infarcted (site 4) tissue. Action potentials recorded from a normal heart
demonstrate uniform amplitude and normal action potential morphology. In this exam-
ple, impulse conduction velocity between sites 1 and 4 is 0.44 m/second. Shown in 
Fig. 4B are action potentials recorded from a control MI. The action potential recorded
from normal tissue (site 1) was similar to those measured from normal hearts, whereas
signals recorded from the border zone (sites 2 and 3) demonstrate an abrupt decrease in
amplitude and a slower depolarization phase. The decease in optical action potential
amplitude likely represents a decrease in the number electrically viable cells. No action
potential activity was observed further into the infarct zone (site 4), indicating an
absence of electrical viability. On average, conduction velocity from site 1 to site 3
(i.e., in the border zone) was 0.33 ± 0.05 m/second. Shown in Fig. 5 are action poten-
tials recorded from an infarcted heart treated with intramyocardially injected SKMBs
(Fig. 5A, 1 month MI; Fig. 5B, 4 months MI) and intravenous infused MSCs (Fig. 5C).
For MI + SKMB, action potentials recorded from the normal tissue (site 1) were simi-
lar to that measured from normal rats, whereas signals recorded from the border zone
(sites 2 and 3) were of low amplitude and had a slower depolarization phase. On aver-
age, conduction velocity (0.21 ± 0.05 m/second) was significantly less than that for
control MI. No action potential activity was observed at site 4 (similar to control MI),
representing failure of impulse propagation (conduction block) and, thus, no change in
electrical viability in the infarct zone of SKMB-treated MI. In contrast, action poten-
tials recorded from the border zone of MSC-treated hearts (Fig. 5C, sites 2 and 3) were
smaller than normal, but not as small as those recorded from the border zone in control
MIs. In addition, unlike control MIs, action potential activity was measured at site 4
(furthest point into the infarct zone), indicating electrical viability including impulse
propagation within the infarct zone. Similar results were obtained in four of seven
MSC-treated animals. On average, conduction velocity from site 1 to 4 (0.24 ± 0.07)
tended to be slower than control MI, but not statistically significant.

Significantly slower conduction velocity compared to control MI and no evidence of
electrical viability in the infarct zone associated with SKMB therapy may explain the
increase in arrhythmia vulnerability. It has been shown that SKMBs injected into nor-
mal or border zone tissue can alter impulse propagation (25) and arrhythmia vulnera-
bility (26). Shown in Fig. 6 is abnormal impulse propagation caused by SKMBs injected
into normal myocardium (25). In this example, DiI-labeled SKMBs (~108) were
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Fig. 5. Mesenchymal stem cell (MSC), but not skeletal muscle myoblast (SKMB), therapy was asso-
ciated with enhanced electrical viability, including impulse propagation in the infarct border zone.
Optically recorded action potentials obtained from myocardial infarct (MI) + SKMB 1 month after
MI (A), MI + SKMB 4 months after MI (B), and MI + MSC 1 month after MI (C). The images in
each panel show the area mapped in each heart, and the signals beside each photograph were recorded
from the depicted sites, numbered 1–4. See text for details. (See color insert following p. 114.)

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


injected from the epicardium at approx 20–40 sites in the normal canine left ventricle.
One month after injections, LV wedge preparations were isolated from each heart and
transmural impulse propagation, and the location of SKMB transplanted cells was
determined using optical mapping techniques, as described above. Shown in Fig. 6A is
the transmural surface of a wedge preparation from a heart that received SKMB injec-
tions and the location from which impulse propagation and transplanted cells were
imaged (black box). SKMBs were labeled with DiI before transplantation, and the
injection sites were clearly visible (arrows, Fig 6B). Interestingly, in this example,
impulse propagation (Fig. 6C) was abnormally slow, as indicated by relative crowding
of isochrone lines, at the location of SKMB transplantation (arrows). This finding is
consistent with recent work by Chang et al., who showed conduction slowing in co-
cultures of MSC and cardiomyocytes (27), and Reinecke et al. (28), who showed that
SKMBs do not electrically integrate into the myocardium. Moreover, since skeletal
myotubes in vivo have not been shown to express connexin-43 (25), SKMB injection
sites may impose a significant barrier to impulse conduction.

In contrast to SKMB-treated hearts, evidence of enhanced electrical viability within
the infarct zone of MI + MSC hearts may explain the observed reduction in arrhythmia
vulnerability. The exact mechanism is not clear, but it is possible that MSC therapy
decreased the electrical size of the infarct. Such a decrease would effectively shorten
the path length of a reentrant circuit and prevent the induction of VT (29). Electrical
coupling between MSCs and native cardiomyocytes may have, at least in part, led to
the increase in electrical viability and reduced arrhythmia vulnerability observed.
Potapova et al. (30) and Valiunas et al. (22) have demonstrated low frequency gap junc-
tion formation between MSCs and cardiomyocytes.

FUTURE DIRECTIONS 

Our present understanding of the electrophysiological substrate and arrhythmia risk
associated with cell therapy has been shaped by a small number of clinical and basic stud-
ies. In general, these studies have led most investigators to conclude preliminarily that
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Fig. 6. (A) Image of the transmural surface of the left ventricular wedge preparation under ambient
room light. The large box depicts the imaging field from which optical action potentials and DiI flu-
orescence were measured. (B) The same preparation and imaging field during DiI excitation. The
illuminated areas depict DiI-labeled cells. (C) Pattern of impulse propagation when pacing from the
epicardium. The closely spaced isochrone lines of the activation map (C) represent a delay in activa-
tion, particularly at sites where cells were injected (B, arrows). (See color insert following p. 114.)
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although SKMB therapy can improve hemodynamic function, it may increase arrhythmia
vulnerability. This is likely due to the inability of SKMBs to electrically integrate into the
myocardium. So far, preliminary studies of bone marrow-derived cell therapies have not
demonstrated an increased arrhythmia risk; however, whether or not arrhythmia risk is
actually lowered and the underlying mechanisms remain to be determined. 

A current limitation of cell therapy is that important proteins that govern ion channel
function and cell-to-cell coupling in differentiated cells may not be expressed to the
appropriate levels to provide normal electrophysiological function. An advantage of
most cell therapy is that while cells are in culture, the expression of such proteins can
be genetically engineered. For example, SKMBs have thus far been shown to be inca-
pable of forming gap junctions in vivo (28). However, Abraham et al. (31) have shown
that overexpression of connexin-43 in SKMB/NRVM co-cultures reduced arrhythmia
vulnerability and reentry, suggesting that this technique may increase cell-to-cell cou-
pling of SKMB with host cardiomyocytes. In addition, Reinecke et al. (32) and Suzuki
et al. (33) have shown that overexpression of connexin-43 can improve the formation
and function of gap junctions. In addition to overexpressing connexin to improve cell-
to-cell coupling, it may also be possible to genetically engineer cells with an ideal
action potential phenotype. For example, overexpression of pacemaker current in MSCs
(30) or potassium channels in fibroblast (34) have been shown to restore pacemaker
activity and impulse conduction, respectively. Whether or not a similar approach is fea-
sible with damaged myocardium (i.e., MI) has not been tested. Finally, in addition to
SKMBs and BMCs, other cells types such as embryonic stems cells (35–37) and car-
diac stem cells (38) are more likely to differentiate into cardiomyocytes with cell-to-
cell coupling and ion channel properties that provide a more seamless electrically
integration with host myocardial tissue.

The manner by which cells are delivered to the target site (e.g., infarct) may also be
an important electrophysiological determinant and, thus, worthy of future investigation.
As mentioned above, when cells are directly injected into normal tissue or the infarct
border zone, cells have a tendency to cluster at injection sites (1,26), which may form
barriers to impulse conduction (see Fig. 6). Intracoronary and intravenous delivery of
cell therapy has also been shown to improve cardiac function (5,12,39,40). The diffuse
delivery of cells using this technique and the resultant absence of cellular clusters or
islands may reduce abnormal impulse conduction. In addition, Askari et al. (19) showed
that overexpression of SDF-1 in transplanted SKMBs increased stem cell engraftment
in the infarct zone and was associated with a significant improvement in cardiac func-
tion compared with SKMB-null cell therapy. 

CONCLUSIONS

Cell therapy may be the first curative treatment for damaged myocardium. This fact
makes the field extraordinarily exciting; however, the rapidity with which such a poorly
understood therapy has been brought from bench to bedside has raised serious concern.
Only after significant arrhythmia risk was recognized did a renewed sense of scientific
rigor become apparent. At the present time, clinical and experimental studies strongly
suggest that SKMB therapy for damaged myocardium increases arrhythmia risk and,
thus, should not be used in humans unless the risks outweigh the benefits, and never
without an implantable cardioverter defibrillator. One cannot ignore the experimental
data that clearly illustrate the catastrophic flaw of SKMBs: a lack of integration into the
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electrical syncytium of the heart. Genetically modifying SKMBs to improve intercellular
coupling remains a possibility. Other cell types, such as stem cells (e.g., BMCs, embry-
onic, or cardiac), may offer a greater potential for electrophysiological integration. Further
optimization of stem cell therapies may be needed, and many questions remain to be
answered (e.g., ideal cell type, delivery method). In conclusion, considering that SCD
associated with damaged myocardium is primarily caused by arrhythmias, one of the
most important factors that will determine whether cell therapy will succeed or fail is
its electrophysiological consequence.

ACKNOWLEDGMENTS

Results reported in this chapter were supported by NIH grants HL68877 (KRL) and
HL74400 (MSP), and grants from The Wilson Foundation (MSP), Shalom Foundation
(MSP), the Biological Research Technology Transfer Fund of the State of Ohio (MSP
and KRL), and Medtronic Inc (KRL). This work was performed during Dr. Mills’ tenure
as the Michael Bilitch Fellow in Cardiac Pacing and Electrophysiology of the NASPE-
Heart Rhythm Society.

REFERENCES
1. Taylor DA, Atkins BZ, Hungspreugs P, et al. Regenerating functional myocardium: improved per-

formance after skeletal myoblast transplantation. Nat Med 1998;4:929–933.
2. Orlic D, Kajstura J, Chimenti S, et al. Bone marrow cells regenerate infarcted myocardium. Nature

2001;410:701–705.
3. Yau TM, Tomita S, Weisel RD, et al. Beneficial effect of autologous cell transplantation on infarcted

heart function: comparison between bone marrow stromal cells and heart cells. Ann Thorac Surg
2003;75:169–176.

4. Menasche P, Hagege AA, Scorsin M, et al. Myoblast transplantation for heart failure. Lancet
2001;357:279–280.

5. Assmus B, Schachinger V, Teupe C, et al. Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction (TOPCARE-AMI). Circulation 2002;106:3009–3017.

6. Strauer BE, Brehm M, Zeus T, et al. Repair of infarcted myocardium by autologous intracoronary
mononuclear bone marrow cell transplantation in humans. Circulation 2002;106:1913–1918.

7. Stamm C, Westphal B, Kleine HD, et al. Autologous bone-marrow stem-cell transplantation for
myocardial regeneration. Lancet 2003;361:45–46.

8. Tse HF, Kwong YL, Chan JK, et al. Angiogenesis in ischaemic myocardium by intramyocardial
autologous bone marrow mononuclear cell implantation. Lancet 2003;361:47–49.

9. Menasche P, Hagege AA, Vilquin JT, et al. Autologous skeletal myoblast transplantation for severe
postinfarction left ventricular dysfunction. J Am Coll Cardiol 2003;41:1078–1083.

10. Smits PC, van Geuns RJ, Poldermans D, et al. Catheter-based intramyocardial injection of autologous
skeletal myoblasts as a primary treatment of ischemic heart failure: clinical experience with six-
month follow-up. J Am Coll Cardiol 2003;42:2063–2069.

11. Dib N, Michler RE, Pagani FD, et al. Safety and feasibility of autologous myoblast transplantation in
patients with ischemic cardiomyopathy: four-year follow-up. Circulation 2005;112:1748–1755.

12. Wollert KC, Meyer GP, Lotz J, et al. Intracoronary autologous bone-marrow cell transfer after
myocardial infarction: the BOOST randomised controlled clinical trial. Lancet 2004;364:141–148.

13. Chiu RC, Zibaitis A, Kao RL. Cellular cardiomyoplasty: myocardial regeneration with satellite cell
implantation. Ann Thorac Surg 1995;60:12–18.

14. Atkins BZ, Lewis CW, Kraus WE, et al. Intracardiac transplantation of skeletal myoblasts yields two
populations of striated cells in situ. Ann Thorac Surg 1999;67:124–129.

15. Murry CE, Wiseman RW, Schwartz SM, et al. Skeletal myoblast transplantation for repair of myocar-
dial necrosis. J Clin Invest 1996;98:2512–2523.

16. Zhang YM, Hartzell C, Narlow M, et al. Stem cell-derived cardiomyocytes demonstrate arrhythmic
potential. Circulation 2002;106:1294–1299.

168 Mills and Laurita

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


17. Abraham MR, Henrikson CA, Tung L, et al. Antiarrhythmic engineering of skeletal myoblasts for
cardiac transplantation. Circ Res 2005;97:159–167.

17a. Fernandes S, Amirault JC, Lande G, et al. Autologous myoblast transplantation after myocardial
infarction increases the inducibility of ventricular arrhythmias. Cardiovasc Res 2006;69:348–358.

18. Mills WR, Mal N, Forudi F, Popovic ZB, Penn MS, Laurita KR. Optical mapping of late myocardial
infarction in rat. Am J Physiol Heart Circ Physiol 2006;290:H1298–H1306.

19. Askari AT, Unzek S, Popovic ZB, et al. Effect of stromal-cell-derived factor 1 on stem-cell homing
and tissue regeneration in ischaemic cardiomyopathy. Lancet 2003;362:697–703.

20. Mills WR, Mal N, Kiedrowski MJ, et al. Stem cell therapy enhances electrical viability in myocardial
infarction. Circulation 2005;112:247.

21. Mills WR, Mal N, Kiedrowski MJ, et al. Does transplantation of skeletal myoblasts genetically mod-
ified to overexpress stromal-derived Factor 1 restore normal conduction in chronic ischemic heart
disease? Heart Rhythm 2005;S141.

22. Valiunas V, Doronin S, Valiuniene L, et al. Human mesenchymal stem cells make cardiac connexins
and form functional gap junctions. J Physiol 2004;555:617–626.

23. Laurita KR, Chuck ET, Yang TN, et al. Optical mapping reveals conduction slowing and impulse
block in iron-overload cardiomyopathy. J Lab Clin Med 2003;142:83–89.

24. Laurita KR, Rosenbaum DS. Interdependence of modulated dispersion and tissue structure in the
mechanism of unidirectional block. Circ Res 2000;87:922–928.

25. Fouts K, Fernandes B, Mal N, Liu J, Laurita KR. Electrophysiological consequence of skeletal myoblast
transplantation in normal and infarcted canine myocardium. Heart Rhythm 2006;3:452–461. 

26. Krucoff MW, Crater S, Taylor DA, Soliman AM, Morimoto Y. Cell location may be a primary deter-
minant of safety after myoblast transplantation into the infarcted heart. JACC 2004;43.

27. Chang M, Emokpae R, Zhang Y, et al. Co-culture of mesenchymal stem cells and neonatal rat ventric-
ular myocytes produces an arrhythmic substrate. Heart Rhythm 2005;S48.

28. Reinecke H, MacDonald GH, Hauschka SD, et al. Electromechanical coupling between skeletal and
cardiac muscle. Implications for infarct repair. J Cell Biol. 2000;149:731–740.

29. Allessie MA. Circus movement in rabbit atrial muscle as a mechanism of tachycardia III. The “lead-
ing circle” concept: a new model of circus movement in cardiac tissue without the involvement of an
anatomic obstacle. Circ Res 1977;41:9–18.

30. Potapova I, Plotnikov A, Lu Z, et al. Human mesenchymal stem cells as a gene delivery system to
create cardiac pacemakers. Circ Res 2004;94:952–959.

31. Abraham R, Lim P, Henrickson CA, et al. Mechanisms and potential pharmacological gene therapy
strategies for myoblast transplant-associated ventricular arrhythmias: insights from a unique in vitro
model. Circulation 2004;III-1.

32. Reinecke H, Minami E, Virag JI, et al. Gene transfer of connexin43 into skeletal muscle. Hum Gene
Ther 2004;15:627–636.

33. Suzuki K, Brand NJ, Allen S, et al. Overexpression of connexin 43 in skeletal myoblasts: relevance to
cell transplantation to the heart. J Thorac Cardiovasc Surg 2001;122:759–766.

34. Feld Y, Melamed-Frank M, Kehat Z, et al. Electrophysiological modulation of cardiomyocytic tissue
by transfected fibroblasts expressing potassium channels—a novel strategy to manipulate excitability.
Circulation 2002;105:522–529.

35. Xue T, Cho HC, Akar FG, et al. Functional integration of electrically active cardiac derivatives from
genetically engineered human embryonic stem cells with quiescent recipient ventricular cardiomy-
ocytes: insights into the development of cell-based pacemakers. Circulation 2005;111:11–20.

36. Kehat I, Khimovich L, Caspi O, et al. Electromechanical integration of cardiomyocytes derived from
human embryonic stem cells. Nat Biotechnol 2004;22:1282–1289.

37. Singla DK, Hacker TA, Ma L, et al. Transplantation of embryonic stem cells into the infarcted mouse
heart: formation of multiple cell types. J Mol Cell Cardiol 2006;40:195–200.

38. Urbanek K, Rota M, Cascapera S, et al. Cardiac stem cells possess growth factor-receptor systems
that after activation regenerate the infarcted myocardium, improving ventricular function and long-
term survival. Circ Res 2005;97:663–673.

39. Wang JS, Shum-Tim D, Chedrawy E, et al. The coronary delivery of marrow stromal cells for myocar-
dial regeneration: pathophysiologic and therapeutic implications. J Thorac Cardiovasc Surg
2001;122:699–705.

40. Bittira B, Shum-Tim D, Al-Khaldi A, et al. Mobilization and homing of bone marrow stromal cells in
myocardial infarction. Eur J Cardiothorac Surg 2003;24:393–398.

Cell Therapy for Myocardial Damage 169

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


STRATEGIES FOR CELL DELIVERY:
ADVANTAGES/DISADVANTAGES

III

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Aspects of Percutaneous Cellular
Cardiomyoplasty

Matthew Hook, MD and Patrick Whitlow, MD
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SUMMARY

The significant advances achieved over the past decade in the field of percutaneous coronary
intervention have significantly increased our ability to use catheter-based techniques to modify
cardiac physiology. The ongoing studies demonstrating the significant potential of cell-based
therapy for the prevention and treatment of chronic heart failure has led to the development of
multiple catheter-based systems for the delivery of cells to the injured myocardium. Advances
have also been made in catheter-based systems that exploit electomechanical properties of the
heart in order to direct the interventionalist as to the best areas in which to inject cells. In this
chapter we will review the different catheter systems currently available or under development
as well as discuss how different features of each may be optimal in the different settings of acute
myocardial infarction and chronic heart failure.

Key Words: Intracoronary delivery; endocardial injection; electromechanical mapping;
ischemic cardiomyopathy. 

Percutaneous catheter-directed regenerative cell therapies are being developed for
patients with compromised systolic function and prior myocardial infarction (MI),
ischemic and nonischemic cardiomyopathy, as well as for patients with acute myocardial
injury, presenting for revascularization (1–3). The administration of skeletal myoblasts at
the time of acute revascularization for MI is intriguing, as patients may benefit from
increased adaptability of the cells in a milieu of intense recruitment of native progenitor
cells and better blood supply than those with chronic myocardial scar tissue (4,5).

Some progenitor cells and skeletal myoblasts do not home from the blood stream into
the myocardium, and thus, direct delivery of these cells into infarct or peri-infarct beds
of myocardium may be required. Although both surgical and percutaneous approaches
have been developed and tested in preclinical and clinical studies, a percutaneously
based mode of delivery is desirable for several reasons:

1. It helps to avoid an open surgical procedure and the concomitant risks of infection,
bleeding, general anesthesia, etc. 

2. Surgical/epicardial approaches fail to access the interventricular septum, vital for
synchronization of myocardial contraction, while constituting a moderate percentage
of ventricular mass.

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
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3. Percutaneous-based therapies are less invasive in the event of the need for recurrent
myocardial injections. 

4. If cells need to be delivered at the time of revascularization from an acute MI, it is
unlikely that a surgical approach will be readily accessible.

PERCUTANEOUS CELL THERAPY FOR ACUTE MI

If cell delivery is to be undertaken at the time of coronary reperfusion, it implies that
an allogeneic cell that is available at the time of patient presentation has been developed.
Like a cell that is available at all times, the procedure to deliver them also needs to be
available at all times as well. Therefore, the delivery strategy needs to take into account
the fact that patients will present at all hours of the day and night. Ideally, patients with
an acute MI receiving cell therapy at the time of primary revascularization would do so
via a perfusion catheter or an over-the-wire balloon in the infarct-related artery.
Concerns regarding this technique relate primarily to ascertaining allogeneic progenitor
cells for patients presenting acutely, the adverse effects of cellular embolization in an
acutely occluded vessel, as well as a potential for increased rates of in-stent restenosis
in target vessels treated with bare-metal stents (6). Delivery via the infarct-related
artery would theoretically eliminate the need for electromechanical mapping or other
imaging techniques that could prove cumbersome at the time of primary percutaneous
coronary intervention (PCI).

Intracoronary injection of cells has recently been proven safe and moderately effec-
tive in a small randomized trial of patients with chronic myocardial injury and in the
Myoblast Autologous Grafting in Ischemic Cardiomyopathy cell trial, in which patients
were randomized only if they presented more than 48 hours after symptom onset and
were hemodynamically stable for more than 24 hours prior to randomization (6,7). No
trial has yet to address the safety or efficacy of infusing stem cells at the time of
revascularization in patients presenting for primary percutaneous revascularization.

CELL THERAPY FOR CHRONIC HEART FAILURE

An ideal route of delivery would be minimally invasive and would send high con-
centrations of stem cells to a target region of an organ, while avoiding inundating other
organs. Direct intramyocardial delivery during surgery and percutaneous delivery via
the coronary, arterial-transendocardial, or venous-transendocardial routes is being used
or proposed in clinical trials. Intracoronary or intravenous delivery to access a specific
region close to the coronary vasculature is effective and is easier to perform than direct
injection.

Many have proposed that intramyocardial delivery from the endocardium requires
an imaging modality that can discern healthy from injured or dead tissue (8–10). In one
study, electromechanical mapping was used to identify viable myocardium for catheter-
based transendocardial delivery of mononuclear bone marrow cells in humans using
the NOGA system (Cordis) (11). This electromagnetic tracking system used an injec-
tion catheter to differentiate and map normal, scarred, and viable myocardial tissue (8).
During a standard clinical procedure using the NOGA, three external magnets that emit
a low-energy magnetic field are placed at different locations around the patient’s chest.
The system uses a catheter equipped with three sensing coils and two electrodes on its
distal tip that permit measurement of a voltage potential across a short segment of
endocardium (11). The coordinates of the catheter tip in three-dimensional space are
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Fig. 1. Myocath® catheter, Bioheart, Inc.

determined by implementing a triangulation algorithm. A three-dimensional, color-
coded voltage map reconstruction of the left ventricle that clearly demarcates the area
of MI is generated using data collected during these measurements. The system requires
X-ray guidance to determine the position of the catheter (12) and therefore does not
provide an anatomical image of the heart. Thus, the map quality is operator dependent,
and the procedure may be lengthy.

CATHETER SYSTEMS

Percutaneous catheters have focused primarily on direct endocardial injection of
cells (MyoCath® catheter, Bioheart Inc.; Stiletto® catheter, Boston-Scientific; Myostar®,
Cordis/Johnson & Johnson Inc.) or, recently, transvenous, intravascular ultrasound-
guided (IVUS) (TransAccess® catheter via the coronary sinus) delivery of cells. Both
modes of delivery have demonstrated preclinical and clinical promise. No trials have
yet compared these catheters with regard to safety, user-friendliness, transfection
efficiency, and myocardial retention of the injectate. Common attributes of these
catheters include 7–9 Fr outer lumen diameter, a central injection lumen through which
the cellular injectate is instilled, and manually guided, retrograde positioning under
fluoroscopic guidance. The TransAccess catheter combines a phased-array IVUS and
Nitinol needle. The catheter is placed in the coronary sinus and positioning of the needle
confirmed by IVUS and the relationship to the pericardium, atrioventricular artery, and
ventricular myocardium. After advancing the Nitinol needle, the injection catheter and
cellular injectate is advanced through the needle into the myocardium. Cells are thus
introduced into the ventricular myocardium in a circumferential array, in contrast to the
perpendicular injection of endocardially based catheters. To optimally use this
approach, the operator must be comfortable accessing the coronary sinus and develop
expertise with IVUS to ensure proper localization of cellular injectate into the
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myocardium and must recognize anatomical landmarks so as not to perforate the coronary
sinus or the adjacent atrioventricular artery. 

Catheter-mediated injection of endocardial-directed progenitor cells into injured
myocardium is a rapidly advancing technology. An extremely thinned myocardial wall
is a relative contraindication for this mode of delivery, given the need to inject perpen-
dicularly into the scarred myocardium and the theoretical risk of ventricular perforation.
However, cellular injection directly into the endocardium may provide a more durable
improvement in ejection fraction given the ability to deliver multiple injections in a target
zone of injured ventricular endocardium; this approach has proven safe thus far in
phase I/II clinical trials in Europe. 

The MyoCath® (Bioheart Inc., Santa Rosa, CA) is a percutaneous microimplant
delivery system, utilizing a minimally invasive (8 Fr) steerable catheter, which can be
introduced via the venous or arterial system and advanced to the ventricular endo-
cardium. The MyoCath is 115 cm in length, is available in two catheter curvature
sizes—medium and large—has an adjustable locking injection needle to allow the
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Fig. 2. Magnetic resonance imaging (MRI) steerable modification of Myocath® catheter. (From
ref. 13.)
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operator to change the depth of injection (3–6 mm), and is compatible with standard
fluoroscopy. Additionally, the tip of the MyoCath is fairly soft and atraumatic when
used properly. Procedurally, after arterial access is obtained, the MyoCath is positioned,
under fluoroscopy, with its tip at the desired injection site within the left ventricle and
held firmly by the operator. Next, the needle is advanced to its preset length by depressing
the needle advance control and the target tissue is penetrated. With the needle extended,
the syringe attached to the proximal injection port is used to deliver the injectate (cell-
based therapy). After injection, the needle is automatically retracted and the MyoCath
can be repositioned to deliver another injection.

The MyoCath is currently being tested in MYOHEART™ (Myogenesis Heart
Efficiency and Regeneration Trial), a phase I, open-label, nonrandomized, dose-escala-
tion, multicenter study to assess the safety and cardiovascular effects of autologous
skeletal myoblast implantation by a transendocardial catheter-delivery system in
chronic heart failure patients post-MI with previous placement of an implantable
cardioverter defibrillator (ICD). Patients with ICDs are targeted because of earlier studies
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Fig. 3. TransAccess®, intravascular ultrasound (IVUS)-guided catheter, Transvascular/Medtronic
Therapeutics, Inc. 
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demonstrating an increase in ventricular arrythmias after injection of skeletal myoblasts
into the epicardium. Patients included will range in age from 30 to 80 years and, in addi-
tion to other well-delineated inclusion/exclusion criteria, must have a history of MI and
compromised left ventricular function (20% < ejection fraction [EF] < 40%).

The Stiletto® delivery catheter contains a 27-gauge, spring-loaded, retractable needle
that advances 3.5 mm. It is manufactured from Nitinol and stainless steel, and the inner
lumen contains a proprietary coating, which has been shown to be more biocompatible
with adenoviral vectors, resulting in greater transfection efficiency than a similar
uncoated Nitinol catheter. 

The Myostar® catheter (Cordis, Johnson & Johnson Inc.) is used in conjunction with
an electromechanical mapping system (NOGA®, Cordis/Johnson & Johnson), which
requires a transmission probe. The 125-cm catheter contains a 27-gauge needle housed
in an 8 Fr catheter, which is advanced via the femoral artery, retrograde into the ventricle,
and, once in contact with the myocardium, allows measurement of a voltage potential
across the myocardium and reconstruction of a color-coded three-dimensional signal
map of the endocardial surface. Healthy tissue is differentiated from injured tissue by
the difference in voltage potentials across the myocardium, and is reflected in the real-
time, color-coded, three-dimensional voltage map (14,15).

Ideally, coincident imaging at the time of cell transfection would provide a measure-
ment of transfection efficiency and injectate retention by the myocardium. Magnetic
resonance imaging (MRI) has shown promise in the detection of cellular injectate
immediately after cardiomyoplasty and, with proper cellular labeling, may be a modality
by which serial studies of myocardial function are compared. Additionally, two MR-
guided endomyocardial delivery catheters, one a variation of the Bioheart® catheter the
other a variation of the Stiletto® catheter, have been developed and tested in preclinical
studies (13). Putatively, these catheters would enable MR-guided precision of endomy-
ocardial injection, simultaneous MR assessment of the efficiency of injectate delivery,
and an appraisal of myocardial contractility pre- and posttherapy (16).
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SUMMARY

Chronic heart failure has emerged as a major worldwide epidemic. Recently, a fundamental
shift in the underlying etiology of chronic heart failure is becoming evident, in which the most
common cause is no longer hypertension or valvular disease, but rather long-term survival after
acute myocardial infarction (MI). The costs of this syndrome, both in economic and personal
terms, are considerable. American Heart Association statistics indicate that chronic heart failure
affects 4.7 million patients in the United States and is responsible for approx 1 million hospital-
izations and 300,000 deaths annually.

The societal impact of chronic heart failure is also remarkable. Patients with chronic heart
failure often suffer a greatly compromised quality of life. About 30% of diagnosed individu-
als (i.e.,1.5 million in the United States) experience difficulty breathing with little or no
physical exertion and are very restricted in their daily functions. This forced sedentary
lifestyle inevitably leads to further physical and mental distress. However, it is evident, run-
ning through the different therapeutic strategies of chronic heart failure, that the appropriate
treatment of patients with ischemic heart failure is still unknown. 

Since 1992, a revolutionary option to treat cardiac disease has come to the scene based on the
possibility of using autologous cells, appropriately cultured and expanded, to replace or provide
new contractile tissue as well as new sources of blood perfusion. Cell transplantation is cur-
rently generating a great deal of interest in that the replacement of akinetic scar tissue by viable
myocardium should improve cardiac function, impede progressive left ventricular remodeling,
and revascularize the ischemic area. From the original paper of Marelli and colleagues in 1992,
presenting for the first time the concept of using autologous skeletal muscle cells to repair a
damaged zone of the heart, a procedure termed “cellular cardiomyoplasty,” supportive experi-
mental as well as clinical evidence has been published in respect to the potential of cell trans-
plantation for cardiac repair or regeneration. A variety of cell populations have been applied for
cardiac repair either experimentally or clinically. Each cell type has its own profile of advan-
tages, limitations, and practicability issues, particularly in the clinical setting. Several options
are under evaluation in terms of mode of delivery. In this chapter we will discuss the fundamen-
tals of the direct epicardial approach in cell transplantation using either an open- or closed-chest
(endoscopy) technique.
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Chronic heart failure has emerged as a major worldwide epidemic. Recently, a fun-
damental shift in the underlying etiology of chronic heart failure is becoming evident,
in which the most common cause is no longer hypertension or valvular disease, but
rather long-term survival after acute myocardial infarction (MI) (1,2).

The costs of this syndrome, in both economic and personal terms, are considerable (3).
American Heart Association statistics indicate that chronic heart failure affects 4.7 mil-
lion patients in the United States and is responsible for approx 1 million hospitalizations
and 300,000 deaths annually. The total annual costs associated with this disorder have
been estimated to exceed $22 billion.

The societal impact of chronic heart failure is also remarkable. Patients with chronic
heart failure often suffer a greatly compromised quality of life. About 30% of diag-
nosed individuals (i.e., 1.5 million in the United States) experience difficulty breathing
with little or no physical exertion and are very restricted in their daily functions. This
forced sedentary lifestyle inevitably leads to further physical and mental distress.

The chronic heart failure problem is growing worse. Chronic heart failure already
represents one of our greatest health care problems, and it is expected to become even
more severe in the future. By 2010, the number of patients suffering from heart failure
will have grown to nearly 7 million—a more than 40% increase.

Coronary artery disease (CAD) is the cause of chronic heart failure in the majority
of patients, and chronic heart failure is the only mode of CAD presentation associated
with increasing incidence and mortality. However, it is evident, running through the
different therapeutical strategies of chronic heart failure, that the appropriate treatment
of patients with ischemic heart failure is still unknown (4,5). 

Since 1992, a revolutionary option to treat cardiac disease has come to the scene
based on the possibility of using autologous cells, appropriately cultured and expanded,
to replace or provide new contractile tissue as well as new source of blood perfusio.
Cell transplantation is currently generating a great deal of interest in that the replace-
ment of akinetic scar tissue by viable myocardium should improve cardiac function,
impede progressive left ventricular (LV) remodeling, and revascularize ischemic area. 

The goals of cell therapy are multiple and nonexclusive, leading to the formation
of new tissue. One should expect to replace scar tissue with living cells and/or to
block or reverse the remodeling process or change its nature and/or to restore the
contractility of the cardiac tissue and/or to induce neoangiogenesis that would favor
the recruitment of hibernating cardiomyocytes or to enhance transplanted cell engraft-
ment, survival, function, and, ultimately, synergistic interaction with resident cells.

From the original paper of Marelli and colleagues in 1992, presenting for the first time
the concept of using autologous skeletal muscle cells to repair a damaged zone of the
heart, a procedure termed “cellular cardiomyoplasty” (5), supportive experimental as well
as clinical evidence has been published about to the potential of cell transplantation for
cardiac repair or regeneration. In 2001, Orlic and collaborators showed that bone marrow-
derived cells, already well known in hematology, could be used to engraft an infarcted
myocardium, leading to improved heart function, indicating an alternative cell lineage to
satellite muscle cells to treat heart damages (6). Many investigators have therefore chosen
a pragmatic approach by using unfractionated bone marrow cells (BMCs), which contain
different stem and progenitor cell populations, including hematopoietic stem cells (HSCs),
endothelial progenitor cells (EPCs), and mesenchymal stem cells (MSCs). 
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A variety of cell populations have been, therefore, applied for cardiac repair either
experimentally or clinically. Each cell type has its own profile of advantages, limita-
tions, and practicability issues, particularly in the clinical setting. Furthermore, besides
controversies around the optimal cell to be implanted, several options are under evalu-
ation in terms of mode of delivery. From the initial direct approach consisting of direct
cell injection at the epicardial level, other approaches, including endoventricular, intra-
coronary, and intravenous (either systemic or retrograde through the coronary sinus),
have been explored.

In this chapter we will discuss the fundamentals of the direct epicardial approach in
cell transplantation using either an open- or closed-chest (endoscopy) technique.

BASIC CONCEPT AND SURGICAL DETAILS OF CELL TRANSPLANT
WITH OPEN-CHEST TECHNIQUE 

The first open-chest procedure for implanting autologous cells (skeletal myoblasts)
in the clinical setting has been performed by Menaschè and co-workers, who have
shown the feasibility of transplanting skeletal muscle-derived satellite cells in infarcted
regions during a coronary artery bypass graft (CABG) procedure in patients with com-
promised LV function (7). This pioneering clinical experience opened the route to fur-
ther clinical series, which encompassed open as well as closed techniques according to
the type of cell and mode of delivery (8–22) (Table 1).

The basic concept of open-chest delivery of cell transplantation to the heart, in the
clinical setting, is rather straightforward. Indeed, cells are currently taken either from a
skeletal muscle biopsy or from progenitors cells, bone-marrow or blood-derived, cul-
tured or processed, and thereafter suspended in phosphate-buffered saline or medium,
and then directly injected into the myocardial wall using a small-gauge needle (usually
24 or 26 gauge). Implanted cells are meant not only to repopulate the contractile 
portion of the cardiac tissue, but also to regenerate vessels, to reperfuse ischemic
myocardium, and to promote the formation of a more elastic tissue matrix, which, in
turn, may enhance diastolic function and halt ongoing LV dilatation (23). 

With different cell lineages and cell selection and expansion protocols, a varying
time interval is required between cell tissue extraction, either from a skeletal biopsy or
from the stem cell sources (bone marrow or blood in order to allow appropriate cell
selection and, in some cases, expansion) and surgical implantation. This interval may
vary a great deal, from hours to weeks, according to the cell type or subtype chosen for
implantation. Borestein and co-workers have shown in an ovine model that skeletal
muscle cells can be injected with successful homing into the myocardium also without
culturing and cell expansion after 3 hours from biopsy and start of tissue processing
(24). This study, however, assessed cell engraftment in a rather favorable host tissue
condition, because no infarct or any other kind of tissue damage was previously
induced. Whatever technique is adopted, however, cell transplantation must deal with
some inherent shortcomings, which, in turn, may affect early or medium-term results of
cell implantation. Injecting cells into the target myocardial region with a needle may
indeed either be responsible for a concomitant mechanical effect into the treated car-
diac muscle/scar or induce cell damage as a result of the incurring strain linked to the
needle passage. Although scar formation is visible at the injection site in mice, in larger
animals the needle path is often difficult to identify. The possible angiogenic effect of
puncturing the myocardium, giving rise to neo-vessels or to direct new channels through
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which blood may pass and, hence, revascularize the hypoperfused myocardial seg-
ments, has been put forward by supporters of transmyocardial laser technology (25).
Although the cell transplant tools and syringe are such that relevant blood regurgitation
should be unlikely, this event still needs to be elucidated. Neoangiogenesis, however,
has also been found in areas not directly located at the needle-puncture site, indicating
that a direct angiogenic transdifferentiation or a paracrine effect toward angiogenesis of
transplanted cells is likely. On the other hand, the penetration of the needle and the cell
culture injection may, by themselves, act as pro-inflammatory stimuli, which may ulti-
mately lead to neoangiogenesis as part of the induced inflammatory process. The latter
effect has been also claimed to predispose to cell death following injection, a factor
greatly limiting the actual result of direct cell transplantation (26).

An additional element that has been underlined as a major shortcoming is repre-
sented by the possible cell loss after needle injection because of backward flow through
the needle hole, again markedly limiting cell retention inside the wall thickness and,
hence, cell engraftment. For this reason it is recommended to exert a slight compres-
sion with the finger for a couple of minutes (27) to avoid cell regurgitation through a
channel leakage mechanism. This underestimated but indeed relevant issue has been
recently addressed by Chachques and colleagues, who have presented a newly designed
surgical catheter (Fig. 1), which was specifically meant to solve several drawbacks of
cell delivery through needle techniques (28). This catheter includes some features
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Table 1
Clinical Open-Chest Series in Cell Transplantation for Cardiac Repair

No. of
Ref. patients Etiology Cell Associated procedure

7 10 ICM SM CABG
8 4 ICM EPC CABG (3 pts) — CTx (1 pt)
9 8 ICM BMSC CABG

10 6 ICM BMSC CABG
11 18 ICM SM CABG
12 20 ICM BMSC OPCAB
13 5 ICM SM LVAD
14 10 ICM SM CABG
15 17 ICM (13 pts)/DCM SM CABG

(4 pts)
16 4 ICM SM OPCAB
17 5 ICM SM CABG
18 10 ICM EPC CABG
19 12 ICM SM CABG
20 14 ICM BMSC CABG
21 5 ICM BMSC CABG - TML
22 18 ICM (12 pts)/DCM SM CABG (12 pts) — LVAD 

(6 pts) (6 pts)

ICM, ischemic cardiomyopathy; DCM, idiopathic dilated cardiomyopathy; CTx, isolated cell trans-
plant; SM, skeletal myoblasts; BMSC, bone marrow stem cells; EPC, endothelial progenitor cells; CABG,
coronary artery bypass grafting; OPCAB, off-pump coronary artery bypass; LVAD, left ventricular assist
device; TML, transmyocardial laser.
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drawn by the off-pump coronary artery bypass (OPCAB) and electrophysiology expert-
ise. The catheter ends with a suction cap that should facilitate, particularly if used as
endoventricular tool, the myocardial attachment, making the needle/epicardium contact
stable and not jeopardized by the heart cyclic movements. Furthermore, the needle, act-
ing as sensing electrode, enhances surface monitoring of the action potential and local-
ized myocardial area with low signal and, hence, true infarcted zones. Finally, the
needle design is such that true intrathickness injection should be achieved by means of
an angled point and enhanced cell retention into the myocardial tissue. This latter aspect
should also be guaranteed by a blunt closure of the induced needle by the maintenance
of the catheter on the hole, allowing a spontaneous closure of the epicardial hole and,
hence, leaving the majority of the injected cells in the myocardial tissue. This catheter,
therefore, might be effective not only in endoventricular delivery, but may also serve as
an endoscopic tool thanks to the suction action, which may enhance catheter/myocardial
contact even if used through small ports. Apart from a specifically designed catheter, a
long needle is advisable because it may avoid the need for multiple injections and,
therefore, limit traumatic injury of the myocardium (27).
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Fig. 1. Patent drawing (USA patent application 20050113760) of the “Cell-Fix” catheter designed for
epicardial or endocardial cell transplantation.
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From the limited clinical series and from the animal experiments, it appears rather
definitive that open-chest cell implantation is safe, feasible, and void of peculiar peri-
operative complications. Besides procedural details directly linked to epicardial punc-
ture, additional factors may be taken into account during an open-chest approach for
cell implantation. The implementation of a controlled heart rate, for instance, may
enhance cell implantation and reduce premature ventricular beats or malignant ventric-
ular arrhythmia. Controlled heart rate may, therefore, be helpful during open-chest, but
intuitively also during closed-chest procedures and, hence, should be advisable in an
attempt to further reduce or prevent untoward phenomena, particularly malignant ven-
tricular arrhythmia, during cell delivery.

The use of antiarrhythmic adjutants during cell implantation is certainly useful: lido-
caine boluses or infusion or topical application, or amiodarone infusion, together with
other drugs meant for heart rate control, are all practical means aimed at preventing or
reducing dangerous rhythm disturbances during the epicardial approach. From the pub-
lished clinical open-chest series, no major intraoperative adverse effects have been
reported. Further data and more numerous patient populations are, however, required to
conclusively define and predict risks exclusively linked to cell implantation into the
myocardium. The use of anti-inflammatory compounds (steroids or nonsteroidal drugs)
might have their rationale and role in the light of reducing the local inflammatory reac-
tion, which is considered, as previously mentioned, a potential negative factor for cell
engraftment and homing (26), but this issue remains unexplored and certainly deserves
further investigation.

CELL TRANSPLANT AS ISOLATED OR ASSOCIATED PROCEDURE
WITH OTHER CARDIAC SURGERY?: ISSUES RELATED TO PATIENT

SELECTION AND PROCEDURAL INDICATIONS

Despite preliminary experiments with cell implantation in the heart executed in ani-
mal models without associated cardiac surgery operations, the first clinical cases, for
obvious ethical reasons, have been carried out in combination with traditional revascu-
larization procedures (7). Patients undergoing CABG surgery have undergone cell
implantation according to phase I safety studies. Menasché and other authors have,
thus, repetitively advised caution in interpreting postoperative data because of the inher-
ent difficulty in extrapolating the actual effects of cell transplants from the effects of
concomitant surgical revascularization. Although cell injection was mainly carried out
in the myocardial zone void of direct graft reperfusion, any attempt to claim or prove
the sole effects of cell engraftment are still difficult to define. Sakakibara and col-
leagues showed, in an animal model, the effects of cell implantation (fetal cardiomy-
ocytes) in association with LV aneurysmectomy (29). This study showed that, after
induced myocardial infarction, surgical remodeling could restore more appropriate LV
shape and diameter, but only the adjunct of transplanted cells could substantially
improve LV function. This association may have, therefore, its role and indication in
the era of the Stitch-or-Restore Trials. If beneficial effects of cell therapy were defi-
nitely proved, adjunctive application of cells in the noncontractile segments of the
aneurysm left in place might be efficacious and enhance some tissue regeneration and,
hence, functional recovery. Although in an extremely preliminary phase, the ongoing
research aimed at contractile tissue engineering might represent an additional tool in
the cell therapy scenario—the logical prosecution of blind cell injection in the pursuit
of designing autologous tissue substitutes for real tissue. 
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In this light, the application of cell implantation in impaired left ventricle has been
advocated and shown in the setting of left ventricular assist device (LVAD) implanta-
tion in an attempt to enhance myocardial recovery of function. Pagani and Dib have
independently reported about the use of cell implantation in patients undergoing LVAD
support (13,22). This application is in its infancy, and many difficulties related to cell
type, patient selection, and cell delivery remain unanswered, but preliminary data indi-
cate that cell engraftment occurs, with formation of small vessels. The association of
these two procedures may, therefore, have a role, particularly in relation to a durable
recovery of function.

Refractory angina, not amenable to catheter or surgical intervention, may represent
an increasingly prevalent patient subset to be treated. The induction of neoangiogenesis
may indeed represent the sole objective of cell therapy, with recovery of function being
a secondary target or not important at all. Recently, Pompilio and colleagues have
shown cell delivery in the presence of refractory angina, with or without concomitant
CABG (8). They used preoperative stimulation of the bone marrow with hematopoietic
growth factor (Lenogastrim) to induce bone marrow production and release: after hav-
ing collected CD133+ cells by apheresis the day before surgery, they were implanted
into the myocardium in an attempt to induce neoangiogenesis or myocyte formation
during on- or off-pump surgical revascularization. Interestingly, the authors used two
different approaches, including a full sternotomy procedure and a second one charac-
terized by a minimally invasive approach (transdiaphragmatic minilaparotomy
approach) at the subxypoid level. This procedure proved to be safe, and cell processing
was easy and extremely effective in terms of either cell number or purity, thereby rep-
resenting an additional option in patients not suitable to CABG or percutaneous trans-
luminal coronary angioplasty, but requiring revascularization for symptom relief.

The ongoing refinements in terms of minimally invasive techniques, as described in
this chapter, may also favor the application of cell implant as sole therapy, as opposed
as the current mode, which implies a combined procedure.

Patient selection for the open-chest procedure is currently mainly linked to associ-
ated surgical revascularization, although a case of isolated cell implantation in which
CABG was not indicated has been reported (8). The general advice is to accomplish
cell implantation in the area not suitable for conventional CABG procedure and with
perfusion defect as assessed by nuclear testing preoperatively. The presence of some
persistence of myocardium, despite the occurred infarction, seems advisable (27). The
controversy about the injection of autologous cells in a purely scarred myocardial
zone remains unsolved. Recent data, either at short or at long term, obtained by surgi-
cal remodeling techniques (3,4) indicate that the restoration of a more advantageous
ventricular shape and volume has effective and durable effects on LV function and
patient outcome. It seems reasonable, therefore, to consider that large areas of aki-
netic, completely scarred, cardiac tissue are unlikely to benefit from cell implantation,
whereas a reductive surgical approach may achieve better, or at least, already demon-
strated results. In contrast, the presence of a relatively large area of ischemic, partially
dead, myocardium (18–30% of the left ventricle) (27) may take advantage of cell
transplantation, either for contractile restoration or for the angiogenic effects of cell
engraftment.

The selection of candidates for cell transplant in the presence of idiopathic dilated
cardiomyopathy remains an even more difficult scenario. Despite a few initial experi-
ences of injecting cells at LVAD implantation, it seems unlikely that the implanted cells
will play a critical role in the setting of a complete functional recovery in the presence
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Table 2
Experimental Studies of Open-Chest Cell Transplantation in Relation to Animal Model, Model of Acute Myocardial Infarction, Timing of Cell 

Implantation and Postoperative Assessment, Histological and Hemodynamic Findings
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of global impairment of the left ventricle. However, preliminary clinical series appear
promising, and the combination of different therapies in this setting may prove benefi-
cial. Ongoing clinical trials will, hopefully, shed some light on the appropriate role of
cell transplant in this setting.

DECIDING HOW MANY CELLS TO INJECT

The number of cells injected by an open-chest technique depends on several factors.
The first determinant is obviously linked to the amount of cells obtainable from biop-
sies and, then, from in vitro culture. Usually, the goal is to achieve 500–600 million
cells (50–70 million cells/mL). Menasché and colleagues showed that this target is eas-
ily achievable, with at least 60% myoblasts obtained within 2–3 weeks of culture (31).
In their series an average of 37 injections were administered under cardiac arrest, deliv-
ering almost 900 million cells in 6 mL to a mean area of about 30 cm2. Unfortunately,
the appropriate number of cells to be implanted is practically unknown, although it has
been documented that the postoperative results are proportionally related to cell num-
ber (26). Theoretically, the ultimate goal to repair and regenerate damaged myocardial
tissue should be addressed with injections of a huge number of cells because of the evi-
dence that many cells die after implantation. The mechanical damage induced by nee-
dle passage, the engraftment into a totally ischemic or relatively hypoperfused tissue,
the activation of local inflammatory reaction, and the possible differentiation of trans-
planted cells into fibroblasts or the occurrence of apoptosis in the implanted cells, are
all potential determinants or contributors to limited or unsuccessful cell homing and,
hence, functional tissue recovery.

Experimental data do not offer conclusive information, because disparate animal mod-
els, cell type, and number of cells injected can be found in the literature (23,24,
26,29,32–43). It seems unrealistic, with the current technology, to predict, given a
peculiar tissue condition to be treated, a minimum amount of cells for a certain patient
to achieve successful cell implantation and subsequent functional or structural improve-
ment. Table 2 clearly shows that the animal data offer a wide range of cell dose
implanted in different animal species as well as tissue conditions. Any attempt to extrap-
olate conclusive information for cell transplant in the human setting appears extremely
difficult. Further studies are obviously warranted to determine a sort of threshold of
cell number to be implanted. It is, however, reasonable to foresee that this information
may not be available because too many variables and factors linked to cell type, target
tissue-related characteristics, and procedural features may confer to any chosen cell
quantity the possibility of successfully homing, survival, and effective tissue changes.

DECIDING WHERE TO INJECT CELLS

The controversy surrounding the location of cell implantation appears simple in
theory, but encompasses many unsolved issues. The injection of cells, whatever type,
into the myocardial scar or deranged cardiac zones, if an infarct is to be treated,
appears a logical concept in an attempt to provide new cells in a relatively acellular
segment and restore tissue function either by reconstituted contractile tissue or by
enhancing neoangiogenesis of the ischemic area. The hypoxic as well as the fibrotic
milieau of such a zone may, in contrast, be disadvantageous for cell engraftment for
several reasons. The relative hypoperfusion of such a myocardial tissue may markedly
limit cell nourishment and, hence, cell survival. Furthermore, the relative lack of
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viable, contractile resident muscle cells may also limit the positive effect of resident/-
transplanted cell interaction. Finally, it was demonstrated that the existence of tissue
fibrosis in such an area may direct implanted cell differentiation toward a fibroblast
lineage, thereby making the tissue more fibrotic, but certainly not contractile. The lat-
ter effect was by some considered not to be a negative result of cell implantation,
because a more elastic myocardial scar was also claimed, impeding further tissue thin-
ning and ultimately limiting further ventricular remodeling or preventing ventricular
dilatation (32).

Conversely, the injection of cells into the border zone of the infarct area had more
supporters among researchers, justified by the fact that a better perfused tissue zone
and the presence of still normal cells may influence and positively affect cell homing
and functional adaptation. Chachques has recommended injecting approx 70% of trans-
plantable cells at the peri-infarct area, with the remaining 30% into the central portion
of the scar (27). This method is meant to induce a centripetal engraftment and repopu-
lation of the necrotic area starting from the healthier and more revascularized myocar-
dial zone. As shown in Table 2, however, experimental experience is not homogeneous
in terms of the injection site. The majority of animal models showed concomitant injec-
tion of cells into peri-infarct and intrainfarct implantation, but scientific evidence
regarding the exact or more appropriate site of implantation is lacking since effective
results have been obtained in animal models in which cells were implanted only in the
center of the infarcted region. The transplantation of cells in the middle of an infarcted
area may still make sense, even if the absence of viable myocardial tissue is confirmed
by preoperative investigation, provided that attempts to improve tissue perfusion, by
CABG or by alternative methods, are pursued. Bypassing an artery nourishing a dead
myocardial area has been considered a futile procedure, but might represent a critical
factor in enhancing cell engraftment and survival in cell therapy.

In order to properly localize the infarct and border zones, epicardial echocardiogra-
phy may be helpful, although transesophageal echocardiography may also be valuable,
particularly because it may enhance postoperative comparison to elucidate the cell
transplant effect. Additional preoperative examinations may prove valuable in cell
transplantation either in terms of injection site identification or as tissue assessment in
terms of function or perfusion to be reevaluated after surgery. The preservation of a
minimal tissue perfusion, although void of a significant amount of viable cells, might
represent a more adequate environment for effective cell engraftment, but these factors
remain to be evaluated.

A different perspective may be represented by a diffuse derangement or abnormal-
ity of cardiac myocytes, like the situation encountered in idiopathic dilated cardiomy-
opathy. In this case the target to be addressed by cell repopulation is relatively different
from localized necrotic or ischemic area, and the injection of cells should be carried
out trying to deliver as many cells as possible in order to provide sufficient new cell
population to regenerate or help the resident dysfunctional myocytes. The application
of a sufficient number of vital cells in this situation appears unlikely. Myocyte abnor-
mality, myofiber derangement, and diffuse increase in myocardial fibrosis are all com-
mon features of idiopathic dilated cardiomyopathy. The application of numerous cell
injections, most likely associated with LVAD implantation, may represent a combined
technique meant to vigorously assist the failing heart in conjunction with the adminis-
tration of new and better functional cells. It is, therefore, mandatory to foresee, in
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addition to the apical area lost for LVAD implantation, how to get a beneficial effect
from cell transplant.

DECIDING WHEN TO INJECT CELLS

Current techniques of cell transplant in open-chest clinical procedures imply the
presence of chronic CAD and concomitance of CABG procedure, although a case of
isolated cell implantation (8) has been reported. Stamm and colleagues reported the use
of autologous C133+ bone marrow-derived stem cells injected into the infarct border
zone in six patients (10). This limited clinical series showed that global ejection frac-
tion improved in four out of six, and that perfusion defect improved dramatically in five
patients. This series was achieved in patients with rather recent acute MI episodes
(between 10 days and 3 months) and candidates for CABG in remote areas. It is, there-
fore, still controversial to define if the surgical candidates for cell transplant are the
ones suffering from the sequelae of long-term infarcts and well-established damage
without any presence of active inflammatory or ischemic process, or rather soon after
an acute MI. Experimental evidence is not helpful in this controversy and offers rather
heterogeneous data, showing cell injection from a few hours to weeks from the ischemic
or necrotic insult (Table 2). It is, therefore, difficult to define the optimal time for cell
implantation after myocardial damage. Many authors discourage the transplantation of
cells during or soon after the perfusion of defect-related damage because of the poten-
tial negative effects of ongoing ischemia, which predisposes fresh cells to die, or the
induced inflammatory pathway that may contribute to implanted cell destruction. Li and
associates analyzed the effects of cell implantation in an animal model of myocardial
injury where implants were carried out at different times from the induced myocardial
damage: interestingly, this experimental model showed that fetal cardiomyocytes had the
best outcome if transplanted after the inflammatory reaction subsided. No additional data
are available in terms of clinical scenario or with different types of cells—factors that
likely play a critical role in cell homing, survival, and long-lasting functional response.
Further studies are, therefore, mandatory to fully understand the relationship and proper
interval between cell implantation and timing of previous myocardial damage.

INDIRECT OPEN-CHEST CELL TRANSPLANTATION 
(CYTOKINE-INDUCED CELL MOBILIZATION AND MECHANICALLY

ENHANCED MYOCARDIAL HOMING) AND OTHER POTENTIAL
MODES OF CELL DELIVERY

Myocardial repopulation by circulating progenitor cells (either endothelial stem
cells or mobilized bone marrow-derived stem cells) may be elicited by cytokine-
induced cell mobilization or activation. Recently, Actis Dato and co-workers have
described a combination of preoperative and intraoperative techniques to enhance
bone marrow production and myocardial homing of autologous stem cells (9).
Granulocyte–colony-stimulating factor administration for 4 days prior to surgery raises
significantly circulating CD34+ stem cells, and when the cell peak is observed, the
patient is scheduled for CABG surgery. This timing ensures the surgical operation is
performed with a sufficient stem cell population in the blood circulation. In combina-
tion with conventional CABG, several (50–60) punctures with a 21 gauge needle are
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performed at a nonvital area at preoperative diagnostic assessment (Fig. 2) according
to an old concept in treating CAD by inducing multiple channels in ischemic regions,
the so-called Sen procedure.

This mechanical tissue stress is meant to favor local inflammatory response, which,
in turn, should account for and promote capillary leakage and, hence, cell homing and
engraftment. A phase II pilot study is ongoing, with 18 patients treated with this tech-
nique (unpublished data), with significant improvement of the area treated with needle
puncture and without bypass perfusion. Unfortunately, no cell labeling has been possi-
ble, and, therefore, no conclusive data can be extrapolated from this experience,
although it appears extremely attractive, and might justify bone marrow-derived or res-
ident stem cell activation with an expected neoangiogenetic response in the mechani-
cally treated myocardial zones.

Additional modes of cell injection with an open-chest approach may be achieved by
transcatheter delivery of cells through the coronary sinus, particularly in the presence
of diffuse and severe CAD, if the percutaneous approach is not feasible or if concomi-
tant surgery should be performed on the heart. Direct injection of processed cells might
also be achieved by direct injection inside the coronary artery lumen (arterial or vein
puncture) in the presence of a proximal total occlusion and a downstream vessel of
poor quality, where vessel grafting may expectedly fail at short term.

ONGOING CLINICAL TRIAL WITH OPEN-CHEST TECHNIQUE

Several clinical studies have been published since the first paper and experience pre-
sented by Menaschè and co-workers (7–22). However, limited patient numbers have been
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Fig. 2. Intraoperative view of the creation of multiple holes into the ungraftable myocardium to
induce diffuse inflammatory reaction. This procedure (Sen procedure) is meant to attract and
enhanced engraftment of preoperatively cytokine-mobilized bone marrow stem cells following elec-
tive coronary artery bypass graft surgery.

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


reported, with variable results. Ongoing are several multicenter trials, which include differ-
ent cell types and surgical procedures (the Myoblast Autologous Grafting in Ischemic
Cardiomyopathy (MAGIC) Trial includes implantation of automatic defibrillators). These
trials should present their clinical data within a few months and will certainly define actual
potentials and effects of cell implantation for cardiac repair, but will also enhance further
refinement of patient selection, cell type, and mode of delivery. Table 2 presents a sum-
mary of the most important clinical series published recently in the literature and demon-
strates the limited clinical experience in this setting. Thus far, only one randomized study
has been perfomed by Patel and colleagues (12), showing greater improvement of LV
function as well as of myocardial perfusion as assessed by single photon emission-computed
tomography imaging in patients submitted to OPCAB and stem cell implantation.

MINIMALLY INVASIVE TECHNIQUES

One route for delivering cells in the myocardium is by a direct epicardial injection
into predetermined zones of ischemic myocardium or cardiomyocyte loss. This proce-
dure can be achieved at the time of cardiac operation, such as CABG in the setting of
ischemic cardiomyopathy or LVAD implant through sternotomy. An alternative
approach is the minimally invasive video-assisted and robotic surgery, which offers the
main potential advantage of cell injection under vizualization, which allows anatomical
identification of the best target area and even distribution of multiple injections through
the same surgical approach. 

The field of minimally invasive cardiac surgery has grown rapidly in recent years.
Over the past 5 years, the surgery has evolved from modified conventional methods to
radical changes in micro- and port incision. This rapid technology shift allows the sur-
geon to use video-assisted and robotic instruments to perform truly endoscopic surgery
and reduces surgical trauma l (47). The minimally invasive surgical approach to per-
form cell implantation for cardiac repair can be done in three ways: minithoracotomy,
video-assisted thoracoscopic surgery, and robotic surgery. 

PATIENT SELECTION FOR A MINIMALLY INVASIVE
SURGICAL APPROACH

Preoperatively, patients need to be assessed by a cardiac anesthesiologist for general
anesthesia and single lung ventilation. Intraoperatively, patients are routinely moni-
tored with a 12-lead electrocardiogram and defibrillator pads attached to the skin.
Hemodynamics are assessed with invasive arterial pressure, pulmonary artery thermod-
ilution catheter, and transesophageal echocardiography. The status of post-open heart
surgery patients must be assessed for feasibility of groin cannulation in an emergency.

General anesthesia is carried out with double lumen endotracheal intubation. At this
juncture, the safety of single lung ventilation must be verified.

Indication for a specific surgical approach follows the following general guidelines.
Minithoracotomy is selected for two patient populations: those with severely enlarged
left ventricles, which are very close to the chest wall, and those who had undergone
previous cardiothoracic surgery.

In these patients, total thoracoscopic procedures would be difficult and potentially
dangerous, because limited working space restricts safe manipulation of the instruments
and they may, inadvertently, trigger life-threatening arrhythmias, ventricular injury, or
hemodynamic compromise. Video-assisted thoracoscopic surgery is indicated in patients
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with adequate anterior–posterior chest diameter, where the thoracoscopic instruments
can be freely mobilized inside the chest; reoperations are not a contraindication, but
minithoracotomy is preferred in most cases. Robotics is indicated in patients with small
cardiothoracic ratio and large anterior–posterior dimension, and left lung downventila-
tion and CO2 insufflation can cause gentle mediastinal shift, allowing the left ventricle
to move toward the right chest, creating an important working space for the robotic
arms. Using robotic surgery in reoperation can be challenge as a result of adhesions of
the anatomical structures.

SURGICAL TECHNIQUES

Minithoracotomy
A skin incision is made, 3–5 cm long, is made over the fourth or fifth left intercostal

spaces just anterior to the mid-axillary line. In a small incision, the use of a self-retaining
retractor (Cloward) is helpful because its deep blades allow adequate exposure (Fig. 3).

Single lung ventilation is initiated; if adherent, the left lung is dissected free and
retracted posteriorly. The pericardium is tented with forceps and carefully opened ante-
riorly to the phrenic nerve. Proceeding with extreme caution is advisable for patients
who have had previous heart surgery, particularly CABG. Better exposure of the ante-
rior lateral wall of the left ventricle can be obtained by placing stay sutures in the peri-
cardium. The injection of cells is performed through direct vision, similar to the
open-chest technique directly injected into the myocardial wall using a small-gauge
needle (usually 24 or 26 gauge), or newly designed surgical catheter specifically meant
to solve several drawbacks of cell delivery through needle techniques. The catheter
ends with a suction cap that should facilitate the myocardial attachment making the
needle/epicardium contact stable and not jeopardized by the heart cyclic movements.
The needle design is such that true intrathickness injection should be achieved by means
of an angled point and enhancing cell retention into the myocardial tissue.

Sometimes the target ventricular wall is not aligned with the incision and makes
direct cell implantation difficult. In this case it is helpful to use the a thoracoscopic
grasper inserted in a more posterior small incision and redirect the needle to the specific
area. This can be used as a draining site.

After adequate hemostasis is obtained, a size 10 Jackson–Pratt drain is placed into
the left pleura, double lung ventilation is resumed, and the minithoracotomy incision is
closed by layers. 

Video-Assisted Thoracic Surgery 
The patient is placed in a supine position with the left arm placed slightly below the

table level, with a roll along the spine to bring the left chest forward. This maneuver pre-
vents interference with tool manipulation during the procedure. Port position will depend
on heart size and position. Usually, a fifth and sixth space anterior and mid-axillary port
for working tools and a second or third space mid-anterior clavicular port for the scope is
standard (Fig. 4). Sometimes an auxiliary port is placed close to the scope port, allowing
better exposure for delivery of the catheter or needle for cell implant. Single lung ventila-
tion is started, and short (10–12 mm) ports will be sufficient for the surgical tools and
scope. A valve port allows insufflation of carbon dioxide (CO2) at pressures of approx
8–10 cmH2O. A zero-degree telescope is inserted and can immediately see the phrenic
nerve line posteriorly. Folding the pericardium somewhere in the middle and holding out

194 Lorusso et al. 

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Stem Cells and Myocardial Regeneration 195

Fig. 3. Minimally invasive left thoracotomy; direct access to the left ventricle for cell implantation.

Fig. 4. Video-assisted thoracoscopic surgical approach for cell implantation therapy.
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on traction, a small incision is made, which allows some air to get into the pericardial sack
and break any capillary traction between the pericardium and the epicardial surface of the
left ventricle. Then the pericardium is opened 3 cm above the phrenic nerve in order to
expose the antero-lateral wall of the left ventricle, left atrial appendage, and the pulmonary
veins, establishing the normal relationship.

If stay sutures are necessary, they can be either brought out through the ports or
anchored internally on adjoining chest wall tissue. The goal is to place the needle or
catheter in contact with the target area, using grasper tools and sometimes a small suc-
tion device, in order to keep the field stabilized, to perform a perfect smooth contact
with epicardium and inject the cells deep into the myocardium. If the target area is in
the territory of the obtuse marginal artery or adjacent to the anterior aspect of the left
atrial appendage, the needle is mounted on the proximal end of the malleable implanta-
tion tool and the assembly is inserted in the chest through the most posterior working
port to allow direct cell delivery in at right angles to the LV surface. Hemostasis is
obtained, the pericardium is closed with interrupted 4-0 polyester (Ticron) sutures, and
the port incisions are closed with standard techniques. Double lung ventilation is
resumed and a size 10 Jackson–Pratt drain is placed in the left pleural space through
the auxiliary port. 

Robotically Assisted Surgery
THE DAVINCI SYSTEM

The DaVinci robotic surgical system (Intuitive Surgical Inc., Sunnyvale, CA) is a
device composed of a surgeon control console and surgical arm unit that positions and
directs the microinstrument. The DaVinci system has three main components: a sur-
geon console, a computer controller, and specially designed instrument tips attached to
the robotic arms (Fig. 5). The surgeon sits at the console and manipulates the instru-
ment handles, and his or her motion is relayed mechanically to the computer controller.
These motions are then digitalized and, with specially designed software, filtered and
scaled. The surgeon console houses the display system, the surgeon handle, the surgeon
user interface, and the electronic controller. The surgeon sits at the control console
looking at the image that is displayed in a high-resolution three-dimensional video
image, and each movement of the surgeon handles or master is translated in real time
into fine movements of the robotic instrument tips at the operative site. This movement
can be scaled from 1:1 to 1:3 where the control system is also able to filter out surgeon
tremors. The combination of the motion scaling, filter, and image magnification make
delicate motion easier to perform than conventional endosopic technique, enhacing sur-
gical dexterity. The excellent three-dimensional system helps compensate for a general
lack of force of feedback.

The patient’s side cart consists of a fixed base with three passive multilink arms
mounted to it. Each arm holds a slave manipulator, two manipulators drive the tools,
and one controls the camera. 

Each instrument has a mechanical wrist called the Endo-wrist, a key component of
the intuitive system that allows the surgeon seven degree of freedom of movement
inside the patient (three for translation, three for orientation, and one for grip), com-
pared to what he or she is used to in conventional open surgery. The Endo-wrist is a
component that gives the surgeon the ability to reach around, beyond, and behind
delicate body structures and is connected to the rest of the system by sophisticated
mechanized cable transmission. 
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The term robotic is now used synonymously with computer-assisted surgery, but the
major breakthrough of the technology is that for the first time, the surgeon’s hand
motions are converted to the binary code, allowing enhanced motion to be electronically
transferred to a minute instrument inside the chest. All hand and wrist motions are repli-
cated nearly instantaneously to the instrument tips. The three-dimensional vision and
Endo-wrist technology allows the surgeon to see and manipulate the instrument as if the
surgeon’s hands were present inside the chest.

The robotic systems have enabled surgeons around the world to perform different
minimally invasive, endoscopic cardiac surgery procedures—the most striking demon-
stration of the ability of this system to enhance surgical dexterity. 

OPERATIVE TECHNIQUE

Anesthesia preparation and monitoring for robotically assisted procedures are the
same as described for the previous techniques. The patient should be placed for left
ventricle anterior wall surgical approach in a supine position with the left arm placed
slightly below the table level, with a roll along the spine to bring the left chest for-
ward, and for obtuse marginal artery target area approach in a full left posterolateral
thoracotomy position. The daVinci Robotic Surgical System (Intuitive Surgical Inc.,
Sunnyvale, CA) is used. Working ports should be placed in the posterior axillary line,
adjusted caudad or cephalad, depending on the angle to the left ventricle, to allow
placement of the needle or catheter. Flexibility in port positions is important and
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should be adjusted based on individual chest wall and cardiac anatomy. Three 
1-cm skin port incisions are often made on the third intercostal space for the right
instrument, fifth space for the camera, and seventh space for the left instrument,
along the left mid-axillary line (Fig. 6), for anterior surgical approach, and on the
fifth , seventh, and ninth, along the left posterior axillary line, for the postero-lateral
approach. Two lateral robotic arms and a central three-dimensional image camera are
placed through the ports into the chest. A carbon dioxide insufflation is used to
increase the working space between the heart and the chest wall. A small pericardial
incision is made anterior to the phrenic nerve with electrocautery or microsicors in
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Fig. 6. Ports and arms placed for robotic-assisted surgery.

Fig. 7. Robotically assisted left ventricle epicardial injection cell therapy.
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order to reach either target wall of the left ventricle. The needle or catheter is passed
through an auxiliary port on the sixth space mid-axillary line, and the cells are
injected similarly to the thoracoscopic method, but less space is needed for instru-
ment manipulation (Fig. 7). 

The pericardium is closed with interrupted 4-0 polyester (Ticron) suture. The air is
evacuated from the pleural space, the left lung is inflated, a Jackson-Pratt N10 drain is
placed, and the port incisions are closed as usual. The patient can be extubated in the
operating room.

We believe the different minimally invasive surgical alternatives for LV epicardial
cell implantation in heart failure patients are viable surgical options and can be helpful
in high-risk surgical patients, offering a selection of the best cell implantation sites
under direct or indirect visualization with minimal surgical trauma. 

SHORTCOMINGS AND COMPLICATIONS OF OPEN-CHEST 
TECHNIQUE CARDIAC CELL TRANSPLANTATION

As previously mentioned, the first clinical experience was presented by Menaschè
and co-workers, who treated 10 patients affected by ischemic cardiomyopathy (LV ejec-
tion fraction ≤ 35%). The Paris group showed that at an average follow-up of about 11 mo,
New York Heart Association functional class improved from 2.7 to 1.6 (p < 0.0001) and
that LV ejection fraction increased from 24 to 32% (p < 0.02). However, four patients
experienced sustained ventricular tachycardia postoperatively, and an automatic
implanted cardiac defibrillator (AICD) was implanted. Engrafted skeletal myoblasts
seem to possess a pro-arrhythmic electrical activity as a result of increased electrical
susceptibility and lack of effective gap junctions with resident myocardial cells.
Application of AICDs has been advocated and is currently applied in the clinical series
using skeletal muscle-derived cells (MAGIC trial), based on other evidence observed
in preliminary clinical experiences (44). Experimental data seem to confirm that skele-
tal muscle cells might predispose to malignant ventricular arrhythmia, although not
constantly. Chachques and colleagues, however, showed that cell irritability might
derive not only from the tissue engraftment and cell membrane characteristics, as
opposed to cardiomyocyte, but rather from culture technique, with an absence of
inducible malignant ventricular rhythm disturbances when cells were cultured in
human serum (45).

Stamm reported two cases of marked pericardial effusion after cell transplant, which
might be related to the peculiar effects of needle puncture or the elicited inflammatory
reaction linked to cell implantation (10). This side effect, however, was not mentioned
by the other open chest series, making this postoperative event unlikely related to epi-
cardial cell implantation.

A recent study showed that endoventricular injection may enhance greater reten-
tion of injected material inside the ventricular thickness as compare to epicardial
implantation (26). A possible explanation for this is that the endoventricular pres-
sure may reduce backward leakage of injected solution, but this effect might be
easily achieved with transient external compression or with a dedicated catheter
design, as previously mentioned. Incomplete cellular retention, however, seems to
happen also with endoventricular cell delivery (46), once again indicating the
importance of implantation techniques, modes of delivery, and implantation tools,
which are under refinement (47).
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In conclusion, open-chest techniques for cell transplantation into the heart have
been proved to be feasible, safe, and effective in animal as well as clinical settings in
terms of cell engraftment and its related impact on regional or global LV function.
Patient-tailored cell type, patient indication, timing of cell implantation, and other
issues, however, are far from being fully elucidated for the open-chest approach.
Accordingly, several clinical trials and additional experimental studies are eagerly
awaited and ongoing and may shed additional light on this promising field.
Refinement of catheter design, the use of minimally invasive (thoracoscopy) tech-
niques, and accurate identification of target areas will certainly enhance cell trans-
plantation, as will concomitant techniques to improve cell engraftment and effective
grafted cell/resident cell interaction, together with the ingrowth of new blood vessels
to treat myocardial ischemia. The current therapy standards and objectives to provide
proper amounts of cells to replace or support large areas of dysfunctional
myocardium indicate that treatment of large targets, like dilated cardiomyopathy, by
this method remains far in the future.
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SUMMARY

Ischemic heart disease remains a leading cause of morbidity and mortality despite advances in
medical therapy and revascularization techniques. Born out of this burden of ischemic heart disease
is a burgeoning body of literature in both the preclinical and clinical settings that demonstrates the
benefits of cell therapy. Central to the acceptance of cell therapy as a viable treatment strategy is
determining the fate of the cells employed, the overall effect on ventricular function, and, ulti-
mately, clinical outcomes. Although these assessments are readily attainable through invasive hemo-
dynamic studies and histological analysis in the preclinical setting, the use of clinical parameters
and noninvasive imaging modalities have been employed in the clinical setting. In addition to estab-
lishing the safety of cell therapy by focusing on “hard endpoints,” such as death, myocardial infarc-
tiion, arrhythmias, the efficacy of cell therapy in achieving the outcome of myocardial regeneration
may be feasible through advances in magnetic resonance and nuclear imaging as well as echocar-
diography. This chapter will discuss potential strategies that have been employed and those strate-
gies that should continue to be utilized in the assessment of the cardiac response to cell therapy.

Key Words: Stress testing; nuclear imaging; strain imaging; echocardiography.

The American Heart Association reports that nearly 800,000 patients (60% of all
deaths in the United States) die of heart disease each year. In this setting, and despite
important advances in reperfusion therapies, cardiomyocyte death (an irreversible
process) often remains a final common pathway for functional deterioration and death.
The clinical manifestation of the failure to overcome this hurdle manifests itself in a
rising epidemic of heart failure.

In the past two decades several developments have provided new promise for treat-
ment of once thought irreversible myocardial cell death. 

1. Skeletal myoblasts: Satellite cells residing in a dormant state in the basal membrane of
the skeletal muscle fiber. These myogenic precursor cells are mobilized to proliferate
and replace damaged muscle tissue after injury. These cells have the capability of rap-
idly proliferating in culture media without the danger of tumor formation associated
with fetal and adult stem cells (1–5). However, these skeletal myoblasts are capable
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only of forming myocytes and not other supporting tissues needed for true myocardial
regeneration. They are capable of functioning under lower oxygen saturation condi-
tions than normally required by myocytes. This makes them good candidates for trans-
plantation into poorly revascularized areas of the myocardium.

2. Bone marrow-derived cells (adult stem cells): Mononuclear cells derived from the bone
marrow were initially known to differentiate into mesenchymal lineage (6) and recently
into ectodermal and endodermal lineages (7). The potential therapeutic applications of
these “adult stem cells” may alleviate some of the ethical and immunological concerns
associated with fetal stem cells.

3. Fetal stem cells: In 1981 mouse embryonic stem cells were isolated for the first time (8).
Almost two decades later in 1998, human embryonic stem cells were isolated (9). The
pluripotent nature and plasticity of this type of cells created another opportunity for
cell-based therapies.

These opportunities, coupled with advances in techniques of cell isolation and har-
vesting, culture media, and cell transfer to scarred myocardium, paved the way to a
long list of preclinical and clinical trials over the past decade to explore the potentials
for “true” cardiac restoration therapies. The direct target of all these efforts is to trans-
form the heart from being a postmitotic organ to a continuously or “on-demand” regen-
erating organ. The simplistic view of cell-based therapy is that heart failure is a
mechanical manifestation of permanent myocyte net loss/dysfunction and that replac-
ing the damaged myocytes with new cells that can be integrated as a functional unit in
the damaged heart can ameliorate the heart failure symptoms. In addition, cell-based
transplantation may contribute to enhanced neovasculerization and improve perfusion
to areas of myocardium that cannot be revascularized or salvage myocardium at the
time of acute ischemic injury or revascularization procedures. 

PRECLINICAL TRIALS

The initial experience by Chiu et al. (10) demonstrated in two separate canine models
the survival of the transplanted skeletal myoblasts in cryoinjured scarred myocardial
tissue. Furthermore, the transplanted over time showed histological evidence of interca-
lated discs and centrally located nuclei, similar to those seen in functioning cardiac
muscle fibers. Since this landmark study, other investigators have implemented multi-
ple different cell types in preclinical animal studies to determine their potential efficacy
in the treatment of left ventricular (LV) dysfunction in acute myocardial infarction (MI)
or heart failure. These preclinical studies used invasive hemodynamics and/or echocar-
diography to quantify the effects of cell therapy. A clear advantage that preclinical
studies have over clinical studies is the ability to perform histological analyses in a
controlled fashion, as well as to used tagged cells, so that they can be identified later.
Although important clinical histological data is slowly being developed from explanted
hearts from patients who later undergo cardiac transplantation and patients who die at
some time after cell therapy, we will obviously never have the ability to obtain histo-
logical data in clinical populations. The goal of this chapter is to review potential clin-
ical strategies for quantification of cardiac responses to cell therapy.

CLINICAL MEASURES OF EFFECTIVE CELL THERAPY

It is important during the process of developing new therapies to have measurement
techniques and clearly defined endpoints to evaluate the successes and failures of each
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therapeutic intervention as well as to establish a mechanistic explanation for the
expected effects.

When considering cell-based therapies, not only are the therapies changing rapidly,
but the target population for the therapies is heterogeneous. In this respect both the
weapons and the targets are in motion and ever-changing. Fortunately, many of the les-
sons learned from pharmaceutical and mechanical interventional devices for treating
myocardial disease can be applied in the era of cell-based therapies.

The primary aim of any therapeutic intervention should always be to improve sur-
vival or to ameliorate symptoms. Keeping these endpoints in mind, a researcher should
always try to design a clinical trial that uses overall mortality comparisons as a primary
endpoint. However, in the early to intermediate phases of developing cell-based thera-
pies, it is usually difficult to do mortality comparisons for various reasons:

1. Small sample size of the trial.
2. Short follow-up period.
3. The population enrolled in phase 1 and 2 clinical trials inherently at high risk/high

mortality.
4. The absence of a true control cohort.
5. The concomitant use of other effective procedures and therapies (coronary artery

bypass graft [CABG], percutaneous coronary intervention [PCI], medications) makes
the cause and effect relationship hard to trace.

6. The complicated processes of harvesting the cells, growing them, purifying and deliver-
ing the cells to the target (scarred myocardium) creates many opportunities for failure. 

In order to work within these limitations, several intermediate surrogate endpoints
have been used in the absence of mortality data. The collection of these surrogate end-
points relies heavily on the dramatic advances in the in vivo noninvasive assessment of
cardiac perfusion, metabolism, and function. Cardiac magnetic resonance imaging
(MRI), X-ray-based computed tomography (CT), single photon emission computed
tomography (SPECT), positron emission tomography (PET), and ultrasound-based
techniques (echocardiography) are the most widely available and clinically useful tools
to collect intermediate endpoints in the early stages of clinical trials. In addition to
these imaging endpoints, simple but practical measurements such as quality of life,
functional class, exercise duration, and time to chest pain are very relevant measure-
ments that can be quantified and reproducibly measured. 

Cardiac Magnetic Resonance Imaging
This noninvasive tool uses the signal produced by the hydrogen nuclei in a strong

magnetic field to create an image of the water composition of the heart. The advantage
of MRI is that no ionizing radiation is used in the process and it has very high spatial
resolution. Furthermore, MRI can image the heart in any plane without regard to
acoustic windows, a common problem with echocardiography. The three-dimensional
nature of the images allows accurate and reproducible volumetric measurements and
evaluation. These capabilities were described in 1985 by Longmore et al. (11). Many
contributions since then have confirmed these findings in various patient populations.
One such early contribution was made by Gaudio et al. (12), who compared left ven-
tricular ejection fraction (LVEF) measurements by MRI to equilibrium radionuclide
ventriculography in 32 patients with idiopathic dilated cardiomyopathy and found an
excellent correlation (r = 0.91). In addition to these excellent global characteristics,
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MRI was also proven to be a powerful tool in assessing regional segmental myocardial
function throughout the cardiac cycle. In addition to the qualitative visual assessment
available with other techniques (echocardiography), utilizing the quantitative tools
available in MRI (strain rate, myocardial tagging, and systolic/diastolic deformation of
myocardial segments) is an accurate and sensitive strategy to detect the very small
changes in myocardial performance seen with cell-based therapies. These changes may
be missed by qualitative methods or techniques with poor spatial resolution and be
interpreted as a lack of efficacy for the therapeutic strategy being tested.

These clear advantages of MRI will become even more important once scanning
parameter adjustments become interactive and instantaneous. Also, real-time display
will enhance the standing of MRI as a tool in stress testing. A major obstacle for MRI
is the growing use of implanted intracardiac defibrillators in compliance with new
guidelines. Such devices pose a danger to patients due to inactivation of the pacemaker
function in the magnetic field and local heating at the lead insertion site. The issue of
defibrillators and cardiac resynchronization is even more complicated because many if
not all the patients considered for cell-based myocardial restoration therapy are candi-
dates for implantable cardioverter defibrillator (ICD) insertion. Serial follow-up is not
possible when an ICD is inserted at the time of treatment. 

Computed Tomography
CT has not been used in clinical trials of cell-based therapy but has the potential to

measure function and perfusion and to define coronary anatomy using the fast multi-
slice detector systems. 

Echocardiography
This modality is one of the safest, relatively inexpensive, and widely available diag-

nostic tests used in cardiology. It has been the main benchmark used in many heart
failure, LV remodeling, and sudden death prevention trials. To date, the echocardiogram-
derived ejection fraction, LV end-systolic, and end-diastolic dimensions remain very
robust tools to predict symptom improvement, prognosis, and mortality. Building on
these semiquantitative measures of global cardiac performance, recent techniques
(tissue Doppler imaging, strain and torsion, three-dimansional echo, Doppler assess-
ment of filling parameters, contrast echo) have been introduced in day-to-day clinical
practice. As a result, echocardiography-derived endpoints were used in many phase 1
and 2 trials of cell-based myocardial restoration therapy. In the current era, most of the
intermediate endpoints needed to evaluate the efficacy of cell-based therapies can be
derived from echocardiography. These include the following:

1. Global LVEF: this important marker for severity of disease and potential impact of
therapy is easily estimated/calculated by echocardiography.

2. LV dimensions/volumes are also readily available from standard echocardiographic
studies.

3. Regional/segmental wall motion abnormalities are at least qualitatively assessed by
standard echocardiography and more recently quantitatively via tissue Doppler and
strain/strain rate measurements.

4. Echocardiography is the gold standard for evaluation of valvular function. In this
instance, evaluation of the competency of the mitral valve and regression of mitral regur-
gitation post-cell-based therapy can be easily assessed serially by echocardiography.

5. Diastolic function and cardiac filling pressures are easily evaluated by echocardiog-
raphy. These filling pressures and diastolic function are considered a better reflection
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of clinical symptomatology than LV systolic function and size. In addition, echocar-
diographically derived filling pressures correlate well with measurements collected
invasively (13–17).

Technical limitations resulting from poor acoustic windows still pose a problem
when obtaining cardiac images, especially serial measurements, by echocardiography.
This is frequently encountered in obese patients, patients with lung disease, and postop
patients. Despite these limitations, our group was recently involved in a phase 1 clinical
trial that used echocardiography to successfully monitor the impact of myoblast trans-
plantation (GenVec Inc., in press).

Nuclear Cardiology Imaging
Radionuclide approaches for patient selection and monitoring the effects of cell-based

restoration therapy include SPECT and PET. Both techniques can be used in clinical
trials to show changes in blood flow, function, and metabolism. The techniques are
accurate and highly reproducible. SPECT offers advantages in terms of availability and
cost, but is limited by poor resolution and ability to look at metabolism or other mecha-
nistic processes. Equilibrium radionuclide angiography, or multiple uptake gated
acquisition (MUGA) scans, can provide reliable information on global and regional sys-
tolic and diastolic ventricular function, but echocardiography is capable of providing so
much more clinically useful information that it is the preferred method for assessment.
All the radionuclide methods expose patients to low levels of radiation, but the risks to
the patient or the transplanted cells are minimal. The integration of CT with SPECT and
PET into a single unit allows a comprehensive examination of the heart that includes
measures such as calcium scoring, assessment of function, infarct sizing, and the ability
to perform coronary angiography using 16-, 31-, 40-, or 64-slice detector systems capable
of achieving adequate temporal resolution to freeze coronary motion. To date, these
hybrid systems have not been used in human studies of cell-based therapy.

SPECT
This is the most widely utilized method to measure myocardial blood flow and is

generally performed as the first test to identify areas of ischemic myocardium that may
benefit from revascularization with an improvement in function and relief of anginal
symptoms. Such methods should be attempted before considering cell-based restora-
tion therapy. SPECT has also been used to measure changes in perfusion, global, and
regional function and myocardial mass. Despite the very small sample size in the majority
of these studies, SPECT imaging has documented improved perfusion. The advantages
of SPECT are the relatively small number of technical limitations to getting good quality
studies in nearly all patients, established prognostic data on short- and long-term
outcomes, and the ability to perform accurate and reproducible quantitative and semi-
quantitative baseline and serial measurements. The disadvantages of SPECT are the
poor spatial resolution in comparison to MRI, echocardiography, and PET, limitations
imposed by radiation attenuation and scatter, and the inability to adequately measure
metabolism with currently available radiotracers.

PET 
This technique offers a superior spatial resolution of 4–5 mm compared with

15–16 mm for SPECT, highly accurate attenuation correction, and is the standard for
assessment of myocardial viability using F-18 fluorodeoxyglucose and absolute
myocardial blood flow using N-13 ammonia. The ability to make and image C-14 and
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O-15 allows radiolabeling of biologically important molecules that can be used to
understand basic biological processes occurring after transplantation. The disadvan-
tages of PET imaging is the relatively small number of imaging systems available, an
even fewer number of onsite cyclotrons for production of non F-18 radiopharmaceuti-
cals, and a greater cost for studies. When CT is used in conjunction PET, there is the
additional radiation exposure as a result of the CT component. 

IMPLEMENTATION IN CLINICAL TRIALS

Skeletal Myoblasts 
The earliest published report of human transplant of myoblasts came from the group

lead by Menasché et al. in France (18). In this single patient report, a 72-year-old male
in New York Heart Association (NYHA) Class III heart failure undergoing CABG was
injected with an autologous myoblast cell suspension. The cells were injected into the
border zone between the postinfarct myocardium and the uninjured myocardium. At 5
months, the group reported an improvement in heart failure symptoms by one NYHA
class, an increase in regional inferior wall segmental function and contractility, as well
as an overall improvement in LV function from 21 to 30%. One could speculate that in
this single case the improvements noted could be related to the unblinded nature of the
protocol or a result of the revascularization process alone. However, assessment of via-
bility using PET showed an increase in tracer uptake indicating de novo metabolic
activity in a previously proven nonviable and scarred myocardium. Almost simultane-
ously, a Polish group led by Siminiak and colleagues (19) in a case report described a
single case experience of autologous myoblast transplant in a 55-year-old female. The
patient suffered a transmural anterior wall MI with scarring as demonstrated by dobut-
amine echocardiography. A solution containing 1.2 million autologous myoblasts was
injected in a non-revascularized and scarred area of the left ventricle during routine
CABG. The authors reported that at 1 month there was improvement in LV segmental
contractility in the previously scarred segments that were injected with myoblasts.

The cautious optimism from these two single case experiments paved the way for
these two groups from Paris and Posnan~ to independently carry out two phase 1 clini-
cal trials on autologous skeletal muscle myoblast transplantation in patients undergoing
CABG (20,21). The French protocol by Menasche et al. (20) reported on 10 patients
(EF < 35%) who received autologous skeletal myoblasts injection directly into akinetic
segments of the myocardium at the time of coronary artery bypass surgery. A total of
37 akinetic segments were injected with a mean of 874 million cells. One patient died
shortly after the procedure from noncardiac causes. On the clinical side, after 11 months
of follow-up, the NYHA mean functional class improved from 2.7 before the procedure
to 1.6 after the procedure. The average EF improved from 24 to 32%. A blinded
echocardiographic analysis showed that 63% of the cell-implanted scars demonstrated
improved systolic thickening. On the negative side, four patients showed delayed
episodes of sustained ventricular tachycardia and required an internal defibrillator. It
was postulated by the investigators that this serious side effect might be related to reen-
try circuits established by the myoblast engraftment. One additional death occurred at
17.5 months from noncardiac causes. 

The Polish investigators also enrolled 10 patients with a mean EF of 35.2% with
myocardial scarring identified by dobutamine stress echocardiograms (21). The selected
akinetic/dyskinetic segments were injected with an average of 20 million myoblasts at
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the time of coronary artery bypass surgery. One patient died 7 days postop from an
infarct in another part of the ventricle not involved in the myoblast transplant. In the sur-
viving patients and up to 12 months after the procedure, the EF was 42%. Segmental
contractility in the scarred but transplanted segments showed improvement. In 9 dyski-
netic segments, 5 became akinetic, and in 10 akinetic segments, 4 became hypokinetic.
However, the potential hazard from ventricular arrhythmia was also present in this group
of patients. Sustained ventricular arrhythmia occurred early (2–4 hours) in 2 patients and
late in another 2 patients (2 weeks). Based on these observations, the protocol was
amended, and all patients received amiodarone-suppressive therapy with no subsequent
significant arrhythmias. The encouraging results of these phase 1 clinical trials gave the
researchers many positive leads, but left them with several challenges. 

• Is the improvement in LVEF and regional contractility related to the myoblast injec-
tion, or is it a result simply of coronary revascularization? The promising limited data
from these two trials is that areas that are deemed scarred and historically do not
improve with revascularization are responding to myoblast transplantation and showing
improvement in contractility.

• What is the optimal number of cells one should inject per akinetic segment to be able
to detect improvement in regional contractility? In an animal model Tambara et al.
(22,23) demonstrated that the improvement in LV dimensions and function were related
directly to the number of cells injected. Furthermore, a large number of transplanted
myocytes could survive and proliferate to replace the full thickness of the myocardium.
Testing of this observation in human clinical trials is underway (24).

• Is there dissociation between the myoblasts injected and the surrounding myocardium
that can lead to electrical instability? Or is it that transplanted myoblasts retain a differ-
ent action potential compared to that of the adjacent myocardium (25). Pagani et al.
(26) in a small experiment reported histological observations in which skeletal muscle
cells survived and differentiated into mature myofibers. Theis data were obtained in
three out of four explanted hearts were examined after cardiac transplantation.
However, the question remains as to whether new “colonizers” can electrically couple
with the rest of the myocardium and act as a syncytium. 

• Is the electrical instability a result of the mechanical trauma (injection site, edema)?
Given that most ventricular arrhythmia occurred very early in the postinjection period,
local irritation (injection, or inflammatory) was postulated as an etiology for early
arrhythmia. Furthermore, the population studied (EF < 35%) is known to be at high
risk for cardiac arrhythmia irrespective of instrumentation and treatment protocols. On
the other hand, and following the recent results of the Multicenter Automatic
Defibrillator Implantation (MADIT)-II Trial (27,28), the patient population targeted for
myoblasts transplant will qualify and likely get an ICD.

• Are there any better tools that are less invasive that can deliver the cells to the affected
myocardium? A percutaneous delivery system was used as a stand-alone therapy by
Smits et al. (29) to transplant myoblast cells in the infarct zone of five patients with
symptomatic heart failure. There were no procedural events. Compared with baseline,
the LV ejection fraction increased from 36 to 41% at 3 months and 45% at 6 months.
Regional wall thickening in the targeted but infarcted area improved on subsequent
MRI exams.

More recently, Herreros et al. (30) reported their experience with 12 patients who
had old MIs. The sites of infarcts were injected with autologous skeletal muscle cells at
the time of CABG. In this study there was a remarkable improvement in LV regional
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and global contractility from 35% at baseline to 54% at 12 weeks. This was in conjunc-
tion with improvement in fluorodeoxyglucose (FDG) uptake in the scarred segments
indicating restoration of viability. In this study, there was no excess arrhythmia reported
during the 3 months of follow-up. 

However, the limited availability of autologous myoblasts and the need to have a
“waiting period” to generate enough myoblasts in vivo led some scientists to explore
the possibility of transplanting allogenic myoblasts. Law and collaborators (31)
reported early success with transplanting two patients with chronic heart failure with
allogenic myoblasts. This experiment could remove many of the supply barriers limit-
ing autologous transplants and providing “on-demand” myoblasts in the future.

The results of these promising experiments ushered in the era of larger clinical trials.
These industry-sponsored trials were done almost simultaneously in Europe and the
United States. The American experience was lead by Nabil Dib at the Arizona Heart
Institute in collaboration with GenVec Inc. (formerly Diacrin). The initial report by Pagani
et al. was from five patients who, at the time of implanting a LV assist device, received
transepicardial autologous skeletal myoblasts (26). Histological examination of the
explanted hearts at the time of cardiac transplant revealed evidence of engrafted skeletal
myoblasts in the previously scarred segments. The second phase 1 study (22 patients)
conducted by the same company used an escalating dose of 10 (3 patients), 30 (3 patients),
100 (3 patients), and 300 (13 patients) million myoblasts injected transepicardially at the
time of bypass surgery. The total experience from this work was reported earlier (35) and
recently at the American College of Cardiology annual meeting in 2005 with a 3-year fol-
low-up on patients who received 10– 300 million cells (mean 214 million). In this 24-
patient report, postprocedural monitoring included PET and MRI. The safety of the
procedure remains excellent, with no perioperative complications. PET and MRI studies
show evidence of new skeletal myoblast formation at the site of injection mostly in
patients who received 300 million cells, LVEF increased from 27 to 36%, and an improve-
ment in NYHA function class from 2.1 to 1.7. There was one death at 3 years and two
strokes. Importantly, there were seven documented ventricular arrhythmia episodes. In
five patients there were documented arrhythmias before the procedure. An ICD shock
was delivered in another patient, and one patient had a nonsustained ventricular tachycar-
dia not requiring shock. This group now is working on a new delivery device (NOGA) to
deliver the myoblasts to the scarred myocardium percutaneously. Recently, Bioheart, Inc.
announced a phase 1, open-label, nonrandomized, dose-escalation, multicenter study to
assess the safety and cardiovascular effects of autologous skeletal myoblast implantation
by a transendocardial catheter (MyoCath™) delivery system in chronic heart failure
patients post MI with previous placement of an ICD. The study is expected to enroll 15
patients and report the results in late 2006. A similar study by the same company is cur-
rently under consideration for patients who are having bypass surgery.

Dr. Tomasz Siminiak presented the Percutaneous Transvenous Transplantation of
Autologous Myoblasts in the Treatment of Postinfarction Heart Failure (POZNAN)
trial at the American College of Cardiology in 2004, and the results were published
recently (32). POZNAN was a phase 1 trial designed to evaluate the safety and feasibility
of this approach in 10 patients with postinfarction heart failure, no viable myocardium,
and good coronary flow resulting from revascularization or collateral vessels. Nine
patients were receiving prophylactic amiodarone, and one patient had an ICD. Skeletal
myoblast transplantation was performed using a catheter system enabling intramyocar-
dial injections from the lumen of cardiac veins under intravascular ultrasound guidance.
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The ICD patient had an episode of ventricular tachycardia. The other nine patients had
no arrhythmic events. NYHA heart failure class improved in all nine patients. A mod-
est increase in EF was seen in four patients. Bioheart is currently sponsoring two phase
1/2 safety studies in Europe using different catheters to deliver the MyoCell™ product.
One of these studies is near completion with active enrollment at sites in The
Netherlands and Germany. A pilot phase 2 study (SEISMIC trial) has been finalized
and will be initiated shortly after the safety study is complete. This study will be a ran-
domized, multicenter, blinded study.

The European (Myoblast Autologous Grafting in Ischemic Cardiomyopathy
[MAGIC] trial) lead by Menasché in Paris and sponsored by MG Biotherapeutics, LLC,
a Medtronic-Genzyme joint venture, currently includes centers in Belgium, France,
Germany, Italy, Switzerland, and the United Kingdom, with partial funding from
Assistance Publique–Hôpitaux de Paris in France. This study is planned to enroll up to
300 patients. This multicenter phase 2 clinical trial is designed to assess the safety and
efficacy of two doses of autologous skeletal myoblasts (400 vs 800 million cells, as
compared to placebo) in the treatment of ischemic heart failure. Patients met the fol-
lowing three inclusion criteria: (1) a severe LV dysfunction reflected by an echocardio-
graphically measured EF ≤ 35%), (2) a postinfarction discrete akinetic and nonviable
scar, as assessed by dobutamine echocardiography, and (3) an indication for coronary
artery bypass surgery in remote ischemic areas, i.e., areas different from those in which
the cells (or placebo) are injected (33,34). All patients in the MAGIC trial will get an
ICD. The primary endpoint of this trial is the improvement in contractility in the
myoblast-grafted segments as assessed by a blinded echocardiography core laboratory.
The expectation is to complete enrollment in the MAGIC phase 2 trial by the end of
calendar year 2006. If this trial is successful, the companies anticipate conducting a
phase 3 clinical trial, which will involve the use of catheter delivery. This trial would
begin in early 2008. In the first blinded assessment of the safety of this trial, 5 out 44
arrhythmic events were detected by ICDs, and only 2 required ICD therapy (34). 

In the summer of 2005, Dib et al. reported the findings from 24 patients who had
autologous skeletal myoblast transplantation concurrent with CABG or LV assist device
(35). No acute or long-term (2 yr) complications were noted. The average EF improved
from 28 to 36% at 2 yr. New viability in the infarcted area was demonstrated on PET-
FDG scans. Furthermore, histopathology of the explanted hearts demonstrated success-
ful homing and survival of the transplanted myoblasts.

It is obvious from the wealth of clinical data collected over the past 2–3 yr (see
Table 1) that:

1. Myoblast in vivo growth and transplant is feasible both epicardially during bypass and
percutaneously (arterial and venous). 

2. It has been reported earlier that over 90% of grafted cells die within 24–48 h after
transplantation (36,37). Using human allograft serum-supplement myoblast culture
medium has been proposed to reduce immunogenicity of the cells (38). Also, the dose
of myocardial cells required will most likely be in the high range (>300 million) to
ensure clinically detectable engrafting. 

3. Irrespective of the delivery method, the procedure of cell transplant to the scarred tis-
sue is safe.

4. The incidence of peri-procedural arrhythmia is not as high as reported earlier. We also
learned that injecting in the middle of the infarcted zone leads to a lower incidence of
arrhythmia then injecting in the border zones at the interface of normal tissue and
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Table 1 
Clinical Reports of Stem Cell Therapy for Heart Disease 

Cell type Cell delivery Result (Reference)

Skeletal myoblasts im at CABG, transepicardial Improved symptoms and function (4)
Skeletal myoblasts im at CABG, transepicardial Improved symptoms and function (5)
Skeletal myoblasts im with NOGA®,a transendocardial Improved function and regional wall motion (29)
Skeletal myoblasts and BMC im, transvenous Feasibility studies (19,21)
Skeletal myoblasts im at CABG, transepicardial Improved function and regional wall motion (30)
Skeletal myoblasts im  at LVAD transepicardial Confirmed myoblast engraftment (26)
Mononuclear BMC ic at PCI Improved function and regional wall motion (39)
AC133+BMC im at CABG, transepicardial Improved function and perfusion (41)
Mononuclear BMC im with NOGA, transendocardial Improved symptoms and function (42)
Mononuclear BMC im with NOGA, transendocardial Improved symptoms and perfusion (43)
Mononuclear BMC im with NOGA, transendocardial Improved symptoms and function (44)
BMC and circulating progenitor cells ic at PCI Improved function (52)
BMC ic Trend toward improved function (53)
Mononuclear BMC im at CABG, transepicardial Improved symptoms and function (47)
Mobilized BMC ic at PCI Improved exercise capacity, perfusion, and function (48)
BMC ic at PCI Improved wall velocity, LVEF, and reduction and perfusion defects (51)
BMC ic at PCI Improved function (49)
Skeletal myoblast CABG, LVAD Improved EF and viability by PET (24,35)
BMC ic Slight increase in EF, increase perfusion, increased metabolism (54)
GCSF Trauma One case, increase EF after G-CSF-treated BMC injection (53)
GCSF CHF 4 patients, indeterminate results, probably safe (56)
GCSF AMI Increased EF, increased segmental wall motion, increased perfusion (57)

aNOGA is a cardiac navigator system from Cordis Corp.
im, intramuscular; CABG, coronary artery bypass graft; LVAD, left ventricular assist device; BMC, bone marrow cell; ic, intracoronary; PCI, percutaneous coronary

intervention; LVEF, left ventricular ejection fraction; EF, ejection fraction; PET, positron emisson tomography; G-CSF, granulocyte–colony-stimulating factor.
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infarcted tissue. Most, not all patients (EF < 35%) who will derive benefit from
myoblast transplant therapy will be “protected” by an ICD. However, the use of ICDs
in this population makes monitoring the process of LV remodeling/function and
improvement in wall thickness by the currently accepted gold standard (MRI) chal-
lenging in clinical trials. 

5. Mechanistically, the clinical detection of benefit form myoblast transplant was clear
despite the small sample size in all these trials. There was always an improvement in
functional class as well as LV functional parameters. Furthermore, new myocardial
cells could be detected clinically by MRI and PET.

Reproduction of these observations awaits the results of the phase 2 trials now under-
way. It remains to be seen whether these results can be seen in stand-alone myoblast
transplant procedures independent of surgical or percutaneous revascularization. 

Bone Marrow-Derived Cells (Adult Stem Cells)
The first published report of clinical use of autologous bone marrow-derived stem

cells (BMSCs) came from Strauer et al. in 2002 (39). They analyzed 10 patients as part
of a phase 1 trial who were treated by infarct-related artery intracoronary transplanta-
tion of autologous, mononuclear BMSCs in addition to standard therapy after MI.
These patients were compared to another set of 10 patients who received standard care.
The BMSC recipients had a smaller infarct zone, a better regional contractility, stroke
volume index, and regional perfusion at 3 months. Decisive conclusions from this lim-
ited data set were hard to make given the nonrandomized nature of the study. The fea-
sibility of the combination of BMSC transplantation in conjunction with bypass was
studied by Stamm et al. and reported in the Lancet (40). An improvement in EF from
39 to 48% was seen in their experience from 12 patients with MIs who had scarred
myocardium and were referred for bypass (41). Nuclear perfusion imaging on these
patients revealed local improvement in tracer uptake in the scarred segments that were
treated with BMSCs. More interestingly, there were no arrhythmias or neoplasia
reported in these 12 subjects. The results of this trial were again encouraging. However,
absence of a control arm and the bypass surgery confounded the validity of these results.

Improvement in patients’ symptoms corresponding to the improvement in LVEF with
BMSC transplant was reported by Tse et al. (42). Autologous mononuclear BMSCs
were implanted into the ischemic myocardium of eight patients with severe ischemic
heart disease (EF > 30%) as guided by electromechanical mapping with a percutaneous
catheter procedure. After 3 mo of follow-up, there was improvement in symptoms (less
angina and use of nitroglycerin), myocardial perfusion, and function of the ischemic
region on MRI. No tachyarrhythmias were reported. This study also lacked a control
group. Almost simultaneously, a report by Fuchs et al. (43) on 10 patients, who received
transendocardial catheter-based transplantation of BMSCs for severe symptomatic
chronic myocardial ischemia not amenable to conventional revascularization, revealed
an improvement in Canadian anginal class from 3.1 to 2 and a reduction in the amount
of myocardial ischemia as detected by nuclear stress testing. No ventricular arrhythmias
were reported in this study. Perin et al. (44) published a similar experience in 21 patients
(7 served as controls) who were treated also with transendocardial catheter-based trans-
plantation of BMSCs. In this report, at 4 mo there was an increase in EF from 20 to 29%
and a reduction in the areas of stress-induced ischemia by SPECT imaging.

Two reports from the cardiology departments at J.W. Goethe-University and University
of Frankfurt helped us understand some of the mechanistic (homing and migratory) 
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properties that determine successful engrafting of BMSCs (45,46). In 28 patients who
were assigned to receive intracoronary circulating blood or BMSCs, at 4 mo there
was an increase in EF from 44 to 49% and a reduction in the infarct size from 46 to
37 mL in the BMSC arm as detected by MRI. These two reports also showed that
BMSC homing is increased with larger infarct size and predominantly to the infarct
border zone. 

Galinanes et al. reported a clinically noticeable improvement in cardiac function
with bone marrow cell transplant in 2004 (47). In this study, 14 patients received unma-
nipulated autologous bone marrow cell injections directly into scarred myocardium at
the time of coronary bypass surgery. Only the scarred segments that were revascular-
ized and received the bone marrow cells showed improvement is segmental contractil-
ity on echocardiography 6 weeks and 10 months later. There were no mortalities or
procedural complications in this report. Importantly, the bone marrow cells were har-
vested from the patient’s sternum at the time of the surgery and were injected immedi-
ately into the myocardium without any further processing.

The MAGIC cell trial conducted in Korea planned to randomize 27 patients to receive
intracoronary bone marrow cell infusion (n = 10), granulocyte–colony-stimulating factor
(G-CSF) alone (n = 10), and a control group (n = 7) at the time of target vessel stenting.
In the first results from this trial, the G-CSF arm was stopped as a result of high and
unacceptable rates of in-stent restenosis. However, the patients who received the bone
marrow cells had an exercise capacity of 450 seconds at baseline vs 578 seconds at
6-month follow-up, a smaller myocardial perfusion (perfusion defect 11.6% vs 5.3%),
and a better systolic function (LVEF 48.7% vs 55.1%) (48).

One of the largest completed clinical trials on autologous bone marrow cell trans-
plant was done in Germany (49). In this study, 60 patients were randomized to receive
either optimal medical management after percutaneous intervention for acute ST-
elevation MI or intracoronary transfer of autologous bone-marrow cells 4.8 days after
PCI. Changes in LVEF from baseline to 6 months were used as the primary endpoint of
this trial. After 6 months, mean global EF had increased by 0.7 % in the control group
and 6.7 % in the bone marrow-cell group (p = 0.0026). The regional improvement in
contractility was seen most in the peri-infarct zone. Cell transfer did not increase the
risk of adverse clinical events, in-stent restenosis, or proarrhythmic effects. However,
this study enrolled patients with relatively good EF (mean 50%), who received “imme-
diate” and “complete” revascularization. It remains to be seen whether these results
will be reproducible in patients with chronically poor LV function who have poor tar-
gets for revascularization. These questions are important given that in a situation of
progressive chronic LV dysfunction there is, in addition to myocardial cell loss, contin-
uous loss of matrix tissue and architectural deformation (50).

The results of another trial by Chen et al. reported on the outcomes of 78 patients
randomized to receive either bone marrow cells/percutaneous intervention (n = 34) or
percutaneous intervention in the remaining patients (51). The LVEF improved in cell-
transplanted patients together with a reduction in the size of perfusion defects as
detected by PET. These improvements occurred early at 3 mo and were maintained at
the end of the 6-month follow-up period.

BMSC mobilization and homing to the scarred myocardium using growth factors
and cytokines is currently being evaluated in preclinical studies, but no clinical trials
were available as of 2006.
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FUTURE DIRECTIONS

It is clear that cardiac regenerative cell therapy using various cellular sources is a
therapy that will be attracting scientific and public attention for years to come.
Evaluating the efficacy and safety of this therapeutic option is currently in the hands of
few centers around the globe. The methodology of conducting the validation studies
varies greatly among the centers. To ensure a proper scrutiny of cellular therapy, we
think that the research should be conducted in an environment that will yield the bene-
fits desired without compromising safety. Therefore, at least in the initial period, sev-
eral issues should be addressed:

1. Patients participating in these trials should be in advanced heart failure (classes III, VI).
2. Patients with the lowest EF (<35%) and with advanced diastolic dysfunction should be

the subjects of these trials.
3. All patients should be on maximal recommended medical therapy at time of cell

transplantation.
4. All patients should have implantable defibrillators as recommended by the recent guide-

lines. This will ensure continuous electric monitoring and patient safety.
5. Delivery methods and cell quantity should be as uniform as possible across the trials.
6. More clinically relevant endpoints should be used for the upcoming large clinical tri-

als: death, recurrent heart failure, functional class, 6-minute walk test, VO2 max, and
others.

7. Mechanistic intermediate endpoints should not be ignored as we move to larger trials.
More precise measurements of EF, diastolic dysfunction, and volumes can be achieved
using echocardiographic and nuclear techniques. Also, assessment of new myocardial
viability by SPECT, PET, and potentially CT will be conducted in future.

8. A framework must be offered to prove that cellular-based therapies will provide an
incremental benefit over surgical and pharmacological therapies available now.
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SUMMARY

Treating ischemic heart failure remains one of the most challenging tasks in current cardiol-
ogy practice. Despite recent technological advances, many heart failure patients are not ideal
candidates for percutaneous or surgical revascularization. This so-called “no-option” patient
group usually comprises those individuals who have undergone multiple revascularization
procedures and have significant residual myocardial ischemia. The hallmark of the so-called
no-option group of patients is that the current treatment approach yields unsatisfactory results
once they continue to have unmanageable symptoms of refractory angina or heart failure.

For treatment of no-option patients, clinical cardiology researchers have pursued different
strategies, including percutaneous and surgical laser therapy and angiogenesis via delivery of
growth factors, but limited and conflicting clinical results have been discouraging and led to
the development of further therapies. As a result, stem cell therapy has emerged as an alterna-
tive for patients with end-stage heart disease. New insights into the mechanisms of cardiac
repair have provided evidence that the heart can undergo a repair process in adulthood.
Currently, several types of stem cells are under investigation for use in cardiac stem cell ther-
apy. Bone marrow-derived stem cells were among the first to be studied in clinical trials. The
present chapter will address current understanding of bone marrow-derived cardiac stem cell
therapy for the treatment of ischemic heart failure and will discuss experimental and clinical
evidence supporting its utilization.

Key Words: Regenerative medicine; cardiac myocytes; progenitor cells; chronic heart failure;
electro-mechanical mapping; endocardial injection.

Treating ischemic heart failure remains one of the most challenging tasks in current
cardiology practice. Despite recent technological advances, many heart failure patients
are not ideal candidates for percutaneous or surgical revascularization (1). This so-called
no-option patient group usually comprises those individuals who have undergone multi-
ple revascularization procedures and have significant residual myocardial ischemia (2).
The hallmark of the no-option group of patients is that the current treatment approach
yields unsatisfactory results once they continue to have unmanageable symptoms of
refractory angina or heart failure (3).

For treatment of no-option patients, clinical cardiology researchers have pursued dif-
ferent strategies, including percutaneous and surgical laser therapy and angiogenesis

From: Contemporary Cardiology: Stem Cells and Myocardial Regeneration
Edited by: M. S. Penn © Humana Press Inc., Totowa, NJ

223

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


via delivery of growth factors (4,5), but limited and conflicting clinical results have
been discouraging and led to the development of further therapies. As a result, stem cell
therapy has emerged as an alternative for patients with end-stage heart disease. Until
recently, cardiologists believed that myocardial damage followed by ventricular remod-
eling was irreversible and that the heart was incapable of self-renewal. However, new
insights into the mechanisms of cardiac repair have provided evidence that the heart
can undergo a repair process in adulthood (6). Because ischemic heart failure is a result
of myocardial cell loss and/or untreated myocardial ischemia, cardiac stem cell therapy
is promising because stem cells may be capable of myocardial regeneration or neovas-
cularization. 

Currently, several types of stem cells are under investigation for use in cardiac stem
cell therapy (6). Bone marrow-derived stem cells were among the first to be studied in
clinical trials. The present chapter will address current understanding of bone marrow-
derived cardiac stem cell therapy for the treatment of ischemic heart failure and discuss
experimental and clinical evidence supporting its utilization.

ADULT BONE MARROW STEM CELLS: WHAT ARE THEY? 

Adult stem cells are tissue-specific cells found in the adult organism. Hematologists
have long studied adult bone marrow stem cells, given their widespread utilization for
bone marrow transplantation. This involves the intravenous infusion of hematopoietic
progenitor cells to reestablish marrow function in patients with damaged or defective
bone marrow, which has been successfully performed for more than 40 years. 

Currently, adult bone marrow-derived stem cells are the most widely used cell source
for cardiac cell therapy. Bone marrow stem cells are collected by taking an aspirate from
the iliac crest of the patient with the aid of local anesthesia. Alternatively, for direct sur-
gical injections, bone marrow is isolated from the sternal marrow when surgeons gain
direct access to the mediastinum. The mononuclear subfraction is isolated by Ficoll den-
sity centrifugation and filtered through 100-µm nylon mesh to remove cell aggregates or
bone spicules. Cells are washed several times in phosphate-buffered saline and can then
be utilized for therapy or expanded in an endothelial cell-specific culture medium.

The bone marrow is a complex organ with specific geometric organization and intri-
cate cell-to-cell interaction and signaling. Bone marrow is composed of hematopoietic
progenitors, osteocytes and osteoblasts, and supporting mesenchymal cells (stromal
cells) (Fig. 1). The bone marrow mononuclear cell subset contains mesenchymal stem
cells (MSCs), hematopoietic progenitor cells (HPCs), endothelial progenitor cells
(EPCs), and more committed cell lineages such as natural killer lymphocytes,
T-lymphocytes, B-lymphocytes, and others (6). 

The mononuclear cell subset is the most extensively studied of the adult stem cells,
such as MSCs and EPCs. Because MSCs and EPCs have been described in previous
chapters, only a brief description of those cell subtypes and any newly described bone
marrow mononuclear cell (BMMNC) subtypes with therapeutic potential will follow. 

Mesenchymal Stem Cells 
MSCs are defined as any selected cell from adult tissue that can be expanded in a

culture and that has the capacity for self-renewal and differentiation into several spe-
cific mesenchymal cell lineages. MSCs are present in different niches throughout the
body, such as bone marrow and adipose tissue. Initially, bone marrow MSCs were most
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studied because researchers realized that bone marrow stroma was essential for provid-
ing an adequate microenvironment for hematopoiesis; further studies revealed MSCs’
high degree of plasticity. Both in vitro and in vivo, MSCs can develop into terminally
differentiated mesenchymal phenotypes, including bone (7,8), cartilage (9), tendon
(10,11), muscle (12,13), adipose tissue (14), and hematopoietic-supporting stroma (15).
MSCs differentiate not only into tissues of the mesenchymal lineage, but also into cells
derived from other embryonic layers, including neurons (16) and epithelia in the skin,
lung, liver, intestines, kidney, and spleen (17–19). The high degree of MSC plasticity
has led to increasing interest in this cell subtype for use in cardiac regeneration.

Plating studies indicate that MSCs are a rare population of cells in the bone marrow,
representing perhaps less than 0.01% of the nucleated cells in bone marrow. They are
10-fold less abundant than HSCs and are identified as CD45 and CD34. The gold stan-
dard for identifying MSCs in culture is the colony-forming unit-fibroblast assay, which
identifies adherent, spindle-shaped cells that proliferate to form colonies (20). By using
different culture techniques, slightly different adherent fibroblast-like cells from the
bone marrow can be obtained with different cell surface markers as well (21,22). Bone
marrow likely has different subpopulations of MSCs that vary from early tissue-
committed cells to more “primitive” cells.

Endothelial Progenitor Cells 
EPCs are isolated from the mononuclear fraction of the bone marrow or the periph-

eral blood, and they also can be isolated from fetal liver or umbilical cord blood
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Fig. 1. Bone and bone marrow constitute a single organ, in which marrow cells reside in close vicinity
to bone cells. Within the marrow, hematopoietic stem cells (HSC) produce the angiogenic factor
(VEGF), and erythroblasts are a source of both VEGF and its homolog, PlGF, placental growth 
factor; BMEC, bone marrow endothelial cell.
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(23–26). In animal models of ischemia, heterologous, homologous, and autologous
EPCs were shown to incorporate into sites of active neovascularization in different bio-
logical scenarios (26). 

Either in vitro or in vivo, EPCs can differentiate into endothelial cells, smooth muscle
cells, or cardiomyocytes (26). EPCs have been identified by different research groups
using different methodologies (26). The classical isolation methods include the use of
adherence culture of total peripheral blood mononuclear cells (PBMCs) or the use of
magnetic microbeads coated with anti-CD133 or anti-CD34 antibodies. After isolation,
the cells are cultured in medium with specific growth factors (e.g., vascular endothelial
growth factor [VEGF] and epidermal growth factor) that facilitate the growth of
endothelial-like cells. In vitro, EPC proliferation and differentiation are probably influ-
enced by incubation with growth factors and adhesion to specific substrates (such as
fibronectin). In vivo, EPC proliferation and differentiation may be influenced by con-
tact with different cell phenotypes (e.g., mature endothelial cells) and extracellular
matrix. After initial adhesion in vitro, EPCs begin to lose their progenitor characteristics
and within 3–4 wk start to differentiate and form monolayers with an endothelial appear-
ance (27,28). EPCs also incorporate acetylated low-density lipoprotein and bind
endothelial-specific lectin when cultured with CD34– cells (29). 

“Immature” or “primitive” EPCs have a similar profile to that of HSCs, and both are
thought to be generated from a common precursor, the hemangioblast (Fig. 2). Within
the bone marrow, “immature” EPCs and HSCs share common cell surface markers:
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Fig. 2. Putative cascade and expressional profiles of human bone-marrow-derived endothelial pro-
genitor cell differentiation. +, positive; –, negative; EC, endothelial cell; EPC, endothelial progenitor
cells; HSC, hematopoietic stem cell. (From ref. 23.) 
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CD34, CD133, and VEGFR2 (KDR). Similarly, in the peripheral circulation, the more
“primitive” cell population, which has the capacity of differentiation into EPCs, also
expresses CD34, VEGFR2, and CD133. In the peripheral circulation, the more com-
mitted EPCs “lose” CD133 but retain CD34 and VEGFR2 expression. 

Intriguingly, however, EPCs isolated from PBMCs have been demonstrated to
express CD14, MAC-1, and CD11-c, which are monocyte/macrophage markers, sug-
gesting a possible monocyte/macrophage origin (30). Harraz et al. (31) describe CD34–

cells within mononuclear peripheral cells that are CD14+ and that also differentiate into
cells of the endothelial lineage. Taken together, these findings may represent plasticity
of the so-called EPCs (CD34, VEGFR2, and CD133+), different stages of development
of a common precursor progenitor cell, or distinguished cell subtypes that could be fur-
ther differentiated by surface markers yet to be discovered. 

Other Bone Marrow Cells
It is clear at this time that bone marrow harbors a reservoir of cells with a regenerative

capacity extending beyond the hematopoietic lineage. Using cell surface markers for
stem cell identification has limitations that may delay the discovery of additional tissue-
specific stem cell subtypes. Regardless, the stem cell field is rapidly advancing. Kucia
et al. (32) report that postnatal bone marrow harbors a nonhematopoietic population
of cells that express markers for cardiac differentiation, corroborating the early work
of Deb et al. (33) reporting the presence of Y chromosome-positive cardiac myocytes
in female recipients of male bone marrow transplants. The percentage of cardiomy-
ocytes harboring the Y chromosome was quite small (0.23%), but there was no evi-
dence of either pseudonuclei or cell fusion. The newly described bone marrow cardiac
precursors are identified as bone marrow mononuclear cells (BMMNCs) expressing
cardiac markers within a population of nonhematopoietic CXCR4+/Sca-1+/lin–/
CD45– BMMNCs in mice and within a population of nonhematopoietic CXCR4+/
CD34+/AC133+/CD45– BMMNCs in humans. Those nonhematopoietic BMMNCs
expressing cardiac precursors are mobilized into the peripheral blood after myocar-
dial infarction (MI) and are chemoattracted to the infarcted myocardium in an SDF-1-
CXCR4-, HGF-c-Met-, and LIF-LIF-R-dependent manner (32).

Summary
The BMMNC fraction is a very heterogeneous subgroup of stem cells. BMMNCs

retain a high degree of plasticity, and there is evidence they transdifferentiate into sev-
eral cell lines. The complexity of bone marrow as a stem cell reservoir is far from being
fully elucidated, in part because of our limited capacity to differentiate cell subtypes
using surface markers. A “functional approach” of cell sorting, such as enzymatic
expression or identification of transcriptional factors, would be desirable. Such a
method would allow for better understanding of the cell product administered clinically
and further refinement of clinical strategies. 

Experimental Evidence 
As outlined above, there is abundant evidence that bone marrow stem cells can

transdifferentiate into cardiomyocytes and endothelial and smooth muscle cells. In
experimental studies, bone marrow-derived cells have been shown to regenerate areas
of infarcted myocardium and the coronary capillaries, thus limiting functional impairment
after an MI. 
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Despite these initial encouraging results in the acute infarct experimental model,
chronic reversible myocardial ischemia has an utterly different pathophysiology when
compared to that of acute MI. Therefore, to study how bone marrow stem cell therapy
affects chronic myocardial ischemia, experimental studies were performed utilizing the
ameroid constrictor model. Ameroid constrictors are implanted in large animals through
a left thoracotomy. The ameroid itself is a C-shaped device with an outer metallic ring
and an inner ring of a hygroscopic material (34). Over time, this inner material will
swell, creating progressive occlusion of the targeted epicardial coronary artery and
ischemia in the distal vascular bed. Usually, the targeted coronary artery will be totally
occluded 3–4 weeks after ameroid implantation. In general, ameroids are placed in the
left anterior descending artery in dogs and in the left circumflex artery in pigs. It is
important to consider the animal’s anatomy so as to produce a sizable amount of
myocardial ischemia (i.e., proximal implant of the ameroid). One drawback of this
chronic ischemia model is the intra/interanimal variability of the amount of subendo-
cardial scar generated by ameroid placement.

Advances in cell-based therapies for chronic myocardial ischemia can be attributed
in part to previous experience from angiogenesis preclinical studies. Therapeutic angio-
genesis via injection of growth factors has been proposed as an alternative treatment for
patients with refractory angina and for no-option patients in whom further revascular-
ization procedures are not feasible. Experimental angiogenesis trials have focused on
the chronic ischemia model (using ameroid constrictors) and have validated the safety
of the transendocardial delivery route (35). Using the groundwork set during angiogen-
esis preclinical work, Fuchs et al. (36) report the first experience of transendocardial
delivery of whole autologous bone marrow (ABM) (including neutrophils and erythro-
cytes) into ischemic myocardial zones in a pig ameroid chronic ischemia model. The
most important finding of that study was a significant improvement in myocardial per-
fusion at rest and during adenosine infusion in the ABM cell-treated group, along with
improvement in regional myocardial contractility both at rest and during stress (Table 1).
In addition, results of in vitro studies performed by the same investigators demon-
strated the remarkable secretory capacity of ABM cells—specifically regarding VEGF.
Histopathological quantification of vascularity, however, did not reveal increased vessel
numbers in the ABM-treated animals. Therefore, the marked functional improvement in
the ABM-treated animals could be attributed to decreased myocardial flow resistance
in collateral vessels not detected by conventional angiography or histopathological
examination (36).
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Table 1 
Regional Myocardial Perfusion in Ischemic Animals

Baseline Follow-up p-value

Rest
ABM (%) 83 ± 12 98 ± 14 0.001
Control (%) 89 ± 9 92 ±10 0.49

Adenosine
ABM (%) 78 ± 12 89 ± 18 0.025
Control (%) 77 ± 5 78 ± 11 0.75

ABM, autologous bone marrow.
From ref. 36.
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Further experimental studies compare the anti-ischemic effects of mononuclear
ABM stem cells (BMMNCs) obtained via bone marrow aspirate with those of periph-
erally harvested mononuclear stem cells (peripheral bone marrow-mononuclear cells
[PBMNCs]). Both cell types were implanted into ischemic myocardial areas gener-
ated by placement of an ameroid constrictor around the left circumflex artery in
swine (37). BMMNC and PBMNC injections were targeted and exclusively injected
into ischemic areas as assessed by electromechanical mapping (EMM) (preserved
unipolar voltage and impaired linear local shortening [contractility]). BMMNC
transendocardial injections were associated with increased perfusion at endocardial
and epicardial regions as opposed to the PBMNC injections, which resulted in imp-
roved endocardial perfusion alone. However, injection of either cell type resulted in
significant functional improvement as assessed by echocardiography and EMM
parameters (37).

Other bone marrow cell subtypes were also utilized in experimental models of
chronic myocardial ischemia. Kawamoto et al. (38) studied peripheral circulating bone
marrow endothelial progenitor cells. Four weeks after ameroid placement, CD31+

mononuclear cells were harvested from the peripheral blood of swine and cultured
overnight. The nonadhesive cells were then separated and injected transendocardially
into ischemic myocardial areas. Histological, functional, and angiographic evidence of
neovascularization was obtained 4 weeks after cell transplantation (38).

The above preclinical studies show that functional improvement occurs after bone
marrow stem cell treatment of hearts with chronic myocardial ischemia. Moreover, in
accordance with the previously described angiogenesis experience, transendocardial
delivery of stem cells appeared safe.

CLINICAL APPLICATION OF MONONUCLEAR BONE 
MARROW-DERIVED STEM CELLS

Targeted Cell Delivery in Ischemic Heart Failure 
Stem cells have been delivered through coronary arteries and veins or by means of

peripheral vein infusion. Alternatively, direct intramyocardial injections have been per-
formed using a surgical, transendocardial, or transvenous approach. Another delivery
strategy may involve mobilization of stem cells from the bone marrow using cytokine
therapy, with or without peripheral harvesting.

The main objective of any cell-delivery mode is to achieve the ideal concentration
of stem cells needed for repairing the myocardial region of interest. Therefore, cell-
delivery strategies must take into account different clinical settings and local milieus,
because it is believed that stem cells perform differently according to local signaling.
Notwithstanding the importance of signaling, the cardiac environment may help determine
the amount of cell retention; the cardiac microenvironment may ultimately determine the
fate and therapeutic effects of injected stem cells.

Acute MI is followed by massive release of cytokines and inflammatory media-
tors, with a consequent systemic increase in serum concentration of growth factor
and possible recruitment of bone marrow-derived stem cells into the peripheral blood
(39). In theory, stem cell homing signaling is more intense in the AMI setting.
Interestingly, in a proof-of-concept study, Saito et al. (40) performed intravenous
injections of MSCs transduced with a LacZ reporter gene. When infused into healthy
rats, the MSCs preferentially engrafted within the bone marrow. When infused into
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rats subjected to ischemia/reperfusion cycles, however, the MSCs engrafted in the
infarcted regions of the heart, were positive for cardiomyocyte-specific proteins, and
participated in angiogenesis. When injected 10 days after a myocardial injury, MSCs
were found preferentially in the bone marrow, suggesting that, in the first days after
such an injury, a specific cell signal causes these cells to home in on the affected
myocardial areas.

In contrast to acute MI, chronic myocardial ischemia is associated with a paucity of
bone marrow cell recruitment signaling. Therefore, human trials of stem cell therapy
have relied on the transendocardial-delivery approach, which enhances cell retention
and assures accurate delivery into the needed environment.

Transendocardial injection is performed by means of a percutaneous femoral approach.
After an injection needle catheter has been advanced in a retrograde fashion across the
aortic valve and positioned against the endocardial surface, cells can be injected directly
into any area of the left ventricular (LV) wall. The Myostar (Fig. 3) is an injection catheter
that takes advantage of nonfluoroscopic magnetic guidance. Injections take place inside a
three-dimensional LV “shell,” or NOGA-EMM representing the endocardial surface of
the left ventricle. The shell is constructed by acquiring a series of points at multiple loca-
tions on the endocardial surface, which are then gated to a surface electrocardiogram
(41). The technique uses ultra-low magnetic fields (10_ to 10_6 tesla) that are generated
by a triangular magnetic pad positioned beneath the patient. The magnetic fields intersect
with a location sensor just proximal to the deflectable tip of a 7 Fr mapping catheter,
which helps determine the real-time location and orientation of the catheter tip inside the
left ventricle. The NOGA system uses an algorithm to calculate and analyze the move-
ment of the catheter tip or the location of an endocardial point throughout systole and
diastole. That movement is then compared with the movement of neighboring points in
an area of interest. The resulting value, called linear local shortening (LLS), is expressed
as a percentage that represents the degree of mechanical function of the LV region at that
endocardial point. Data are obtained only when the catheter tip is in stable contact with
the endocardium. This contact is determined automatically. 
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Fig. 3. (Left) Myostar catheter with attached syringe. (Right) Artist’s illustration showing the catheter
traversing the aortic valve and transendocardial extension of the needle with cell delivery (inset).
(From ref. 47.)
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The mapping catheter also incorporates electrodes that measure endocardial electrical
signals (unipolar or bipolar voltage). Voltage values are assigned to each point acquired
during LV mapping, and an electrical map is constructed concurrently with the mechan-
ical map. Each data point has an LLS value and a voltage value. When the map is com-
plete, all the data points are integrated by the NOGA workstation. The points are
presented in a three-dimensional color-coded reconstruction of the endocardial surface,
as well as 9- and 12-segment bull’s-eye views that show average values for the LLS and
voltage data in each myocardial segment. These maps can be spatially manipulated 
in real time on a Silicon Graphics workstation (Mountain View, CA). The three-
dimensional representations acquired during the cardiac cycle can also be used to LV
volumes and ejection fraction. 

The EMM thus provides a three-dimensional platform in which the catheter can nav-
igate the left ventricle and provide orientation for transendocardial injections as well as
a diagnostic platform that can distinguish ischemic areas (which have low LLS and pre-
served UniV) from areas of infarct (which have low LLS and low UniV). Moreover, the
Myostar catheter allows assessment of myocardial viability at each specific injection
site where the catheter touches the endocardial surface (42). The operator thus has the
ability to target therapy to viable tissue, which is desirable in situations of chronic
ischemia where neoangiogenesis may play an important role, and to avoid nonviable
tissue. Because of the patchy nature of myocardial involvement in human ischemic
heart disease, the ability to distinguish underlying tissue characteristics is important
when performing cell delivery. 

The argument in favor of targeted stem cell delivery gains strength because accumu-
lating evidence from preclinical and basic science studies points toward an enhanced
angiogenic effect associated with stem cell therapy. Angiogenesis has been studied in
depth over the past years and is known to involve a series of complex, well-orchestrated
events. The angiogenic process entails proliferation of endothelial cells, breakdown of
extracellular matrix, attraction and attachment of pericytes, and migration and prolifer-
ation of smooth muscle cells (43), all of which result in the formation of new vessels.
Therefore, an area of nonscarred, viable myocardium is needed to support the process
of required cell signaling and proliferation.

The ineffectiveness of injecting BMMNCs into scar tissue has become increasingly
evident. Agbulut et al. (44) found that injection of bone marrow-derived CD133+ cells
into scarred myocardium was associated with less engraftment (and therefore less effi-
cacy) than was injection of skeletal myoblasts.

The need for targeted cell delivery, the fact that patients may require injections into
areas not limited to those supplied by patent coronary arteries (thus hindering the uti-
lization of the intracoronary route), and the findings from current clinical experience all
demonstrate that the transendocardial route is likely the first choice for cell delivery in
patients with chronic myocardial ischemia. 

Clinical Evidence
Autologous bone marrow stem cell therapy has been used for the treatment of

chronic myocardial ischemia, including ischemic heart failure with or without systolic
functional compromise and in patients who are not candidates for myocardial revascu-
larization (Table 2). Very preliminary clinical evidence supports the efficacy of this
new therapy, and, at this point, all the evidence appears to substantiate its safety. 
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Table 2
Cell Therapy Trials in Patients With Myocardial Ischemia and No Revascularization Option

Outcomes

Study (ref.) Number LVEF Cell type Dose Delivery Subjective Objective

Tse et al. (45) 8 treated 58 ± 11% BMMNC From 40 mL BM Transendocardial Angina ↓† Perfusion ↑†; 
(guided by EMM) regional wall 

motion ↑†

Fuchs et al. (44) 10 treated 47 ± 10% NC 7.8 ± 6.6 × 107 Transendocardial Angina ↓† Perfusion ↑†

(guided by EMM)
Perin et al. (47,48) 14 treated 30 ± 6% BMMNC 3.0 ± 0.4 × 107 Transendocardial Angina ↓; Perfusion regional 

7 controls* (guided by EMM) NYHA wall motion ↑†;
class ↓ global LVEF ↑

Hamano et al. (49) 5 treated BMMNC 0.3 – 2.2 × 109 Transepicardial Perfusion ↑†

(during CABG)

BM, bone marrow; CABG, coronary artery bypass grafting; EMM, electromechanical mapping; LVEF, left ventricular ejection fraction; BMMNC, bone marrow-
derived mononuclear cells; NC, bone marrow–derived nucleated cells; NYHA, New York Heart Association.

*Nonrandomized control group; †effects reported only within cell therapy groups. Values are mean ± standard deviation. 
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Fig. 4. (A) Left ventricular ejection fraction, (B) regional wall thickening, and (C) regional wall motion
of the normal and target wall; (D) percent of hypoperfused myocardium at baseline and 90 d after implan-
tation of bone marrow cells. LVEF; left ventricular ejection fraction. Data are mean SD. (From ref. 45.) 
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Tse et al. (45) report transendocardial injection of autologous BMMNCs in eight
patients with severe ischemic heart disease and preserved LV function (preserved LV
ejection fraction [LVEF]). After 3 months of follow-up, there was improvement in
symptomatology and myocardial perfusion. Cardiac magnetic resonance imaging
showed improved regional perfusion and contractility at the ischemic region (Fig. 4).

Fuchs et al. (46) conducted a feasibility clinical study of transendocardial deliv-
ery of filtered unfractionated ABM (not mononuclear) cells in 10 patients with
severe, symptomatic, chronic myocardial ischemia not amenable to conventional
revascularization. Twelve targeted injections (0.2 mL each) were administered into
ischemic, noninfarcted myocardium that was preidentified by single-photon emis-
sion computed tomography (SPECT) perfusion imaging. Notably, no serious adverse
effects occurred (i.e., arrhythmia, infection, myocardial inflammation, or increased
scar formation). Treadmill exercise duration results (available for nine patients) did
not change significantly (391 ± 155 vs 485 ± 198; p = 0.11), but there was improve-
ment in Canadian Cardiovascular Society angina scores (3.1 ± 0.3 vs 2.0 ± 0.94; p =
0.001) and in stress scores in segments within the injected regions (2.1 ± 0.8 vs 1.6 ±
0.8; p < 0.001). 

Our group performed the first clinical trial designed to use transendocardial injection
of autologous BMMCs to treat heart failure patients (47). We published the results of 
2- and 4-month noninvasive and invasive follow-up (47) and of 6- and 12-month 
follow-up evaluation (48). This study, performed in collaboration with physicians and
scientists at the Hospital Pro-Cardiaco in Rio de Janeiro, Brazil, used EMM-guided
transendocardial delivery of stem cells.

Twenty-one patients were enrolled (treatment group, first 14 patients; control group,
last 7 patients). Baseline evaluations included complete clinical and laboratory tests,
exercise stress (ramp treadmill) studies, two-dimensional Doppler echocardiography,
SPECT perfusion scanning, and 24-hour Holter monitoring. BMMNCs were har-
vested, isolated, washed, and resuspended in saline for injection by the NOGA catheter
(15 injections of 0.2 cc, totaling 30 × 106 cells per patient). Electromechanical map-
ping was used to identify viable myocardium (unipolar voltage ≥ 6.9 mV) for treat-
ment. All patients underwent noninvasive follow-up tests at 2 months, and the
treatment group also underwent invasive studies at 4 mo, using standard protocols and
the same procedures as at baseline. The demographic and exercise test variables did
not differ significantly between the treatment and control groups. There were no pro-
cedural complications. At 2 months there was a significant reduction in the total
reversible defect in the treatment group and between the treatment and control groups
(p = 0.02) on quantitative SPECT analysis. At 4 months the LVEF improved from a
baseline of 20 to 29% (p = 0.003), and the end-systolic volume was reduced (p = 0.03)
in the treated patients. Electromechanical mapping revealed significant mechanical
improvement of the injected segments (p < 0.0005). We concluded that transendocar-
dial injection of BMMNCs was safe and that additional investigation of this therapy
was warranted to further evaluate efficacy endpoints. This was the first time that objec-
tive data suggesting perfusion and functional improvement had been seen in a group
of severely impaired patients solely on the basis of cell therapy. The significant
improvement seen at 2 and 4 months was maintained at 6 and 12 months, as exercise
capacity improved slightly in the treatment group (Table 3). Monocyte, B-cell, HPC,
and early HPC subpopulations correlated with improvement in reversible perfusion
defects at 6 months (Table 4). 
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Table 3
Comparison of Clinical Values for the Treatment and Control Groups at Baseline, 2 Months, 6 Months, and 12 Months

Baseline 2 Months 6 Months 12 Months

Variable Rx Control Rx Control Rx Control Rx Control p- Valuea

SPECT
Total 14.8–14.5 20–25.4 4.45–11.5 37–38.4 8.8–9 32.7–37 11.3–12.8 34.3–30.8 0.01

reversible 
defect, %

Total 42.6–10.3 38–12 39.8–6.9 39.1–11.2 38–6.7 36.4–12 38.2–8.5 35.2–9.3 0.3
fixed defect 
(50%), %

Ramp Treadmill Test
VO2 max, 17.3–8 17.5–6.7 23.2–8 18.3–9.6 24.2–7 17.3–6 25.1–8.7 18.2–6.7 0.03
mL/kg/min
METS 5.0–2.3 5.0–1.91 6.6–2.3 5.2–2.7 7.2–2.4 4.9–1.7 7.2–2.5 5.1–1.9 0.02
LVEF 30–6 37–14 37–6 27–6 30 –10 28–4 35.1–6.9 34–3 0.9
Functional Class
NYHA 2.2–0.9 2.7–0.8 1.5–0.5 2.4–1.0 1.3–0.6 2.4–0.5 1.4–0.7 2.7–0.5 0.01
CCSAS 2.6–0.8 2.9–1.0 1.8–0.6 2.5–0.8 1.4–0.5 2–0.1 1.2–0.4 2.7–0.5 0.002
PVCs, n 2507–6243 672–1085 901–1236 2034–4528 3902–8267 1041–1971 — — 0.4
dQRS, ms 136–15 145–61 145.9–25 130–27 144.8–25 140–61 — — 0.62
LAS 40, ms 50–24 70–76 54–33 48–20 25–25 66–79 — — 0.47
RMS 40, 22.2–22 23.3–23 23.3–19 24.6–28 25–25 30–27 — — 0.7
mV

ap-value for comparisons between the treatment and control groups, as assessed by ANOVA, relating to treatment over time. CCSAS, Canadian Cardiovascular
Society Angina Score; dQRS, filtered QRS duration; LAS 40, duration of terminal low-amplitude signal less than 40 mV; LEVF, left ventricular ejection fraction;
METS, metabolic equivalents; NYHA, New York Heart Association; PVCs, premature ventricular contractions; RMS 40, root mean square voltage in the terminal 
40 ms of the QRS complex; Rx, treatment; SPECT, single-photon emission computed tomography; VO2 max, maximal rate of oxygen consumption. (Reprinted from
ref. 48 with permission.)
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MECHANISTIC ASPECTS OF AUTOLOGOUS BMMNC-INDUCED
FUNCTIONAL IMPROVEMENT IN CHRONIC 

MYOCARDIAL ISCHEMIA

Preclinical Evidence
Preclinical experiments have provided solid evidence supporting the efficacy of car-

diac autologous BMMNC therapy; however, further investigation is needed at the
molecular level to elucidate the mechanistic aspects of stem cell therapy—an area
where researchers have more questions than answers.

Numerous research groups, using various detection methods in diverse experimental
settings, have proposed different mechanisms for the apparent transformation of stem
cells into cells of a variety of tissues (6). Some investigators attribute the transforma-
tion to the transdifferentiation potential of stem cells (58–60), while others have demon-
strated that the transformation is a result of cell fusion (61). 

Initial evidence indicated that BMMNCs transdifferentiate into endothelial cells
and cardiac myocytes. Recent studies in mice, however, have challenged this belief,
thereby generating enormous controversy (61). In a recent study by Murry et al. (61),
researchers failed to detect BMMNC transdifferentiation into a cardiomyocyte phe-
notype, despite the use of sophisticated genetic techniques to follow cell fate and
engraftment. In experimental models, BMMNCs have been shown to depend on exter-
nal signals that trigger secretory properties and differentiation (62). The local envi-
ronment of viable myocardial cells may provide the milieu necessary for inducing
BMMNC myocyte differentiation (63). In recent studies of occlusion-induced MI in
rats, few (if any) BMMNCs might be expected to differentiate and express specific
cardiac myocyte proteins, depending on the injection site. To further clarify the issue
of transdifferentiation vs fusion, Zhang et al. (64) performed an elegant study involv-
ing flow cytometry analysis of heart cell isolates from mice that had received human
CD34+ cells. Human leukocyte antigen (HLA)-ABC and cardiac troponin T or
Nkx2.5 were used as markers for cardiomyocytes derived from human CD34+ cells,
and HLA-ABC and vascular/endothelial—cadherin were used to identify the trans-
formed endothelial cells. The double-positive cells were tested to detect the expression
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Table 4
Correlation of Bone Marrow Mononuclear Cell Subpopulations

and Reduction in Total Reversible Perfusion Defects

Cell population and phenotype r p

Hematopoietic progenitor cells (CD45loCD34+) 0.6 0.04
Early hematopoietic progenitor cells (CD45loCD34+HLA-DR-) 0.6 0.04
CD4+ T cells (CD45+CD3+CD4+) 0.5 0.1
CD8+ T cells (CD45+CD3+CD8+) 0.5 0.07
B cells (CD45+CD19+) 0.7 0.02
Monocytes (CD45+CD14+) 0.8 0.03
NK cells (CD45+CD56+) 0.1 0.9
B-cell progenitors (CD34+CD19+) 0.5 0.3
CRU-F 0.7 0.06

r indicates Pearson correlation coefficient; CFU-F, fibroblast colony-forming unit; NK, natural killer.
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of human and mouse X chromosomes. The results revealed that 73.3% of nuclei
derived from HLA-positive and troponin T-positive or Nkx2.5-positive cardiomy-
ocytes contained both human and mouse X chromosomes and that 23.7% contained
only human X chromosomes. In contrast, the nuclei of HLA-negative, troponin 
T-positive cells contained only mouse X chromosomes. Furthermore, 97.3% of
endothelial cells derived from CD34+ cells contained human X chromosome only. In
conclusion, human CD34+ cells both fused with and transdifferentiated into car-
diomyocytes in this mouse model. In addition, human CD34+ cells also transdifferen-
tiated into endothelial cells.

The transdifferentiation of hematopoietic stem cells into a mature hematopoietic
fate (e.g., endothelium) in the heart is less controversial (65). In animal models of
stem cell therapy in ischemic heart disease, the evidence points toward increased neo-
vascularization (with reduced myocardial ischemia) and consequent improvement in
cardiac function (66–68). Bone marrow stem cells may directly contribute to an
increase in contractility or, more likely, may passively limit infarct expansion and
remodeling. Unfortunately, the limitations of the present animal models leave this
question unanswered.

According to current understanding of bone marrow stem cell engraftment, most
cells die within the first days after delivery. Arteriogenesis and vasculogenesis are long
known to be highly dependent on vascular growth factors. In an elegant study, Kinnaird
et al. (69,70) concluded that MSCs contribute to angiogenesis by means of paracrine
mechanisms. With this new understanding, one might postulate that the paracrine
effects of bone marrow stem cell therapy would result in the recruitment of circulating
progenitor cells, the activation of resident cardiac stem cells, or both, triggering a cas-
cade of events resulting in cardiac repair. The important role of resident cardiac stem
cells in the process of cardiac repair should also be considered (71). Urbanek et al. (72)
were the first to describe evidence of myocyte formation from cardiac stem cells in
human cardiac hypertrophy. 

Clinical Evidence
In the clinical arena, we recently described the postmortem study of one of our

patients who received BMMNCs (73). Eleven months after performing the treatment,
we observed no abnormal or disorganized tissue growth, no abnormal vascular growth,
and no enhanced inflammatory reactions. Histological and immunohistochemical find-
ings from infarcted areas of the anterolateral ventricular wall (areas that had received
bone marrow-cell injections) were reported. The histological findings from the antero-
lateral wall region were subsequently compared with findings from within the interven-
tricular septum (which had normal perfusion in the central region and no cell therapy)
and findings from the previously infarcted inferoposterior ventricular wall (which had
extensive scarring and no cell therapy). 

Some highly intriguing findings were seen:

1. The cell-treated area with a previous infarction had a higher capillary density than did
the nontreated, infarcted areas of the heart (Fig. 5).

2. Proliferation of smooth muscle β-actin-positive pericytes and mural cells was noted
exclusively in the cell-treated area.

3. The above-named cells (pericytes and mural cells) expressed specific cardiomyocyte
proteins.
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Fig. 5. Number of capillaries per mm2 in anterolateral, posterior, and septal walls of studied heart.
(A) Anti-factor VIII-associated antigen counterstained with hematoxylin. (B) Anti-smooth muscle-
actin antigen counterstained with hematoxylin. (C) Capillaries reacted with anti-factor VIII-associated
antigen inside fibrotic areas only in anterolateral and posterior walls. (n = 108 microscope fields for A;
96 microscope fields for B; and 40 microscope fields for C.) Differences were statistically significant
among all groups in pairwise comparisons (p < 0.05, Newman-Keuls method) for A and B.
Differences were significantly different (p < 0.05) between anterolateral and posterior walls in Mann-
Whitney rank-sum test for C. (From ref. 73.)
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Fig. 5. (Continued)

It is well described in the angiogenesis literature that pericytes are essential for
achieving a long-lasting physiological angiogenic process. In this postmortem study,
the cell-injected wall had marked hyperplasia of pericytes and mural cells. The
observed hypertrophic pericytes, although still located in the vascular wall,
expressed specific myocardial proteins and were found in distant locations from the
vessel walls, suggesting detachment. Migrated pericytes and mural cells were found
in adjacent tissue (in the vicinity of cardiomyocytes), either isolated or in small cell
clumps. Closer to cardiomyocytes, the expression of myocardial proteins was
enhanced, yielding brighter immunostaining throughout the whole cytoplasm.
Within the posterior wall, none of the findings was seen, and small blood vessels
could only rarely be found. While definitive conclusions regarding autologous
BMMNC efficacy are without doubt premature on the basis of one postmortem
study, the above findings indeed could be consistent with neoangiogenesis in the
cell-treated wall. Those findings, if confirmed in future human studies, are similar
to those described in most of the preclinical studies in chronic myocardial ischemia
models.

SAFETY OF STEM CELL THERAPY

With regard to left ventricular function, cardiac stem cell therapy is well tolerated
overall. No proarrhythmic effects have been observed to date with BMMNC therapy,
but there is the possibility of other deleterious effects. Although early concerns about
abnormal transdifferentiation and tumorigenesis have subsided, the potential for accel-
erated atherogenesis remains, given the limited clinical experience and the small num-
ber of patients treated. Atherosclerosis is an inflammatory disease triggered and
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sustained by cytokines, adhesion molecules, and cellular components such as mono-
cytes and macrophages. Another potential deleterious effect of bone marrow stem cell
therapy is myocardial calcification. In a recent study, Yoon et al. (74) reported that
direct transplantation of unselected bone marrow cells into acutely infarcted myocardium
may induce significant intramyocardial calcification. It is important to highlight that, in
the same study, mononuclear BMMNCs (those widely used in clinical trials) did not
elicit the same effect. 

Granted, short-term follow-up of the small number of patients treated to date with
BMMNCs provides limited data on safety. However, the uniformity of encouraging
outcomes for high-risk patients in the completed phase I trials serves to reassure inves-
tigators and patients of the safety of the current approaches. Aggressive safety data
monitoring is necessary in the ongoing clinical trials. 

CONCLUSION AND FUTURE CONSIDERATIONS

Cardiac stem cell therapy is advancing at a fast pace with increasing focus on its uti-
lization in the clinical setting. Autologous mononuclear bone marrow injection is
undoubtedly a preliminary strategy for treatment of chronic myocardial ischemia at this
point. However it reflects our basic understanding of the field and its vast possibilities
with regard to identifying the ideal cell and cell dose. Additionally, interpersonal vari-
ability of bone marrow “quality” may significantly influence outcomes, and a new con-
cept of “product quality control” with regard to the bone marrow obtained from patients
should be considered when applying this approach to therapy. 

Stem cell therapy for chronic myocardial ischemia patients with no option for fur-
ther revascularization therapy has an enormous therapeutic potential. The future will
bring major advances with regard to current strategies and will likely fulfill and exceed
current expectations regarding the field of therapeutic myocardial regeneration. 
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SUMMARY

Angiogenesis and vasculogenesis are fundamental processes in embryonic development
enabling multiorgan characteristics. Through the capillary net, the nutrient diffusion process is
successfully achieved in complex cellular organisms. In adults the establishment, maintenance,
and renewal of an efficient vascular net are required for the maintenance of normal, viable tis-
sues. This requirement is especially important in the cardiovascular system, where vascular sup-
ply efficiency and endothelium normal function are affected in many different pathological
entities. Impaired angiogenesis and endothelial dysfunction are the bases of many cardiovascu-
lar diseases such as hypertension, coronary artery disease, myocardial infarction, and chronic
heart failure. 

Two different pathways of vessel development have been described: angiogenesis and vascu-
logenesis. Vasculogenesis is the process of new vessel development whereby primitive undiffer-
entiated cells (angioblasts) differentiate to endothelial cells, which line a primitive network of
embryological blood vessels. Angiogenesis describes the sprouting of differentiated preexisting
endothelium into vascular tissue from preexisting capillaries. All blood vessels are lined with
endothelial cells that must proliferate to form new vessels, migrate to reach remote targets, and
survive in these different environments.

Angioblast/endothelial progenitor cells (EPCs) represent the phenotypic equivalent of embry-
onic angioblasts because they can be derived from both endothelial and mural cell types.
Angioblast/EPCs can be isolated from bone marrow aspirate, peripheral blood, umbilical cord
blood, or human adipose tissue. Clinical applications of angioblast/EPCs in cardiovascular dis-
ease are oriented to neovascularization induction in ischemic tissues, generation of new vessel
nets in regenerative therapies, and endothelization of denuded endothelium, vascular grafts, and
tissue engineering devices. The role of angioblast/EPCs directly injected into the myocardium
for the treatment of ischemic heart failure will be discussed here.

Key Words: Angioblasts; vasculogenesis; angiogenesis; endothelium; stromal cells; bone
marrow progenitor cells.

INTRODUCTION

Angiogenesis and vasculogenesis are fundamental processes in embryonic develop-
ment enabling multiorgan characteristics. Through the capillary net, the nutrient diffu-
sion process is successfully achieved in complex cellular organisms. In adults the
establishment, maintenance, and renewal of an efficient vascular net are required for
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the maintenance of normal, viable tissues. This requirement is especially important in
the cardiovascular system, where vascular supply efficiency and endothelium normal
function are affected in many different pathological entities. Impaired angiogenesis and
endothelial dysfunction are the basis of many cardiovascular diseases, such as hyper-
tension, coronary artery disease (CAD), myocardial infarction (MI), and chronic heart
failure (CHF). 

The vascular supply with the concomitant endothelium proliferation results from a
delicate balance between pro- and antiangiogenic signals. Endothelium hyperprolifera-
tion or endothelial dysfunction and cell loss results in different pathological conditions.
The adult microvascular system seems to be quiescent without capillary growth.
Endothelial cell turnover in the normal healthy adult is low because of the presence of
endogenous negative inhibitors suppressing positive signals. The control of this equi-
librium is complex, multifactorial, and not yet totally understood. Despite this negative
growth control, endothelium is much more than an inert inner cover of the vascular sys-
tem and a perfect smooth limit between blood and tissues. It is also one of the largest
organs in the body, with more than 1 × 1014 endothelial cells involved in the dramatic
process of health and disease. The endothelium has a central role in homeostasis con-
trol. It is a target organ for many chemical and physical signals and, at the same time,
is an active secretor organ that acts as a diffuse gland. Endothelial cells secrete mole-
cules that participate in critical autocrine and paracrine loops. Some endothelial secre-
tions modulate the tone and proliferation of vascular smooth muscle and have
anti-inflammatory or antithrombotic effect. Under certain circumstances the endothe-
lium can change its function and structure and specialize for the migration of lymphoid
cells or express adhesion molecules for neutrophils (1), becoming a protagonist in the
inflammation involved in reparatory or destructive processes. Altered growth control of
endothelium is the basis of many diseases with a variety of etiologies, such as diabetes
(2–5) or renal failure (6). A characteristic example of a key pathological process that
results in altered angiogenesis is tumor proliferation (7,8). It was Judas Folkman’s
pioneering contribution in cancer research that demonstrated a therapeutic use of
angiogenesis modulators (9). Using almost the same signals in the malignant process,
changes in basal angiogenesis are required for fundamental physiological processes
such as wound healing (10), the female reproduction system cycle, or response to
injury or mechanical stress. These findings form the basis for potential therapeutic
angiogenesis.

ANGIOGENESIS AND ANGIOBLASTS

Two different pathways of vessel development have been described: angiogenesis
and vasculogenesis. Vasculogenesis is the process of new vessel development whereby
primitive undifferentiated cells (angioblasts) differentiate to endothelial cells, which
line a primitive network of embryological blood vessels. Angiogenesis describes the
sprouting of differentiated preexisting endothelium into vascular tissue from preexist-
ing capillaries (11–13). All blood vessels are lined with endothelial cells that must pro-
liferate to form new vessels, migrate to reach remote targets, and survive in these
different environments.

It was believed that angiogenesis was the process responsible for neovasculariza-
tion and vasculogenesis in the adult, but the known mechanism was thought to be
limited to only embryonic development. This concept has been refuted by the finding
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that circulating bone marrow-derived progenitor cells with properties of embryonic
angioblasts have been isolated in adults (14). The precursor cell differentiates into
mature endothelial cells, which have been termed endothelial progenitor cells or
angioblasts (angioblast/EPCs). Postnatal vasculogenesis also occurs, playing a cen-
tral role in adult neovascularization in normal and pathological conditions (15–18).
Adult angioblast/EPCs seeded with human smooth muscle cells form microvessels
on porous polyglycolic acid-poly-L-lactic acid (PGA-PLLA) scaffolds (19). This
report suggests that angioblast/EPCs may be well suited for creating microvascular
networks within tissue-engineered constructs. Angioblast/EPCs control a number of
signals, including different growth factors and their receptors, with vascular endothe-
lial growth factor (VEGF) in a central role, as well as other signals that are even
more complex, such as mechanical and metabolic stress and the characteristics of the
extracellular matrix (ECM). 

In the past, the term hemangioblasts was used to define discrete cell masses that
develop in chick embryo cultures known for their hematopoietic and endothelial poten-
tial (20,21). Today the name hemangioblast is restricted to a single progenitor cell with
this function (22). Angioblast/EPCs represent the phenotypic equivalent of embryonic
angioblasts because they can be derived from both endothelial and mural cell types
(19). The role of bone marrow as source of progenitor endothelial cells was demon-
strated in bone marrow transplantation between genetically different dogs. The Dacron
graft implanted in the thoracic aorta developed an endothelium that was of donor mar-
row origin (23). Angioblast/EPCs can be isolated from bone marrow aspirate, periph-
eral blood, umbilical cord blood, or human adipose tissue (24–28). The relation between
angioblast/EPCs and mesoderm is evident, and their presence in other mesenchimatic
stroma is predictable. Today, bone marrow is the best studied source of angioblast/EPCs.
In bone marrow, cells expressing CD133 and positives for VEGF receptors 1 and 2
(VEGFR-1 and VEGFR-2), Oct-4, and telomerase are part of a heterogeneous popula-
tion defined as multipotent adult progenitor cells that can also generate other progeni-
tor cells such as mesenchymal stem cells (MSCs) (29). A small portion of those cells,
perhaps representing the true angioblast/EPC fraction, will express progenitor and
endothelial cell markers such as CD34, vascular-endothelial (VE)-cadherin, and E-
selectin (30). These early CD34+ cells secrete VEGF and granulocyte–colony-stimulating
factor (G-CSF) via paracrine and autocrine secretion systems. Angioblast/EPCs are
understood to be adult cells with the capacity to originate endothelium and constitute a
heterogeneous population that includes tissue resident stem cells isolated from the heart
(31) with a high plasticity in culture. Mobilization of angioblast/EPCs from bone mar-
row is a highly complex process with many unanswered questions. These cells have the
capacity to move from bone marrow, enter into the peripheral circulation (i.e., circulat-
ing angioblast/EPCs) (and home to sites of active angiogenesis), where they complete
their differentiation and incorporate into the endothelium of new vessels.
Angioblast/EPCs recruited in this way participate in the repair of damaged tissues,
including the heart (32–35). Circulating angioblast/EPCs, originating in bone marrow,
play a significant role in neovascularization of ischemic tissues (35,36), and their injec-
tion into the ischemic site induces neovascularization (37,38). Unfortunately, a charac-
teristic of circulating angioblast/EPCs is their low number, and even worse, their
number is reduced in some patients with vascular dysfunction. Patients with risk fac-
tors for ischemic coronary heart disease have been found with a reduced number of
angioblast/EPCs, and these cells showed impaired function and reduced availability to
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home to the ischemic tissues (39–41). Similar reduction is observed in patients with
predisposing atherosclerotic factors (42). The treatment with hydroxymethylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors increases the number of circulating
angioblast/EPCs (43,44). In a similar mode, estrogen increases bone marrow-derived
angioblast/EPC production and diminishes neointima formation (45). A reduced num-
ber of angioblast/EPCs is also observed in cardiac transplantation patients with vascu-
lopathy and patients with in-stent restenosis (46,47). The angioblast/EPC number
reduction related to aging has not only cardiovascular but systemic effects. Also, the
low angioblast/EPC level has a similar role in the pathophysiology of cerebrovascular
disease (48) and, perhaps, in many other conditions in the elderly. In all these condi-
tions, the potential value of a cell-based regenerative therapy is dramatic, and efforts
should be made to obtain sufficient amounts of angioblast/EPCs to perform autologous
cell therapy. 

Some alternatives to resolve the angioblast/EPC availability limitation are the
improvement of isolation and expansion systems, the use of angiogenic factor gene
transfer in the affected tissues (49,50), or the use of other sources of angioblast/EPCs.
Angioblast/EPC isolation can be improved up to 14-fold using white blood cell reduc-
tion filters to obtain material as a starting sample (51). Angioblast/EPC amplification is
limited by the time-dependent phenotypic changes observed in culture. In dogs, how-
ever, canine angioblast/EPCs can be isolated and successfully cultured from the periph-
eral blood mononuclear cell fraction (PBMC). The angioblast/EPCs isolated in this
manner had a greater growth potential when compared to mature endothelial cells, sug-
gesting that the PBMC fraction is a useful source of angioblast/EPCs for therapy (52).
There are other sources of angioblast/EPCs, and these sources appear to be possible
alternatives to obtain the major number of cells for the ideal tool for autologous cells
therapies for angiogenesis restoration. Human adipose tissue-derived stem cells, for
example, are known for their high plasticity and their capacity to improve postnatal
neovascularization (53). A recent report describes the isolation and culture of Flk-1+

cells from human adipose tissue. These cells, cultured in an endothelial cell-specific
medium, expressing VE-cadherin, von Willebrand’s factor, and a lectin receptor, took
up low-density lipoproteins, showing the capacity to incorporate into an endothelial
cell tubular network. This method described the ability to yield a large number of Flk-1+

cells, which are able to differentiate into mature endothelial cells. The proliferative
capacity is related to the culture time required to amplify a cell population in vitro. The
majority of isolated angioblast/EPCs change their phenotypes in culture in a time-
dependent mode and after 4 days express markers of monocyte/macrophage origin.
This plasticity should be considered when experiments with angioblast/EPCs will be
performed and when it is necessary to define a population that will be assayed. 

In vivo, despite the number of circulating angioblast/EPCs, effective mobilization
and homing of angioblast/EPCs during an ischemic episode is a critical regulative step
of neovascularization. Vascular trauma such as coronary bypass grafting or burn injury
induces a rapid but transient mobilization of angioblast/EPCs within a time frame con-
sistent with the release of VEGF, similar to what happens during a myocardial infarct
(54), unstable angina (47), or during an acute severe trauma such as a burn (36,55). 

CD34+ cells and angioblast/EPC mobilization occurs in patients with heart failure
with a biphasic response: initial elevation with a depression in the advanced phase. The
authors correlate this effect with the myelosuppressive role of tumor necrosis factor
(TNF)-α (56).
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In the murine model of soft tissue ischemia, angioblast/EPCs are recruited to
ischemic tissue within 72 hours, and the extent of recruitment is directly proportional
to the degree of tissue ischemia. After 7 days, elevated levels of circulating VEGF and
the VEGFR-2 cells were observed. At day 21, functional vessels appear, originating
from vascular cords derived from the coalescence of proliferate cells clusters (57). 
A rapid recruitment of angioblast/EPCs is also observed in the myocardium after
ischemic preconditioning (58). This early recruitment is a significant parameter when
defining the time frame for autologous cells therapies in ischemic episodes. This early
demand is an obvious conflict with the paucity of circulating angioblast/EPCs and the
difficult in vitro EPC expansion. A preventative collection, expansion, and storage of
angioblast/EPCs in patients in clear risk of ischemic episodes, especially those with
diminished numbers of angioblast/EPCs, could be useful as an early intervention tool
in autologous angiogenic therapy. This strategy could have particular importance for
those patients with reduced circulating angioblast/EPCs because this reduction is an
independent prediction marker of future cardiovascular events (39,41). 

CLINICAL APPLICATIONS OF ANGIOBLAST/EPCs

Clinical applications of angioblast/EPCs in cardiovascular disease are oriented to
neovascularization induction in ischemic tissues, generation of new vessel nets in regen-
erative therapies and endothelization of denuded endothelium (59), vascular grafts, and
tissue engineering devices (60). Some of these approaches are discussed in other chap-
ters. The role of angioblast/EPCs directly injected into the myocardium for the treat-
ment of ischemic heart failure will be discussed here. 

The positive effects of intramyocardial angioblast/EPC transplantation has been
demonstrated in animals (61,62). In humans the most frequent source of cells used to
induce angiogenesis has been bone marrow (63–66). There still remains some question
as to whether hematopoietic stem cells can transdifferentiate into cardiomyocytes (67),
but the beneficial effect of implanted cells on local angiogenesis has been demonstrated
(68,69). In this effect, the role of angioblast/EPCs could be fundamental, because bone
marrow mononuclear cells contain the cell population that has demonstrated a capacity
to home to the ischemic myocardium and participate in neovascularization (32,33,
35–37,54). A recent report of postmortem anatomicopathological and immunohisto-
chemical findings in a heart failure patient treated 11 months prior with transendocar-
dial autologous bone marrow mononuclear cell injections demonstrated objective
evidence of perfusion improvement. However, this was a mixture of bone marrow cells,
not isolated angioblast/EPCs. Without evidence of abnormal tissue or vascular growth,
one of the most significant findings was a higher capillary density in the cell-treated
area than in the nontreated areas of heart (70). Although this report is limited to an iso-
lated uncontrolled case, microscopic evidence correlates with the improvement in per-
fusion assessed in this case and reported by other authors (33,63–65,71). Based on this
early angiogenesis work for ischemic heart disease with minimal ventricular dysfunc-
tion, our group progressed to evaluate patients with ischemic disease progressively
leading to CHF. Our early trials involved the use of bone marrow-derived angioblast/EPCs
being directly injected into the myocardium during coronary artery bypass surgery.
Patients were selected based on having ischemic heart failure with a least one surgi-
cally revascularizable target, usually the left anterior descending artery. Preoperative
electrocardiograms, two-dimensional stress echocardiograms, single photon emission
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computed tomography (SPECT), and a chest X-ray were used to identify regions of
nonrevascularizable viable myocardium to be injected. Inclusion criteria were as fol-
lows: ischemic heart failure with an ejection fraction of 35% or less on two imaging
studies (echocardiogram and multiplanar cardiac catheterization) and a New York Heart
Association heart failure functional class III or IV. All patients had prior percutaneous
coronary interventions and had optimal medical management of their heart failure.
Patients were excluded if they had a current or prior malignancy, any hematological
disorder, renal failure requiring dialysis, left ventricular aneurysm, prior cardiac sur-
gery, valvular disease requiring surgery, preoperative steroid therapy, or were within 
6 days of an acute coronary event. 

Our randomized study was based on 20 patients who received either off-pump coro-
nary artery bypass grafting (OPCAB) or OPCAB plus angioblast/EPC cell therapy.
Patients in the OPCAB-only group had a standard sternotomy and OPCAB grafting
performed using both apical suction and pressure stabilization of the heart. Patients in
the angioblast/EPC therapy group had their bone marrow harvested after a general
anesthetic was given. Using this technique, 500–600 mL of bone marrow was har-
vested. The bone marrow was processed as previously described using a magnetic bead
cell isolation system. As the bone marrow was being processed, the OPCAB was per-
formed and the preselected sites of myocardial dyskinesis, akinesis, but not the infarcted
regions were injected with the angioblast/EPC preparation using a needle apparatus.
The injections were in the following areas: peri-infarcted, viable but dykinetic, or aki-
netic. There were no injections into the scar itself. The needle apparatus does not have
an end hole like most needles; it only has side holes. This reduces the amount of leak-
age that would be generated during a standard distal end-holed needle. The injection
placement was based on prior echocardiogram and SPECT viewing to determine ven-
tricle wall thickness, preventing direct introduction of cells into the ventricle. The cell
preparation was delivered as the needle was withdrawn from the myocardium. The
injections were spaced up to 1 cm apart to avoid coronary vessels and were 3–5 mm in
depth based on echocardiography findings of wall thickness. No direct intracoronary
injections were performed. The patients were monitored just as standard postoperative
heart surgery patients. The median amount of bone marrow harvested was 550 cc, with
a median of 22 × 106 CD34+ cells in the final specimen. The ejection fractions for pre-
operative, 1-month, 3-month, and 6-month analysis were 31, 36, 36, and 37%, respec-
tively, for the OPCAB-only group, and 29, 42, 45, and 46%, respectively, for the
OPCAB + angioblast/EPC group. This demonstrated a significant increase in ejection
fraction for the OPCAB + angioblast/EPC group. These improvements where seen on
both echocardiography and by SPECT. The only adverse event was related to bone
marrow harvest, where the site of harvesting had a hematoma in one patient. There
were no other adverse events in either group: neurological, hematological, vascular,
death, or infection. The key is that no patients had any postoperative arrhythmias, which
are seen with other cell types (66).

This was one of the first prospective randomized blinded approaches to cellular ther-
apy for ischemic heart failure. One of the confounding factors of this study is the
adjunctive use of OPCAB, even though the cells were not injected into the same region
as the bypass graft. In our more recent trials we are using gated diffusion magnetic res-
onance imaging. Even though this imaging modality is very important in the evaluation
of heart failure patients owing do the fact that multiple parameters, such as anatomy,
function, and viability can be assessed, it is limited because it is very expensive and
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cannot be used in patients with implantable anti-arrhythmic devices. We have evolved
the use of angioblast/EPCs to application in patients with nonrevascularizable
ischemic heart failure, who are not candidates for surgical revascularization and have
not had prior surgery. We had devised a minimally invasive surgical technique to
deliver cells into the myocardium. Ongoing randomized trials were expected to be
completed in late 2006.

MECHANISMS OF ANGIOBLAST/EPCs: FUNCTION 
AND REGULATION

In addition to the clinical benefits that have been demonstrated in ischemic heart dis-
ease using angioblast/EPCs, the potentials mechanisms of action must be evaluated.
Three mechanisms show promise of combined benefits to the ischemic myocardium:
transdifferentiation to blood vessels or myocardium, fusion with the native dysfunc-
tional myocytes to augment function and homing, which a may be a systemic or
paracrine response for recruiting other cells, and growth factors to help improve oxy-
gen delivery and myocardial function. The paracrine action of bone marrow MSCs
implanted after MI in an animal model has been recently reported (72). The grafted
MSCs release bFGF, VEGF, and stromal-derived factor (SDF)-1α, induce an efficient
vascular regeneration and attenuate the apoptotic pathway. SDF-1α may have an effect
on homing circulating angioblast/EPCs; an alternative way through bone marrow
implant involves angioblast/EPCs. The detected secretion of angiogenic factors, such
as bFGF and VEGF, confirms the notion of paracrine circuits with different cells,
including angioblast/EPCs. Furthermore, the increased expression of VEGF is not lim-
ited to the injection area, attracting our attention to the potential risk of undesired
angiogenesis in nonaffected parts of a specific treated organ or even at a systemic level.

Cytokines and chemokines play a fundamental part in angiogenesis and vasculogenesis
and, therefore, are potential therapeutic tools associated with angioblast/EPCs clinical
application.

VEGF is the most specific growth factor for vascular endothelium and is required
for normal embryonic and adult vasculogenesis and angiogenesis (73–76). It was first
discovered in 1983 as a vascular permeability factor and later was well characterized as
an endothelial cell mitogen (77,78). VEGF belongs to a gene family that includes pla-
cental growth factor (PlGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-D.
There are three VEGF tyrosine kinase receptors identified so far: VEGFR-1 (Flt-1, fms-
like tyrosine kinase), VEGFR-2 (Flk1, KDR; kinase insert domain containing recep-
tor), and VEGFR-3 (Ftl-4) (54,79). VEGF-A interacts with both VEGFR-1 and
VEGFR-2. VEGF-A induces the recruitment of circulating endothelial precursors
(CEPs) in a similar mode than Ang1 but with different kinetics. Ang1 gives a lower but
more sustained stimulation. CEP recruitment to the circulation is also dependent on
matrix metalloproteinase-9-induced release of soluble kit ligand, which increases cell
proliferation, motility, and angioblast/EPC mobilization to the circulation (80,81).
VEGF is an endothelial cell-specific mitogen in vitro and an angiogenic inducer in
vivo. VEGF also induces vasodilatation of preexisting capillaries through nitric oxide
production (82) by increasing their permeability and ECM degradation (83–85).
Permeability changes will permit proteins extravasations, and these proteins will con-
stitute the preliminary matrix for new vessels. VEGF also induces endothelial fenestra-
tion in some vascular beds (86). VEGF is a survival factor for endothelial cells, both in
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vivo and in vitro, and its antiapoptotic activity was demonstrated in neonatal mice (87).
VEGF-C and -D regulate lymphatic angiogenesis (88,89).

PlGF binds VEGFR-1 and VEGFR-2 as a VEGFR-1/VEGFR-2 heterodimer (90).
PlGF stimulates the formation of vessels in ischemic heart disease. PlGF also play a
critical role in the recruitment and homing of circulating angioblast/EPCs and support
recruitment for vasculogenesis at the site of ischemia.

Muscle fibers and skeletal muscle satellite cells (91,92) express VEGFR-2, suggest-
ing a specific action of VEGF and P1GF in postischemic cardiac tissue regeneration and
a potential application of those growth factors in myoblasts culture and expansion.

Small-scale feasibility and safety clinical trials have been performed to evaluate the
use of bone marrow cell transplantation in treatment of myocardial infarction. Some
of these trials report little effect on local contractility, but a pronounced improvement
was seen in myocardial angiogenesis mediated by AC133+ cells contained in bone
marrow injections (65), while others attribute the detected improvements in treated
patients to angiogenesis and cardiomyogenesis (93). Others, more conservative, do
not define a mechanism for the observed patient improvement (94). In animal models,
angioblast/EPCs have shown a capacity to augment neovascularization of ischemic
tissues (33,61,95,96).

An effect of angioblast/EPCs on contractile myocardium activity cannot be dis-
counted either. The ability of circulating angioblast/EPCs from healthy adults and CAD
patients to transdifferentiate in vitro into functionally active cardiomyocytes when co-
cultivated with rat cardiomyocytes has been reported (97). A similar phenomenon has
been described when adipocyte-derived stem cells, already mentioned in this review,
are co-cultivated with cardiomyoctyes (98).

Fibroblast growth factor (FGF)-2 ) but not VEGF upregulates telomerase activity.
This suggests that FGF-2 activity could play a functional role in preventing the early
onset of senescence and could be implicated in the overproliferation of endothelium
(99,100). However, a recent study has reported positive regulation by VEGF of telom-
erase activity in vitro and in vivo. This result agrees with the mitogenic activity of VEGF
and the reduced cell viability, altered differentiation, and impaired regenerative/proliferative
responses observed in telomere dysfunction (101).

Erythropoietin stimulates angioblast/EPC proliferation (102), and signals involved
in trafficking control of hematopoietic cells such as SDF-1 can mobilize early
angioblast/EPCs (103). The regulation of EPC mobilization appeared to be specific for
patients with ischemic heart disease (104).

Other cytokines that have been reported to regulate angiogenesis in vivo include epi-
dermal growth factor, transforming growth factor (TGF)-α and -β, platelet-derived
growth factor (PDGF-BB), hepatocyte growth factor, interleukin (IL)-1, -6, -8, and -12,
interferons, TNF-α, G-CSF (105), and granulocyte-macrophage colony stimulating
factor (106,107). Expression of TGF-ββ in transfected smooth muscle cells regulates
angioblast/EPC migration and differentiation (108). Furthermore, VEGF induces TGF-β
expression in endothelial cells. Alterations in endothelial cells of the aging heart lead to
a deregulation in the cardiac myocyte PDGF-B-induced paracrine pathway, which con-
tributes to impaired cardiac angiogenic function. Young, but not old, bone marrow can
restore this activity in vitro and in vivo (109,110). Human chorionic gonadotrophin, a
hormonal factor of trophoblastic origin, is another angiogenic factor involved in tro-
phoblast invasion, a process to very similar tumor invasion, and placental development
(111,112). In addition, the number of circulating angioblast/EPCs increased gradually
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and paralleled the progression of gestational age. The number of angioblast/EPCs cor-
relates significantly with the level of serum estradiol, suggesting that angioblast/EPCs
may play an important role in the regulation and maintenance of the placental develop-
ment and vascular integrity during pregnancy (113).

Besides chemical signals, physical forces, such as exposure to cold, turbulent blood
flow, wall shear stress, capillary wall tension, changes in peripheral resistance, capil-
lary pressure, vessel diameter, and red cell velocity, have all been implicated in angio-
genesis. These types of stimuli can cause changes in the endothelial cytoskeleton and
the ECM, thus facilitating endothelial cell migration. Increased shear stress is an
inducer of different cytokines (114).

Hypoxia is a strong stimulus for angiogenesis and can switch on the expression of
several angiogenic factors, including VEGF, nitric oxide synthase (NOS), PDGF, etc.,
via activating hypoxia-inducible transcription factors (115). This action is not restricted
to pathological conditions. 

It is well known that regular physical exercise improves endothelial dysfunction and
promotes cardiovascular health. It has been recently reported that this type of exercise
augments the number of circulating angioblast/EPCs in patients with cardiovascular
risk factors and in patients with CAD and is associated with improved vascular func-
tion and NOS (116).

Transient stimulus such as high-altitude trekking results in an increase in the number
of angioblast/EPCs, which, at sea level, totally reverts in 45 days (117). This mecha-
nism forced us to consider the red-cell compensatory production at altitude. It is demon-
strated that a single bout of exercise increases VEGF mRNA (118). In trained subjects
this response is attenuated; they show 20% more capillaries in their musculature. Nitric
oxide appears to be important in this action because NOS inhibition attenuates the
skeletal muscle VEGF mRNA response to exercise (119). In the opposite way, a tran-
sient decrease in pulmonary VEGF leads to increased alveolar and bronchial cell apop-
tosis, air space enlargement, and changes in lung elastic recoil resembling processes
characteristic of emphysema (120). Smoking has been reported to reduce the number of
circulating angioblast/EPCs, and smoking cessation rapidly increases angioblast/EPC
levels in peripheral blood, even in chronic smokers (121).

SUMMARY

The origin, functions, and regulation of angioblast/EPCs have clarified our under-
standing of adult angiogenesis and vasculogenesis. Information from many disciplines
has led to the rapid clinical translation of angioblast/EPCs for the treatment of cardio-
vascular disease. The early results of direct implantation of cells into the myocardium
are very promising and thus far have been safe. However, previous studies have failed to
adequately address the fact that the mechanism of action of the cells may be manyfold
and may include all of the discussed processes, including transdifferentiation, fusing,
and homing. Future studies will need to be performed in which the pathology can be
more closely examined. We have started two phase I Food and Drug Administration
studies to further evaluate the cells in humans. The first involves implanting
angioblast/EPCs into the myocardium at the time of left ventricular assist device implan-
tation as a bridge to cardiac transplantation. This will provide a unique perspective on
the specific cellular transformations that occur in ischemic cardiomyopathy, as the entire
native heart will be excised at the time of transplantation and be available for evaluation.
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The second trial is a double-blinded randomized coronary revascularization study to
evaluate if there is a dose-response of angioblast/EPCs. We are only at the beginning of
cardiac cell therapy for the treatment of heart failure, but the future is very promising,
with new cells and cocktails of cells and growth factors.
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SUMMARY

Recent investigation of cell transplantation has provided new hope for the treatment of heart fail-
ure, a historically incurable disease. Although multiple cell types and delivery techniques have been
employed, no clear consensus has been reached as to the superiority of any single method. Skeletal
myoblasts have several unique properties that make them an attractive cell type for use in the clinical
arena. Most importantly they are autologous, readily available, and easily harvested and expanded ex
vivo. Furthermore, they can be modified genetically to optimize engraftment. Their successful use in
animal studies has justified several clinical trials in the United States and Europe. Autologous engraft-
ment of skeletal myoblasts in patients has been associated with modest improvements in cardiac
function. The mechanisms by which these cells might exert their positive effect remain in question,
but a direct contribution to contractile function seems unlikely. Enthusiasm for these cells has further
been tempered by an apparent arrhythmogenic risk. This chapter explores the use of skeletal
myoblasts for the treatment of heart failure. The preclinical and clinical data published to date are
reviewed. The ultimate role of these cells in the clinical armamentarium of heart failure treatments
will depend on the results of ongoing studies. Regardless of their future, the use of skeletal myoblasts
has provided important insights in the burgeoning field of cell therapy for heart failure.

Key Words: Skeletal myoblasts; cellular cardiomyoplasty; chronic heart failure; ejection
fraction.

INTRODUCTION

Heart disease remains a leading cause of morbidity and mortality despite continuing
advances in various treatment options. With best medical therapy a significant subset of
patients are still refractory or respond suboptimally. Chronic heart failure (CHF) is often
the clinical sequela of an acute ischemic event. While timeliness and adequacy of reper-
fusion determine immediate survival after acute myocardial infarction (MI), it is the
ensuing changes to left ventricular (LV) shape and function that determine long-term
prognosis. Acute MI results in an immediate loss of heart muscle; however, patients that
develop CHF as a result display ongoing myocyte loss long after the initial event.
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Ongoing global ventricular remodeling produces ventricular dilatation and concomitant
decline in heart function, ultimately leading to CHF and death. Early intervention and
therapy are currently unable to reverse or prevent LV dilatation. Alternatively, cell ther-
apy offers a novel approach to regenerate the heart and to restore function.

Cardiac muscle has limited capacity to regenerate once injured (1–3). Cardiac
myocyte loss as a result of ischemic or hypertensive heart disease was, until recently,
believed to be irreversible because postinfarction repair mechanisms are insufficient to
stem myocyte apoptosis or to replace myocyte mass. This is largely thought to be attrib-
utable to the generally accepted principle that cardiac myocytes undergo terminal dif-
ferentiation and irreversibly withdraw from the cell cycle after birth (3). Conversely,
skeletal muscle has the capacity for self-repair because of a resident population of pro-
liferative muscle cells, or myoblasts (4). Skeletal myoblasts, once activated, divide and
fuse to form new muscle fibers that may restore lost functionality (5). Preclinical data
from a variety of animal studies have demonstrated the capacity for skeletal myoblasts
to engraft, form myotubes, and enhance cardiac function following transplantation into
infarcted, failing myocardium (6–9). More recently, preliminary human studies focus-
ing on patients with ischemic heart disease have demonstrated successful myoblast
transplantation into the postinfarction scar (10–12). This chapter will examine the data
available on the effectiveness of myoblast transplantation as a treatment for CHF and
the impact on/maintenance of cardiac function. 

PRECLINICAL STUDIES WITH SKELETAL MYOBLAST 
TRANSPLANTATION

Unlike cardiac myocytes, skeletal muscle retains an ability to regenerate when injured.
It is now well established that the regenerative capacity of skeletal muscle resides in cells
known as satellite cells (myoblasts), which were first described in 1961 (4). Successful
autologous skeletal myoblast transplantation in a variety of animal models has demon-
strated improvement in cardiac function. Although multiple cell types have shown benefit
in such models, skeletal myoblasts offer significant advantages for salvaging or restoring
myocardial function. Skeletal myoblasts tolerate ischemia well and have proved resilient
when used in infarcted regions (6,13). They have a limited spectrum of differentiation,
reducing the risk of tumorogenicity (14). Myoblasts, from predominantly fast-twitch skele-
tal muscle, can selectively differentiate into myofibers expressing fatigue-resistant, slow-
twitch myosin heavy-chain isoforms, cardiac sarcoplasmic reticulum, and phospholamban
(13,15). The capacity for myoblasts to fuse and differentiate into nonfatigueable myofibers
capable of sustaining cardiac function appears to be a response to the physiological milieu
into which the myoblasts are placed (6,13,16). This “transdifferentiation” may result from
the endogenous innervation of the heart (17), but at minimum requires beating cells (18).
Myofibers will contract in vitro and form synchronous contractile elements when in con-
tact with cardiac myocytes (19). Overall, myoblasts are the only cells reported to date to
form true myocyte elements once implanted in the myocardium. 

In addition, the form of the implanted skeletal myoblasts has a profound effect on the
ability to restore function. The two key populations are satellite cells and “side-population”
cells. Satellite cells in adult skeletal muscle exist closely juxtaposed against skeletal muscle
fibers under the basal lamina and are accepted as dedicated myocyte precursors. Side-
population cells are more closely related to bone marrow-derived stem cells because they
express Sca1 and CD45. A major difference between the two populations is that satellite
cells exclusively differentiate into myocytes after implantation, whereas side-population
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cells are capable of repopulating many cells types depending upon their environment.
After intramuscular transplantation, side-population cells differentiate into both myocytes
and satellite cells (20). Although satellite cells may be the more characterized cell type
for cellular cardiomyoplasty, these data indicate that side-population cells may offer addi-
tional benefits for the regeneration of myocyte number because of their ability to endow
the heart with its own potential ongoing pool of myocyte precursors.

Results from preclinical studies using myoblast transplantation in ischemic models
of heart failure, where an injury to the myocardium produces LV remodeling, were
very promising. Adequate survival and engraftment of myoblasts in infarcted or necrotic
myocardium has been documented and is associated with recovery of myocardial con-
tractility and compliance as well as the diastolic pressure–strain relationship in animal
models (6,8). The consistent improvement in myocardial performance is independent
of the method used to assess function, in vitro (dP/dt, force transduction) or in vivo
(sonomicrometry, echocardiography, mean aortic pressure, improved LV systolic pres-
sure, and aortic flow), and independent of the species studied (6,8,16,21,22). 

The effectiveness of skeletal myoblast transplantation in nonischemic cardiomyopa-
thy models has been less frequently examined, but the results are no less exciting. The
models have all allowed the development of failure prior to implantation of skeletal
myoblasts and have universally showed improvement in cardiac function. The primary
models used have been doxorubicin-induced heart failure (23), salt overload in sponta-
neously hypertensive rats (24), and hamsters with a sarcodystroglycan deficiency that
reproduces all the features of dilated cardiomyopathy in humans (25,26). Local implan-
tation of either isolated skeletal myoblasts or intact myotubes in doxorubicin-induced
heart failure improved cardiac function compared with the control treatment (maxi-
mum dP/dt, 4013.9 ± 96.1 vs 3603.1 ± 102.3 mmHg/second; minimum dP/dt, -2313.7
± 75.1 vs -2057.1 ± 52.4 mmHg/second). A global delivery strategy for myoblasts, via
an intracoronary infusion, found similar improvements in maximum and minimum
dP/dt, associated with a sharper slope of the LV-developed pressure–volume curve and
a reduced slope of the end-diastolic pressure–volume relation in myoblast-transplanted
hearts (27). Using this approach, myoblasts were indeed globally disseminated and dif-
ferentiated into multinucleated myotubes that had aligned with the cardiac fiber axis
within host myocardium. Thus, coronary delivery of skeletal myoblasts would appear
to be the most convenient strategy for heart failure because it avoids the focal accumu-
lation of myocytes associated with a direct injection strategy.

Skeletal myoblast transplantation in cardiomyopathic hamsters showed a significant
24% increase in fractional area change compared to a 6% decrease in controls after 4 weeks
(25). Moreover, the cells were able to attenuate ventricular remodeling with no significant
change in the development of myocardial fibrosis (25,26). In the hypertensive rats, the
treated group showed a significant alleviation of LV dilation and contractile dysfunction,
with a 9% decrease in LV end-diastolic dimension and fractional shortening of 38.5 ±
1.5% vs 32.1 ± 1.4% 6 weeks after implantation. Moreover, upregulation of the
renin–angiotensin and endothelin systems during the transition to heart failure was attenu-
ated by myoblast transplantation. Collectively, these studies show that cellular cardiomy-
oplasty is an effective therapy to prevent deterioration of ventricular morphology and
cardiac function in both ischemic and nonischemic models of cardiomyopathy.

Concerns About the Use of Skeletal Myoblasts for Cellular Cardiomyoplasty
Although the use of skeletal myoblasts has proven successful in many animal models

of ischemic heart disease and cardiac failure, they are not without problems. Despite
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forming myofibers capable of contraction in vivo, recent studies suggest that major
structural differences between skeletal and cardiac muscle may limit the use of skeletal
myoblasts for cellular cardiomyoplasty. The most substantial problem is that implanted
myoblasts appear to remain electromechanically isolated from the host myocardium.
The functional unit that integrates and synchronizes cardiac myocyte contraction is the
intercalated disk (28,29). This structure is composed of intercellular adhesion mole-
cules, mostly N-cadherin, and structures called gap junctions. These channels permit
exchange of small metabolites between the cytoplasm of adjacent cardiac myocytes
and provide a low-resistance electrical pathway between cardiac muscle fibers. The
dominant gap junction protein in cardiac myocytes is connexin-43 (28,29). Loss of
either of these proteins has profound implications for myocyte morphology, and loss of
N-cadherin itself can result in a dilated cardiac phenotype (28,29).

Isolated skeletal myoblasts, in co-culture with neonatal cardiac myocytes in vitro,
express cardiac-specific proteins (GATA4, Nkx2.5, and ANP) together with cadherin
and connexin-43 at the junctions with neighboring cells (30,31). In addition, approx
10% of myotubes contract synchronously with the surrounding cardiac myocytes (19).
Taken together, these experiments demonstrate that skeletal myotubes and cardiomy-
ocytes can indeed achieve electromechanical coupling given optimal conditions.

This same level of integration is not observed in vivo. Intracellular recordings of
grafted myoblasts in infarcted rat myocardium showed that the contractile activity of
newly formed myotubes is hyperexcitable and fully independent of neighboring car-
diac myocytes (32). These studies are supported by biochemical analysis of the
engrafted cells. The majority of reports indicate absence of N-cadherin and Cx43
expression in the engrafted, differentiated myoblasts at all times examined up to 
3 months after implantation (16,19,33) despite high expression of both proteins in
undifferentiated skeletal myoblasts. A number of potential reasons may explain the
discord between the in vitro and in vivo findings. One explanation is that myotubes
in vitro are relatively immature and may retain a small, yet functional population of
junctional proteins. The expression of these proteins is completely abrogated in
engrafted myotubes because the differentiation is more complete in the myocardial
environment (19). Another factor may be that skeletal muscle grafts are often sepa-
rated from the host myocardium by intervening scar tissue (6,19). This would com-
promise the ability of implanted myoblasts to develop significant cell–cell contacts
with the surrounding myocytes, a key criterion identified by the co-culture studies for
transdifferentiation. However, because injection of myoblasts into uninjured
myocardium results in the same phenotype, this is at best an incomplete explanation.
Another contributing factor is the fact that the constant motion of the ventricular wall
may exert unfavorable stretch/strain forces on the grafted cells, preventing stable
contacts from being formed. Whatever the reason, this phenomenon has led multiple
study authors to recognize arrythmogenesis as a major complication of myoblast
transplantation (34).

Another basic biochemical difference between the cell types is dihydropyridine
receptor (DHPR) expression (35,36). DHPRs determine the mechanism of excitation–
contraction coupling in myocytes. In cardiac muscle DHPRs function as fast calcium
channels that allow an influx of extracellular calcium, which triggers release of sar-
coplasmic calcium stores. Conversely, skeletal muscle DHPRs function as slow cal-
cium channels and voltage sensors that directly control the release of calcium from
the sarcoplasmic reticulum. The greatly different electrical properties of the skeletal
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isoform are inconsistent with the contractile properties of cardiac myocytes and may
also add to the genesis of arrhythmias observed upon treatment with skeletal myoblasts. 

Without electromechanical integration it is unlikely that any significant force is gen-
erated by the intrinsic contractile properties of the implanted cells. This raises ques-
tions about the mechanism by which transplanted skeletal myoblasts contribute to
recovery of the failing or ischemic myocardium. It is likely that the functional benefits
of skeletal myoblast cell transplantation are more related to limitation of adverse postin-
farction remodeling and/or paracrine effects on recipient tissue (37). Paracrine mecha-
nisms such as the secretion of hepatocyte growth factor (HGF) (38) or vascular
endothelial growth factor (VEGF) (39) could explain the achievement of a better LV
function. HGF and VEGF have cardioprotective and antifibrotic effects, and the HGF
receptor c-Met is expressed in ischemic myocardium (40,41). Moreover, such a
paracrine effect might increase angiogenesis and stem cell recruitment to ameliorate
the systolic function. It is well established that capillary density is decreased and capil-
lary morphology altered (luminal swelling, lumen narrowing) in ischemic heart dis-
ease. Moreover, these microvascular abnormalities are thought to play an important
role in the perpetuation of heart failure (42). Therefore, the observed amelioration of
the ejection fraction (EF) could be solely a result of an improvement in angiogenesis
and not necessarily the regeneration of cardiomyocyte mass. Indeed, implantation of
endothelial precursors appears to have benefits equal to that of skeletal myoblasts;
however, their primary effect appears to be to enhanced myocardial perfusion. The use
of skeletal myoblasts in cellular cardiomyoplasty has been shown to improve coronary
flow reserve (43); however, a formal systematic analysis of the angiogenic density and
health of the microvascular endothelium has yet to be performed to qualify this as a
bone fide mechanism responsible for the improvement of cardiac function.

Enhancement of Skeletal Myoblast Performance Using 
Pharmacological Agents

The results of cellular cardiomyoplasty using skeletal myoblasts are impressive, yet
the potential to increase the effectiveness of therapy lies in augmenting the survival, effi-
ciency of incorporation, and extent of differentiation of cells after implantation.
Aggressive pharmacological intervention is an obvious adjunct therapy that has not been
extensively investigated or developed for cellular cardiomyoplasty. Some simple phar-
macological compounds have provided encouraging results for this rationale.
Pretreatment and co-injection of myoblasts with Tubulyzine, an optimized myoseverin-
like molecule, reduces myoblast cell death following transplantation and consequently
improved the effectiveness of the treatment (44). Tubulyzine prevented primary
myoblasts from apoptosis in vitro and significantly increased the survival of myoblasts
in vivo. The result was enhanced integration of skeletal myoblasts into hybrid myofibers.

Moreover, skeletal myoblast implantation appears to work additively with current
frontline pharmacological therapy for the treatment of heart failure. Angiotensin-
converting enzyme inhibition and skeletal myoblast transplant separately gave
approximately the same the extent of improvement in EF in ischemic rat hearts; how-
ever, the combination increased EF far beyond the effects observed with either alone
(43.9 ± 1.4% vs 19.8 ± 0.7 in controls) (45). In addition, the resultant arrhythmia that
manifests in many experimental models of cellular cardiomyoplasty with myoblasts
can be managed effectively by pharmacological means. Treatment of ventricular tachy-
cardia after myoblast transplant can be terminated by nitrendipine, an L-type calcium
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channel blocker, but not by the Na channel blocker lidocaine (46). Moreover, amio-
darone, a combined α/β-adrenergic receptor blocker, can attenuate arrhythmia when
given prior to cell transplantation (10).

Combination therapy with recombinant angiogenic growth factors also appears to be
another fruitful area to exploit. In addition to their potential to revascularize the
myocardium, these factors have multiple effects on the myoblasts themselves. Muscle
cell migration plays an important role in the incorporation of transplanted myoblasts,
and pharmacological manipulation of the efficiency of myoblast migration may
improve their participation in cardiac regeneration. Chemokinetic cytokines, such as
insulin growth factor (IGF)-1 or basic fibroblast growth factor (bFGF), enhance
myoblast migration in vitro. The co-injection of these chemokinetic factors with
myoblasts improved their migration in vivo through upregulation of matrix metallopro-
tease-9 and urokinase plasminogen activator, two extracellular proteolytic enzymes that
degrade matrix proteins and facilitate migration through matrix-rich scar tissue (47,48).
Thus, IGF and FGF-2 appear to be better candidates than other pro-angiogenic
cytokines such as VEGF. Although VEGF enhances myoblast migration and prevents
apoptosis in differentiating myoblasts both in vitro and in vivo (41). VEGF co-injection
does not always enhance cardiac function. In a sheep model of ischemic heart failure,
simultaneous injection of both VEGF and myoblasts did not greatly potentiate the
effects of the myoblasts alone (49). Similar improvements in the limitation of LV dila-
tion and regional fractional area change were observed despite the number of capillar-
ies in the peri-infarct region of the VEGF/myoblast group being 50% more than in the
myoblast-only group. These results suggest that IGF-1 or bFGF may be useful in devel-
oping new approaches that will increase the efficacy of skeletal myoblast use in cellu-
lar cardiomyoplasty. Although many compounds are untested in the complex
environment of cardiac failure, this strategy is likely to have profound effects on the
biochemical and physiological responses of skeletal myoblasts during implantation.

Genetic Modifications of Skeletal Myoblasts and Their Effect 
on Graft Performance

Some of the most important questions remaining in the field of cellular cardiomy-
oplasty are some of the most fundamental. Identification of the molecular regulators
affecting key aspects of myoblast response to implantation, such as cell survival, inte-
gration, differentiation, and functional efficiency are still in their infancy. As new mech-
anisms are identified, however, the cell type that offers the greatest advantages for
translational medicine is the skeletal myoblast. Satellite cells need to be propagated
ex vivo before transplant into diseased myocardium, providing a unique opportunity
for genetic augmentation. The ability of skeletal myoblasts to express and secrete for-
eign proteins after implantation is already well established (50). The effectiveness of
genetic manipulation of skeletal myoblasts, however, is dependent on two criteria: an
efficient gene transfer system that integrates the gene(s) of interest into the myoblast
genome and appropriate promoters that will coordinately regulate gene expression with
the differentiation of myoblasts in the diseased myocardium. The obvious choice for
the vector of infection is some form of virus. Retroviral vectors are now the gold stan-
dard in experimental and clinical gene transfer studies and have excellent rates of infec-
tion in skeletal myoblasts—approx 70% on average (51). However, how to regulate
gene expression is not so simple. Reinecke et al. (52) found that overexpression using
constitutive viral promoters caused significant death upon differentiation and resulted
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in a lack of target gene expression in transfected myoblasts after grafting, possibly
resulting from promoter silencing. Alternatively, the use of muscle creatine kinase
promoter, active only upon myocyte differentiation, resulted in high levels of protein
expression in differentiated myotubes without significant cell death. These results
stress that the temporal and spatial expression of the cargo is crucial to the success of
this strategy.

The first application of such a powerful technology could be to sustain the newly
implanted myoblasts immediately after implantation. Survival and proliferation of
skeletal myoblasts within the cardiac environment are crucial to the therapeutic effi-
cacy of myoblast transplantation. Unfortunately, the kinetics of cell death in the
implanted skeletal myoblast population are swift and profound. Implantation of
[14C]thymidine-labeled myoblasts into mouse hearts has shown that 58% of cells are
lost within 10 minutes of implantation. This steadily increases to 85% loss after 24 hours
and 92% loss by 3 days (53,54). The same authors later showed that acute inflammation
after transplantation was the cause of cell death, although ischemia is also implicated
(55). These studies suggest that the initial oxidative stress and subsequent inflamma-
tory response are important mechanisms contributing to acute graft attrition.

Attractive approaches have been developed to improve myoblast survival after trans-
plantations. Zhang et al. (55) showed that cell death can be limited by engineering the
transplantable cells to activate the cytoprotective Akt pathway. Moreover, heat shock
prior to transplantation (56,57) endows robust protection of myoblasts from death, indi-
cating that overexpression of heat-shock protein (HSP)70 is another likely candidate
for genetic augmentation to increase survival of grafted myoblasts. Finally, overexpres-
sion of interleukin (IL)-1 receptor antagonist in skeletal myoblasts prior to implanta-
tion protected cells from the acute inflammatory response and enhanced the recovery
of myocardial function (58). Other candidate genes to increase survival might also
include antiapoptotic Bcl family members, such as Bcl-2 or Bcl-XL, or novel apoptosis
suppressors specific to striated muscle, whose expression is lost during disease. One
such candidate would be the protein ARC (apoptosis repressor with CARD domain),
recently identified as a master inhibitor of apoptosis initiated by either the death recep-
tor or mitochondrial pathways, as it robustly inhibits cell death resulting from free
radicals such as superoxide (59,60).

As yet there is little in vivo evidence to suggest that skeletal myoblasts are capable
of forming gap junctions with native cardiac myocytes. Differentiation along a myocyte
linage in primary myoblasts ablates expression of Cx43 and N-cadherin (19). Thus,
genetically engineering myoblasts to express these proteins during their expansion in
vitro prior to implantation may enhance their integration as a coherent part of the host
myocardium. Genetic modification of myoblasts to express Cx43 uniformly increases
coupling between cardiac myocytes and myoblasts in vitro. This enhanced communica-
tion has been observed to decrease arrhythmogenicity in co-cultures, enhance the rate
of myotube formation, and result in the formation of synchronously beating networks,
where cardiomyocytes capture and pace skeletal muscle cells via intercalated disk-like
structures containing gap junctions (46,61,62). The implantation of skeletal myoblasts,
engineered to express Cx43 only in fully differentiated myotubes, resulted in close
apposition to host cardiomyocytes and possibly electrical coupling (63). These data
indicate that augmentation of skeletal myoblasts with cardiac junctional proteins may
permit electrical coupling of skeletal and cardiac muscle and circumvent the arrythmo-
genic side effects observed during cellular cardiomyoplasty with skeletal myoblasts.
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However, expression of Cx43 without N-cadherin results in disarray of the gap junc-
tions and poor intercellular communication (28,29). This indicates that the expression
of both proteins needs to be restored simultaneously for optimal integration and that
other genes that regulate the expression of both proteins, such as the cardiotropic hor-
mone relaxin (64), may be better candidates to enhance the integration of implanted
myoblasts with host myocytes.

The genetic manipulation of skeletal myoblasts has been shown to halt the progres-
sion from compensatory hypertrophy to CHF in animal models (24). Skeletal myoblasts
transferred with the cardiotrophin-1 gene, a member of the IL-6 superfamily, were
injected into the myocardial free wall of hypertensive rats already experiencing hyper-
trophy. Cardiotrophin-1 engineered myoblasts were more effective at alleviating LV
dilation and contractile dysfunction than were unaltered myoblasts. Cardiotrophin-1
was not determined to enhance myoblast integration or differentiation; however, it may
have improved function as a result of a combination of reducing myoctye loss and sta-
bilizing the hypertrophic response, because cardiotrophin-1 is a pro-survival agent and
hypertrophic stimulus.

Mutations in multiple genes, including lysosymal integral membrane proteins (65)
and lamin A/C (66), cause autosomal-dominant dilated cardiomyopathy. Other muta-
tions, such as those in the sarcodystroglycan complex, reduce the proliferative capacity
and differentiation potential of isolated myoblasts and restrict their ability to integrate
with a potential host myocardium (67). The ability to augment the properties of skeletal
myoblasts ex vivo raises the possibility of correcting genetic anomalies and restoring
full function to the cells that will form the basis of the new myocardium.

Finally, to ensure graft viability and prevent further scar formation, myocyte replace-
ment should be coupled with concurrent myocardial revascularization. An obvious can-
didate gene for is hypoxia-inducible factor (HIF)-1α, a master gene that controls the
expression of a wide array of angiogenic factors. Ejection fraction in rats receiving
myoblasts expressing HIF-1α increased dramatically (by 27%) compared to values
prior to transplantation and those in other control groups (68). The improvement in EF
was accompanied by a significantly greater degree of angiogenesis, cell engraftment,
and cell survival.

VEGF is another promising gene to mediate the simultaneous recruitment of vessels
to the repairing graft. Human myoblasts transduced with VEGF-165 gene produce six
times more capillaries in porcine myocardium than untransduced cells (69), demon-
strating the efficiency of the technique; however, cellular cardiomyoplasty using VEGF-
tranduced myoblasts has provided mixed results. Myocardial VEGF expression from
implanted VEGF-engineered myoblasts remains elevated for 2 weeks before declining
to baseline (70). This transient expression of VEGF resulted in enhanced angiogenesis,
reduced infarct size, and improved cardiac function (70). The findings were supported
by another group using VEGF-transduced human myoblasts in a porcine model of
chronic infarction (71). Moreover, although delivery of VEGF using direct adenoviral
injection and engineered myoblasts gave equivalent neovascularization response in an
infarction model in rats, only cell-based delivery resulted in increased cardiac function
(72). The improved function correlated with less apoptosis in the border zone in those
animals that received the VEGF-165 expressing skeletal myoblasts.

Conversely, one study using myoblasts where VEGF expression was driven by a
retroviral promoter had a disastrous outcome (73). All the mice in the VEGF group
died by 14 days, compared with no deaths in a group treated with myoblasts engineered
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to express the β-galactosidase gene. Histochemistry documented intramural vascular
tumors resembling hemangiomas surrounding injected myoblasts in the VEGF
myoblast-injected myocardium. This led the authors to conclude that myoblast delivery
of VEGF was not suitable for cellular myoplasty and underscores the importance of
temporal/spatial regulation of genes in the pursuit to refine cellular myoplasty in order
to enhance outcome.

PHASE I HUMAN TRIALS OF AUTOLOGOUS SKELETAL MYOBLASTS 

Driven by the promising results achieved in animal models of heart failure, human
autologous skeletal myoblast transplantation has been undertaken in both Europe and
the United States. Menasché et al. (11) reported the first clinical application of replace-
ment cell therapy for the treatment of CHF in June 2000. Although multiple cell types
have been investigated in preclinical studies, skeletal myoblasts were chosen because
they have several advantages in the clinical arena in addition to those outlined earlier.
These cells are easily harvested from small amounts of the patients’ own skeletal mus-
cle and expand readily in culture, overcoming the shortages of donor tissue (13). The
use of autologous cells avoids the ethical issues constraining stem cells and obviates
the need for immunosuppression. Since Menasché’s first report, several prospective
clinical trials have been initiated in the United States and Europe to investigate the
safety and effectiveness of skeletal myoblasts for the treatment of patients with
advanced heart failure. The following discussion will briefly outline the phase I clinical
trials that have been reported to date. 

As part of the first phase I trial in Europe, Menasché et al. reported on 10 patients
who underwent cell grafting at the time of surgical coronary revascularization (12).
Inclusion criteria were EF of 35% or less, presence of nonviable postinfarction scar-
ring, and indication for coronary artery bypass surgery (CABG). Patients had an aver-
age of 800 million cells injected at the time of surgery. These investigators showed that
at an average follow-up of 10.9 months, the average New York Heart Association
(NYHA) functional class improved from 2.7 ± 0.2 to 1.6 ± 0.1. Objectively, the group’s
average left ventricular ejection fraction (LVEF) improved from 24 ± 1% to 32 ± 1%,
and blinded echocardiographic assessment of regional wall function demonstrated
improvement in 63% of implanted scars. These encouraging results, however, were
tempered by a disturbing number of ventricular arrhythmias necessitating automatic
implanted cardiac defibrillator (AICD) implantation in four patients. Moreover, the
improvements in postoperative wall motion attributable to the grafted cells was difficult
to interpret in the setting of concomitant CABG, a procedure known to improve cardiac
function in patients with ischemic heart failure. Despite these limitations, the investiga-
tors demonstrated the feasibility and relative safety of this technique, justifying further
investigation.

Herreros and colleagues (10), using a similar study design, reported comparable
findings. This European phase I study enrolled 12 patients with a mean follow-up of
6.5 months. Inclusion criteria were remote history (>4 weeks) of myocardial infarction
(MI), presence of akinetic or dyskinetic nonviable scar, indication for CABG, and
LVEF greater than 25%. Eleven patients were treated with a mean of 211 ± 107 ×106

cells. Follow-up positron emission tomography (PET) imaging was done at 3 months
and echocardiography at 40 days and 3 months. Postoperative LVEF improved form
35.5 ± 2.3% to 53.5 ± 4.98% at 3 mo. Furthermore, in the 7 patients in whom 18F-FDG
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PET imaging was performed, both pre- and postoperatively, glucose uptake was signif-
icantly increased in both the whole myocardium and the infarct areas. Importantly, only
one of the treated patients experienced ventricular arrhythmias during the follow-up
period, and this patient underwent a concomitant anuerysmectomy at the time of sur-
gery. The authors speculate that a major complication is altered immunogenicity in the
implanted cells by prolonged ex vivo culture conditions, and the use of autologous
serum in the cellular preparation prevents the immunological inflammatory reaction
that triggers arrhythmias.

The findings of a third clinical trial were reported by Siminiak et al. Inclusion crite-
ria for this study were prior history of MI (minimum of 3 months before surgery), suit-
able anatomy for CABG, EF between 25 and 40% with one or more dyskinetic
segments on echocardiography, and lack of myocardial viability on dobutamine
echocardiography. The investigators documented improved LVEFs in all nine surviving
patients. Although the first two treated patients did suffer ventricular arrhythmias, the
addition of amiodarone prevented further episodes in these and subsequent patients. 

The result of the first US Food and Drug Administration phase 1 multi-institutional
human clinical trial was recently updated (74). Twenty-four patients with a history of pre-
vious MI and LVEF of less than 40% were enrolled in the CABG arm. In a second arm,
six patients underwent left ventricular assist device (LVAD) implantation as a bridge to
heart transplantation, and patients donated their hearts for testing at the time of heart trans-
plant. Patients were transplanted with between 10 and 300 million cells. Echocardiography
demonstrated an average improvement in LVEF from 25 to 34% at 1 year and further
improved to 36% at 2 years. PET imaging showed new areas of viability within infarcted
scars. Ventricular arrhythmias were not a significant problem in this group.

In all the aforementioned clinical trials, myoblast transplantation was performed in
conjunction with surgical revascularization. The benefit attributable to the transplanted
cells is thus impossible to ascertain. More recently initiated trials are perhaps better
designed to evaluate the effectiveness of these cells in the clinical setting.

Smits and colleagues (75) designed and reported on the first study to evaluate percu-
taneous transplantation of autologous myoblasts as stand-alone therapy. They reported
on the safety and feasibility of their approach in five patients with 6 months of follow-
up. Inclusion criteria included remote (>4 weeks) history of MI, LVEF between 20 and
45%, and presence of myocardial scar. They evaluated change in EF by LV angiogra-
phy, demonstrating an increase in the group mean from 36 ± 11% to 45 ± 8% by 
6 months. Ventricular arrhythmias were only problematic in one patient in their series,
in whom a prophylactic AICD was eventually implanted.

Recently, Siminiak and others reported their initial findings in a phase I clinical trial
in which myoblasts were administered as sole therapy in post-MI patients using a per-
cutaneous delivery system (76). Designed to evaluate feasibility and safety, these inves-
tigators enrolled 10 patients and reported on 6-month follow-up. Inclusion criteria were
remote history of MI (minimum of 3 months), LVEF between 25 and 40%, presence of
one to three akinetic or dyskinetic segments on echocardiography, and lack of viability
as assessed by dobutamine echocardiography. Patients were treated prophylactically
with amiodarone beginning the day prior to the procedure. Ventricular arrhythmia was
experienced in only one patient in whom amiodarone was not given because of allergy.
This patient was successfully treated with a previously implanted AICD. Amiodarone
therapy was discontinued after 2–3 weeks in all patients, and subsequent Holter moni-
toring revealed no sustained ventricular arrhythmias. Although they found only modest
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improvements in LVEF (3–8% improvement in six of nine patients treated), there was
symptomatic improvement in all nine patients treated, with all nine improving to
NYHA class I by 6 months. In contrast, the one patient who was not successfully
grafted showed no change in either his LVEF or his NYHA class by 6 months. 

Most recently, Ince et al. reported their findings in a similar study but with matched
controls (77). Six patients were treated with 210 × 106 ± 150 × 106 cells and com-
pared to controls at 6 months. The study group’s mean LVEF increased from 24.3 ±
6.7% to 33.2 ± 10.2%. In contrast, the control group’s remained unchanged (24.7 ±
4.6% vs 22.2 ± 6.2%). These investigators found similar improvements with respect
to exercise capacity and NYHA functional class. Although far from conclusive, these
reports suggest that skeletal myoblast transplantation may be beneficial in the absence
of surgical revascularization. They further validate minimally invasive techniques
that could significantly broaden the applicability of this burgeoning technology.

Histopathological analysis of transplanted skeletal myoblasts in humans is limited to
date. Menasché and colleagues (12,78) reported on one patient who died of a stroke
17.5 months after surgery. On postmortem examination, myotubes were found embed-
ded in the scar tissue. No gap junctions or other evidence of cardiomyogenic differen-
tiation was appreciated. They further quantified the percentages of cells staining
positive for slow myosin heavy-chain isoforms, demonstrating more than half of the
surviving cells staining positive, with 33% of cells coexpressing fast and slow iso-
forms. This is in contrast to native skeletal muscle populations, in which only 0.6%
expresses both isoforms. 

Pagani and colleagues reported on the outcomes in four patients who received cellu-
lar grafts at the time of LVAD implantation (79). In three patients in whom a dose of
300 × 106 cells was transplanted, surviving autologous skeletal muscle cells were iden-
tified by trichrome staining. The majority of skeletal myofibers were aligned in parallel
with the resident myocardial fibers. Additionally, these investigators noted expression
of slow-twitch myosin isoforms, evidence of myoblast differentiation. This study did
not investigate the presence of gap junctions in the grafted cells. The authors estimate
that the survival of transplanted myoblasts was less than 1% of the total cells grafted
based on histological analysis. Furthermore, they noted surviving cells in the epicardial
fat, presumably resulting from postinjection leakage of transplanted cells. These find-
ings further support the viability and possible functionality of these transplanted
myoblasts but suggest limitations to their ultimate ability to differentiate into functional
cardiomyocytes.

Cell transplantation for the treatment of heart failure is a promising field, but many
questions remain to be answered. The aggregate findings of multiple studies suggest a
modest beneficial effect from the autologous transplantation of skeletal myoblasts in
patients who suffer from heart failure. The mechanisms through which these cells exert
their effect remain elusive. The notion that these cells provide a significant contractile
force in the absence of gap junctions seems simplistic. Alternative explanations include
a potential role in limiting postinfarction remodeling to possible paracrine effects on
host tissue (37). Future studies will need to better evaluate the safety and efficacy of a
wider range of cell numbers and delivery techniques. Furthermore, issues about the
optimal timing of delivery will need to be addressed. We might expect that through
continuing collaborative efforts combining insights derived from animal studies and
well-designed clinical trials, skeletal myoblasts will be a useful and effective part of a
clinical armamentarium to treat heart failure.
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SUMMARY

Clinical trials using autologous hematopoietic or whole bone marrow preparations in patients
in the peri-infarct period are ongoing. These trials are attempting to improve myocardial func-
tion. Although it has been demonstrated in animal models that these stem cells do not differenti-
ate into cardiac myocytes, there is now clear evidence in animal models and clinical human trials
that their use is likely beneficial when delivered soon after acute myocardial infarction. It should
be noted that all of these trials have been performed in days to less than 2 weeks from myocardial
injury. The end product of myocardial injury translates into heart failure, an entity that may be
minimized by this type of therapy. One comes to the conclusion that the data are promising, but
there are still many questions to be answered, for example: What type of cell(s) should be
transplanted, and what should be their mode of delivery, optimal time of transplant, etc. 

Key Words: Hematopoietic stem cells; mesenchymal stem cells; myocardial infarction;
ejection fraction.

Hematopoietic stem cells (HSCs) comprise 1–2% of the adult bone marrow. HSC
transplantation is able to permanently reconstitute the entire hematopoietic system.
HSCs maintain the ability to differentiate into lineages of blood-forming cells, some of
which are able to differentiate into cells contained in myocardial tissue (e.g., endothe-
lial cells) (1,2). In addition to the CD34+ HSCs used to reconstitute hematopoietic cells
to treat hematopoietic ailments, CD45+, CD117+ (or c-kit+), CD133+, and CD14+ markers
also characterize subpopulations of HSCs. The original impetus for taking these cell pop-
ulations to the clinic was the concept that the CD34+- and CD117+-derived bone mar-
row stem cell population had plasticity (3,4). The assumption was that the plasticity of
this population permits environmental signals generated by the myocardium to encour-
age transdifferentiation of these cells into cardiac myocytes or endothelial cells posten-
graftment (1,2). Unfortunately, emerging data indicate that these cell types do not
differentiate into cardiac myocytes (5,6). However, even if these bone marrow-derived
cells do not differentiate into cardiac myocytes, there is good evidence that suggests
that this bone marrow-derived stem cell population homes to (7) and supports the newly
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injured myocardium and improves left ventricular function (3). Thus, while controversy
still exists regarding whether the early experiments of Orlic and colleagues actually
resulted in regeneration of cardiac myocytes, it is critical to note that no controversy exists
as to whether myocardial function was improved in these studies by the delivery of
hematopoietic stem cells to the heart at the time of myocardial infarction (MI).

Mononuclear preparations from bone marrow aspirates contain not only HSCs, but
also multiple other stem cell types, the most distinct perhaps being the mesenchymal
stem cell (MSC) (8). In bone marrow transplant trials, MSCs have been shown to
support HSC engraftment, suggesting that MSCs work in symphony with HSCs to
revascularize the myocardium (9). These cells are known to express multiple cytokines,
which may alter the repair response of freshly injured myocardium (10), and have been
shown by some (11,12) but not all groups (13,14). 

STEM CELL TRANSPLANTATION IN ACUTE MI

Early Trials
A number of issues remain unresolved regarding the delivery of stem cells to

myocardial tissue. Perhaps the most obvious is the mode of delivery, via either direct
intramyocardial injection at the time of surgery, percutaneous direct myocardial injec-
tion into the endocardium, or percutaneous via intracoronary infusion. Amazingly, the
original rodent studies were published in May 2001, and the first studies investigating
the safety of these different approaches in different clinical populations were published
beginning the very next year (Table 1). The first of these was a phase I trial in 10
patients within days of MI, suggesting that intracoronary delivery of bone marrow-
derived mononuclear cells resulted in improved left ventricular (LV) contractility and
improved perfusion of the infarct zone 3 months later (15). Expanding on these data, it
has been demonstrated that intracoronary infusion of either bone marrow-derived
mononuclear cells or peripheral blood-derived endothelial progenitor cells (endothelial
characteristics defined as Dil-acetylated low-density lipoprotein uptake, lectin binding,
and the expression of typical endothelial marker proteins, including CD105, vascular
endothelial growth factor receptor [VEGFR]2, von Willebrand factor, CD31, and
CD146) within days of MI resulted in improved regional LV function and viability
within the infarct zone (16).

One year follow-up of the Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction trial including additional patients (17)
showed no adverse events with stem cell therapy, including no increase in subsequent
MI or ventricular arrhythmia. Importantly, they demonstrated that the level of increase
in ejection fraction (EF) was directly related to the degree of LV dysfunction at the
time of cell therapy. Linear regression revealed that there was an absolute 20% increase
in EF for patients who started with an EF of 20%; however, the increase in EF was only
5% in patients with an initial EF of 60%.

Randomized Trials
The first randomized stem cell trial for patients with acute MI was the Benefits of

Oxygen Saturation Targeting (BOOST) trial (18). In the BOOST trial, all patients were
emergently reperfused by primary percutaneous coronary intervention and received
optimal medical care. One half of the patients were randomized to receive intracoro-
nary infusion of a mononuclear preparation of cells from the marrow space of the iliac
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Table 1
Hematopoietic or Bone Marrow-Derived Stem Cell Studies in Patients With Acute Myocardial Infarction

No. patients/ Delivery Time after Baseline LV
Study (ref.) placebo control Cell type method infarct (a) function (%) Comments

Strauer (15) 10/No Mononuclear Intracoronary 5–9 57 An improvement in LV cavity 
BM-derived cells dimensions and systolic function

as well as improved myocardial 
perfusion were seen at 3 m 
follow-up. No acute procedure
related complications or long
term complications were seen.

Assmus (16) 20/No BM-derived Intracoronary 4.3 ± 1.5 52 Improved EF, regional 
mononuclear cells contractile function and 

increased myocardial viability 
were seen within the infarct zone 
at 4 mo follow-up. No acute 
procedure-related complications or
long-term complications  were seen.

Fuchs (25) 10/No BM-derived Transendocardial N/A N/A Study on patients with myocardial 
stem cells ischemia without option for 

percutaneous or surgical 
revascularization. CCS Angina 
Class before vs 3 mo after:
3.1 ± 0.3 vs 2.0 ± 0.94.

Chen (24) 69/Yes BM-derived MSC Intracoronary 18.4 ± 1.5 49–53 Improvement in perfusion cardiac 
function and decreased LV dilation. 
No increase in restenosis noted.

BOOST (18) 60/Yes BM-derived Intracoronary 4.8 50–51 Six months after MI, increase 
mononuclear cells in EF (6.7%) in patients received 

BM cells compared to 0.6% in 
optimal medical management.
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OPCARE-MI (17) 59/No BM-derived Intracoronary 4.9 ± 1.5 49–51 Improved EF and decreased LV 
mononuclear cells or end-systolic volume at 4 mo 
peripheral blood after stem cell therapy. 
derived progenitor No arrhythmias out to 12 m after
cells cell therapy. No difference between

BM-derived or peripheral 
blood-derived cells.

ASTAMI (20) 100/Yes BM-derived Intracoronary 5–8 46 Noted chest pain and/or EKG changes 
mononuclear cells with infusion. No improvement 

6 mo after cell stem 
cell infusion.

REPAIR-AMI (19) 204/Yes BM-derived Intrcoronary 4 47–48 Modest improvement in EF 4 mo after 
mononuclear cells stem cell infusion 5.5% with 

stem cells vs 3.0% for placebo.
For EF <49% at baseline, improvement

was 7.5% with stem cells vs 2.5% 
for placebo.

Janssens (21) 66/Yes BM-derived Intracoronary 4 46-49 First randomized, placebo controlled 
blinded study for cell therapy
at thetime of AMI. No benefit seen.

LV, left ventricular; BM, bone marrow; EF, ejection fraction; MSC, mesenchymal stem cell; AMI, acute myocardial infarction.
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crest. The intracoronary infusion occurred between 4 and 5 days after MI. This study
demonstrated that cell infusion did not result in an increase in troponin levels. Six months
after cell infusion, patients in the active arm of the BOOST trialdemonstrated on average
a 6.7% increase in EF, without significant changes in LV end-systolic or -diastolic
volumes. Patients in the control arm exhibited only a 0.6% increase in EF. This unusu-
ally small increment in cardiac function with optimal medical therapy (Table 2) resulted in
the improvement seen, with cell therapy being statistically significant.

The results seen in the BOOST population have recently been reproduced by those
seen in the Reinfusion of Enriched Progenitor Cells and Infarct Remodeling in Acute
Myocardial Infarction (REPAIR-AMI) trial (19). In the REPAIR-AMI trial, patients
with acute MI received intracoronary infusion of bone marrow-derived cells 4 days
after primary percutaneous coronary intervention. The absolute benefit seen in the
REPAIR-AMI trial was smaller than that seen in the BOOST trial (6 vs 2.5%); both
reached statistical significance. Of more concern is the fact that, on average, the entry
LV function was less in the REPAIR-AMI trial than in the BOOST trial (Table 2). If
our current understanding and our hope for future therapy were correct, we would have
predicted the opposite: the sicker the heart, the better the improvement.

Whether this therapy has a real future is further complicated by the recent release of
the Autologous Stem Cell Transplantation in Acute Myocardial Infarction (ASTAMI)
trial results (20) and those of Janssen and colleagues (21). The ASTAMI trial was an
open-label study in patients with acute ST-elevation anterior wall MI. This is the first
study to limit enrollment to patients with anterior wall MI, arguably the patient popula-
tion that is at greatest risk for developing chronic heart failure (CHF) and, thus, the one
on whom we should be focusing the most. The ASTAMI trial showed no benefit with
infusion of autologous bone marrow-derived mononuclear cells. Although this was a
well-designed and -executed study, some concern could be raised regarding the timing
of stem cell infusion. It is unclear whether stem cells will home to the heart 5–8 days
after MI because of the possible lack of stem cell homing factor expression that long
after MI (7,22).

The study by Janssen et al. is the first randomized, placebo-controlled, blinded
study of stem cell therapy in patients with acute MI (21). All patients underwent bone
marrow biopsy and infusion into the infarct-related coronary artery. However, 50% of
the patients received saline instead of their own cells. Although a heroic and ideal
study design, one might have hoped that, considering the invasive nature of the control
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Table 2 
Baseline and Follow-up Ejection Fraction Measurements in Control and Active Arms 

of Randomized Hematopoietic Stem Cell or Bone Marrow-Derived Mononuclear Cell Trials 
in Patients with Actue Myocardial Infarction

Baseline EF (%) Follow-up Follow-up EF (%) Difference

Trial (ref.) Control Active (mo) Control Active control/active

Boost (18) 51.3 50 6 52 56.7 0.7/6.7
ASTAMI (20) 46 46 6 48.1 49.1 2.1/3.1
REPAIR-AMI (19) 47 48 4 50 54 3.0/5.5
Janssens (21) 46.9 48.5 4 49.1 51.8 2.2/3.4

EF, ejection fraction.
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arm, only a patient population at high risk for the development of CHF would have
been eligible. That said, the right coronary artery was the infarct-related artery in one-
third of the patients, and the baseline ejection fraction at the time of enrollment for the
complete study population was approx 47% by magnetic resonance imaging (MRI).

Performing a blinded, placebo-controlled study was critical to the field because
questions have arisen as to whether the improvement in EF seen in other studies was a
result of the procedure involved in delivering the stem cells, or the stem cells them-
selves. In most trials in which stem cells are infused, there is transient and repeated
cessation of blood flow in the infarct-related vessel at the time of stem cell infusion.
Concerns have been raised that this technique could induce preconditioning-like
responses in the myocardium, resulting in improved LV remodeling. Transient ischemia
could also prolong stem cell homing signals within the myocardium, resulting in a pro-
longed healing response (7,23). Unfortunately, in this well-done study no improvement
in cardiac function was observed 4 months after MI. Importantly, the investigators did
note a significant increase in the likelihood of improved contractility in segments with
increasing transmural involvement in those patients who received bone marrow-derived
cells compared to controls. They also observed a greater reduction in infarct size as
measured as late enhancement volume by MRI at 4 months after MI. Whether these
types of changes will result in long-term benefit is unknown but is critical if these ther-
apies are to ultimately be considered useful.

Mesenchymal Stem Cells
There are limited clinical data for the specific use of MSCs in acute MI. The largest

experience to date is that of Chen and colleagues (24). In this study bone marrow was
harvested 8 days after MI, and MSCs were expanded in culture for 7–10 days in order
to obtain a sufficient number of cells. On average, 18 days after acute MI the cells or
saline were delivered via an intracoronary infusion into the infarct-related vessel.
Baseline ejection of the population at the time of intracoronary infusion was 49 ± 9%.
Three months later, a significant improvement in cardiac function was observed in
those patients who received bone marrow-derived MSCs (67% ± 11%) compared to
saline (53% ± 8%). Whether MSCs are a better cell type than a whole bone marrow
preparation or hematopoietic stem cells is still uncertain. Furthermore, it is likely that
prior to broad adoption of MSCs, the issue of whether allogeneic MSCs can be imple-
mented needs to be fully addressed.

SUMMARY

A significant amount of data has been amassed regarding the feasibility, safety, and
efficacy of autologous intracoronary stem cell infusion within days of an acute MI.
Some premature conclusions may be drawn. First, the strategy is feasible; second, the
strategy appears safe, without any untoward events noted in the patients who receive
intracoronary stem cell therapy; third, there appears to be no concern about an increase
in MI or arrhythmia in patients who receive hematopoietic stem cell or whole bone mar-
row preparations. Although this favors going forward with this strategy, the issue of effi-
cacy is still uncertain. Disappointingly, investigators to date have in general taken all
patients, without any regard for the degree of LV dysfunction. Thus, most patients stud-
ied to date would have been at relatively low risk for the development of death or CHF.

The potential power and hope of stem cell therapy was first demonstrated in animal
models with large MIs. The benefits were profound (1,3). To date we have not seen this
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profound benefit in clinical populations. Whether this is because we have not focused
our clinical trials to date in high-risk patients or whether the strategy will not translate
well to clinical populations is unknown. We now realize that the likelihood of true
myocardial regeneration with this strategy is unlikely (5,6). Whether and how this field
moves forward is unclear. No doubt larger clinical trials with strategies implemented to
date that demonstrate modest benefits will be undertaken. However, perhaps a focus on
patients at high risk for morbidity and mortality following acute MI needs to be under-
taken, in collaboration with our colleagues at the bench who are trying to unravel and
optimize the biology at play.
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SUMMARY

Previous dogma held that an acute myocardial infarction (MI) resulted in absolute death of
the involved myocardium and could only be modulated by reperfusion therapy. Recent data
demonstrating the presence of a natural repair process stimulated by the release of chemokines
in response to injury have challenged that belief. Unfortunately, this natural repair mechanism
occurs at a rate that precludes any meaningful recovery of myocardial tissue and function. The
feasibility of myocardial repair/regeneration has been demonstrated through delivery of either
exogenously expanded stem cells or endogenously mobilized stem cells expanded by growth
factors (i.e., granulocyte–colony-stimulating factor). Although data regarding the use of various
growth factors in order to attenuate the extent of damage or facilitate repair of injured
myocardium remain limited, the early experiences have suggested safety. From these data, one
may envision a potential therapeutic strategy that augments the naturally occurring repair
process early following a MI through mobilization of stem cells that will minimize damage and
limit the dysfunction for a substantial proportion of patients.

Key Words: Stem cells, mobilization, growth factors, myocardial repair/regeneration, acute MI.

CLINICAL BACKGROUND AND PATHOPHYSIOLOGY 

Following injury to most organs, local and systemic reparative processes are acti-
vated, generally leading to partial or complete restoration of function (1–4). In the case
of ischemic injury to the heart, in addition to local processes, transient elaboration of
cytokines leads to homing of cells normally circulating or resident in the bone marrow
(5). A simplified schematic of pathways, cytokines, and cell markers is provided in Fig. 1.
Unfortunately, the number of recruited cells is meager, their paracrine effects are diffi-
cult to measure, and the overall clinical benefit is modest (6,7).

Although the number is actually falling slightly, nearly 1 million patients present to
US hospitals annually with ST-elevation myocardial infarction (MI). Reperfusion ther-
apy has dramatically improved the prognosis for many, but those with appreciable heart
muscle dysfunction manifest by Killip class III–IV symptoms (chronic heart failure
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Fig. 1. Stem cells: selected pathways and markers.
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or cardiogenic shock) at or early after presentation are left with a 30–50% 30-day mor-
tality rate (8–11). Principal functional gain is seen when reperfusion is achieved within
4 hours of infarct onset (7,11). It is the patient with large infarction and/or delayed
reperfusion in particular for whom stem cell or other novel forms of repairative/protective
therapy is most well-suited. 

Approaches to “stem cell therapy” in this setting have developed along two general
lines—intracoronary injection of relatively crude purifications of bone marrow aspi-
rates (12–14) and attempts to enhance the normal mobilization and homing processes.
This chapter will focus on the latter approach.

Without the stimulous of tissue damage, stem cell contribution to maintenance and
repair cardiac function is very modest (15,16). To study the role of stem cells in tissue
damage, Jackson and colleagues utilized a mouse model of infarction and Rosa 26
(LacZ-positive) repopulation of bone marrow following irradiation to allow tracking of
bone marrow-derived cells. They demonstrated that 3 weeks after coronary artery occlu-
sion, approx 3% of cardiac endothelial cells and 0.02% of myocytes appeared to be
bone marrow-derived (6).

To study the consequences of a more robust stem cell effect, Kocher injected 2 × 106

granulocyte–colony-stimulating factor (G-CSF)-mobilized human CD34+ cells (90%
CD45+, 70% CD117+, 1% CD14+) into the tail veins of athymic nude rats 48 h after
infarction and reported the effects 2 weeks later. Recombinant human G-CSF
(Neupogen) has been in clinical use to treat neutropenias and to augment blood 
progenitor cell collection for more than a decade. Given subcutaneously, it leads to a
30-fold increase in circulating CD34+ cells within 4–5 days (17). Cytometric charac-
terization of mobilized cells is shown in Fig. 2 (18). Histopathological evidence of
neoangiogenesis, less apoptosis, more than 50% smaller infarcts, and better left ven-
tricular (LV) function was seen compared with sham-treated animals (18). Similar
results were reported by Schuster (19). Interestingly, mobilized and engrafted cell
survival appeared to be extremely modest (20). Although initial interpretation of ben-
efit focused on the possibility of milieu-based transdifferentiation into cardiomy-
ocytes (21,22), more recent data suggest that neoangiogenesis and paracrine effects
predominate (18).

These observations led to the seminal study of Anversa and Orlic, wherein utilizing a
mouse infarct model after splenectomy to minimize sequestration of mobilized cells,
G-CSF and another mobilizer, stem cell factor (SCF), were given for 5 days prior to MI.
Four weeks after MI they reported histopathological evidence of transdifferentiation into
cardiomyocyte-like cells at the infarct border zone, in conjunction with dramatic
improvement in LV function and survival to 30 days compared with sham-treated ani-
mals (21). Also in a mouse model, but more clinically relevant in that the therapy was
given after infarction, Fujita and colleagues reported similar results with G-CSF, but
cautioned that another stimulating factor, granulocyte macrophage (GM)-CSF, was asso-
ciated with increased early mortality as a result of myocardial rupture (23). Minatoguchi
used postinfarction G-CSF in a rabbit model and found a significant reduction in scar
area at 3 months as well as confocal microscopic suggestion of bone marrow-derived car-
diomyocytes (24). Alteration of postinfarction healing (increase in transforming growth
factor-β, pro-collagen types I and III) has also been reported with G-CSF in small ani-
mal models (25), and G-CSF has also been reported to have direct effects on the survival
of ischemic cardiomyocytes via activation of the Jak/Stat3 pathway (26). Anversa, how-
ever, has not been able to replicate such results in large animal models (27).
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Fig. 2. G-CSF mobilizes into the circulation a human bone marrow-derived population that differentiates into endothelial cells. (A) Four-parameter flow cytomet-
ric phenotypic characterization of living (defined by 7-AAD straining), G-CSF–mobilized cells derived from adult human bone marrow. For each marker used,
shaded areas represent background log fluorescence relative to isotype control antibody. (B) Proliferative responses to various stimuli of single-donor CD34+

human cells sorted on the basis of bright and dim CD117 expression and co-expression of intracellular GATA-2 protein. Graph shows 96-hour proliferative
responses ■, CD117 Bright/GATA-2Hi; ❑, CD117Dim/GATA-2Lo (p < 0.01 for both comparisons).
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BEYOND G-CSF

Treatment with G-CSF remains the gold standard for hematopoietic stem cell mobi-
lization for patients undergoing autologous hematopoietic cell transplantation. It is also
known that there is a surge in CD34+ cells into the peripheral blood as patients recover
from certain cytotoxic chemotherapeutic agents, including cyclophosphamide and
etoposide (28–30). SCF interacts synergistically with G-CSF to mobilize stem cells,
but SCF has yet to gain Food and Drug Administration (FDA) approval in the United
States. A newer agent, AMD 3100, a CXCR-4 inhibitor, has shown great promise as a
new and novel mobilizing agent. 

STEM CELL FACTOR

SCF is a ligand for the receptor encoded by the c-kit proto-oncogene, which is
expressed on a variety of cells, including hematopoietic cells and mast cells (31–34).
The c-kit ligand plays a major physiological role in stem cell development.

In the 1990s, several clinical trials were conducted investigating the use of SCF, usually
in conjunction with G-CSF, as a stem cell-mobilizing agent. A summary of clinical trials
studying large numbers of patients is shown in Table 1. Several themes are apparent. First,
SCF combined with G-CSF is an effective mobilizing regimen. SCF plus G-CSF generally
mobilizes more CD34+ cells than does G-CSF alone. The usual treatment schedule is to
receive SCF plus G-CSF for 5–9 days, with stem cell collection beginning on the fifth
day of therapy. SCF plus G-CSF results in moderately increased numbers of CD34+ cells
collected over every leukapheresis day. 

Early studies of SCF noted a small but defined incidence of allergic reactions, which
were occasionally severe (34–38). Local reactions at injection sites were also seen.
Subsequent studies generally used a three-drug pretreatment regimen of ranitidine,
albuterol, and either diphenhydramine or cetirizine to decrease mast cell-mediated side
effects of the drug. Even with this extensive premedication, approx 10% of patients still
experience severe allergic reactions (38).

In summary, although SCF is synergistic with G-CSF and results in moderately
increased numbers of CD34+ cells collected, local toxicities at injection sites are com-
mon, and some allergic toxicities, which may be severe, have been described. SCF is
not an FDA-approved drug in the United States at the present time. 

AMD 3100

AMD 3100 is a selective antagonist of CXCR-4, the cognate receptor for stromal-
derived factor I (SDF-I), which is expressed on CD34+ hematopoietic progenitor cells
(39,40). AMD 3100 was first studied for its selective inhibition of HIV type I and II 
replication through binding to the CXCR-4 receptor, used by HIV for entry into CD4+

cells (41–43). As these studies progressed, it was noted that the HIV type I co-receptor
CXCR-4 is preferentially expressed on the more immature CD34+ hematopoietic stem
cells (44–46). Clinical trials were then designed to evaluate the pharmacokinetics and
safety of AMD 3100 as a potential anti-HIV agent. However, Hendricks et al. described
the use of AMD 3100 in human volunteers and noted a dramatic rise in peripheral white
blood cell count 6–10 hours after receiving a dose of AMD 3100 (47). As additional
preclinical data noted that SDF-I and CXCR-4 may represent a new mechanism for
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CD34+ mobilization (48–50), trials began to investigate AMD 3100 with and without
G-CSF as a mobilizing agent in the clinical setting. 

Liles et al. described the use of AMD 3100 in healthy volunteers and found a
dose–response effect of AMD 3100 on CD34+ cell mobilization into the peripheral blood
(51). The mobilization was rapid, with elevations of CD34+ cells detected 3 hours after
receiving a subcutaneous dose of AMD 3100, peaking at 9–10 hours after dosing. All
adverse effects were mild and transient. The mobilization was detectable with a single
dose of AMD 3100. A subsequent study of human volunteers combined AMD 3100 with
recombinant human G-CSF for stem cell mobilization. Stem cell mobilization with
AMD 3100 alone was similar to G-CSF alone. However, the combination of G-CSF and
AMD 3100 resulted in a dramatic increase in circulating CD34+ cells, again peaking
approx 10 hours after AMD 3100 injection. Toxicities were mild and transient (52).

One study of AMD 3100 for clinical CD34+ mobilization prior to autologous stem cell
transplant included 13 patients with hematological malignancies (7 with multiple
myeloma and 6 with non-Hodgkin’s lymphoma) who received AMD 3100 alone for stem
cell mobilization. AMD 3100 resulted in a rapid and statistically significant increase in
both total white blood cell count and peripheral blood CD34+ cell counts (53). 

290 Ellis and Bolwell

Table 1
Clinical Trials of SCF as a Mobilizing Agent

Author Ref. Year Comment

Glaspy 8 1997 215 BC pts received G-CSF + SCF 
or G-CSF alone. G-CSF + SCF 
mobilized more CS34+ cells.  
Allergic reactions described.

Facon 9 1999 102 MM pts received Cy + G-CSF 
or Cy + SCF + G-CSF. SCF group 
had 3-fold greater chance of 
reaching5 × 106 CD34+ cells/kg
in one leukopheresis. Mild to 
moderate injection site 
reactions common.

Weaver 10 1998 48 pts with OC received Cy + G-CSF 
alone or Cy + G-CSF + SCF. 
SCF + G-CSF mobilized more 
CD34+ cells. Local reactions 
common; one patient developed
anaphylactoid reaction.

Stiff 11 2000 102 heavily pretreated NHL or HD 
pts received SCF + G-CSF or 
G-CSF alone. Combination group 
mobilized more CD34+ cells. 
Premedication with antihistamines 
and albuterol in all patients, but 
10% still had “severe mast 
cell mediated reactions.”

SCF, stem cell factor; Cy, cyclophosphamide; BC, breast cancer; OC, ovarian cancer; NHL, non-
Hodgkin’s lymphoma; HD, Hodgkin’s disease; MM, multiple myeloma.
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Taken together, these data have resulted in a multi-institutional, randomized, double-
blind, placebo-controlled comparative trial of AMD 3100 plus G-CSF vs G-CSF plus
placebo to mobilize CD34+ cells in both non-Hodgkin’s lymphoma patients and multi-
ple myeloma patients. These studies have just begun and should require approx 1 year
for patient accrual. Investigators await these results with great interest as it appears that
AMD 3100 is an effective, fast, and relatively nontoxic mobilizing agent with a novel
mechanism of action. 

EARLY CLINICAL TRIALS

Based on these preclinical data, several very small randomized and registry experi-
ences have been undertaken in humans, providing glimpses of both potential benefit
and risk. Kang and colleagues were the first to report preliminary data, in the form of
the Myoblast Autologous Grafting in Ischemic Cardiomyopathy (MAGIC) trial (54).
Twenty-seven patients at least 48 hours after acute MI who were stable for at least
24 hours after percutaneous coronary intervention were randomized between intracoro-
nary infusion of G-CSF mobilized peripheral blood stem cells, administration of 10 µg/
kg/d G-CSF alone, or placebo. Intracoronary cell infusion limited infarct size, improved
ejection fraction, and enhanced exercise time. Implanted bare metal stents in both the
intracoronary cell therapy and G-CSF groups frequently developed restenosis, however
(five of seven in the intracoronary infusion group and two of three in the G-CSF-alone
group). Subsequently, both Nienaber and Ellis separately reported results from small-scale
randomized trials randomizing patients between G-CSF and placebo, in conjunction
with standard therapy for acute MI (55,56). Nienabèr’s study required ST elevation in
at least three electrocardiogram leads and percutaneous coronary intervention within
24 hours of infarct onset, whereas our study required LV ejection fraction (EF) less
than 40% and percutaneous coronary intervention 4–48 hours within infarct onset.
Nienaber’s study utilized G-CSF at a dose of 10 µg/kg per day, randomized 30 patients,
and demonstrated a statistically significant improvement in EF between baseline and
6 months (52–56%, p < 0.05) and restenosis in only 13% of patients. Our study involved
dose escalation from 5 to 10 µg/kg per day in 18 patients, and to date we have only
reported on the low-dose results. No adverse events were noted, and the number of
patients randomized was too small to adequately assess changes in LV function. In a
nonrandomized study of 13 patients, De Lezo and colleagues reported a statistically
significant relationship between peak CD34 level and gain in ejection fraction at 3 mo,
but splenic rupture 8 d after G-CSF in one patient (57) (very rarely noted when G-CSF
is utilized for approved indications). Potentially more troubling still are unconfirmed
reports of an excess in acute coronary syndrome events when G-CSF is experimentally
used in the chronic setting to try to induce angiogenesis (58).
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SUMMARY

We are on the verge of an extraordinary and exciting time in cardiovascular medicine. Until
recently, it was believed that tissue damaged during a myocardial infarction was permanently
lost. We now understand that there is a stem cell-based repair process that attempts to repair the
injured myocardium. Unfortunately, this is a clinically inefficient process because of the short
period during which the molecular signals are expressed, too few stem cells and/or the wrong
cell type entering the injured tissue, or the lack of coordinating and/or differentiation signals
expressed in the injured tissue. Importantly, we are now actively developing strategies that we
believe could not only recover cardiac function but regenerate myocardial tissue as well. Further
development and clinical fruition of these strategies for the treatment and/or prevention of
chronic heart failure will require a high level of collaboration between the basic scientist and
clinician and a great deal of rigorous work on both sides. The combination of the increasing
prevalence of congestive heart failure, the economic burden of caring for these patients and the
morbidity and mortality associated with the diagnosis, the potential human and societal benefits
of unlocking the potential of stem cell therapy as a treatment is extraordinary.

Key Words: Regenerative medicine; congestive heart failure; gene therapy; clinical trials.

FUTURE CHALLENGES

If only because of the aging population, the need for regenerative strategies in gen-
eral is great. This need is compounded because we have made great strides in the treat-
ment of acute illnesses, leading patients to live in circumstances in which in the past
they might have died, but with significant morbidity owing to decreased end-organ
function. In the case of coronary artery disease and acute myocardial infarction (MI),
the needs are exacerbated because of the rapidly increasing number of patients with
chronic heart failure (CHF) worldwide.

Although great optimism has been generated by early preclinical studies that sug-
gested the potential of myocardial regeneration using stem cells, clearly a number of
critical clinical and scientific issues need to be addressed before these therapies will
become either optimized or part of routine clinical practice to either prevent or treat
CHF following MI. That said, the field continues to mature; no longer are case reports
sensationalized in the media, and we have already progressed through noncontrolled
phase I trials to randomized controlled trials for the administration of bone marrow-derived
mononuclear cells to patient with acute MI. Perhaps now more than ever it continues to
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be crucial that the public be accurately informed and have realistic expectations. Given
the pervasiveness of the disease, the pressure/interest from patients and special interest
groups is significant. 

We have already learned a great deal from those investigators who have performed
either feasibility and/or placebo-controlled studies for patients in the peri-infarct period
or with CHF (1–10). The majority of these studies implemented hematopoietic stem
cells or preparations of whole bone marrow harvests. As discussed in other chapters,
although these strategies for patients with acute MI have been show to be feasible and
safe, studies with the most rigorous trial designs, either as a result of being blinded (10)
or limiting patients to those with anterior wall MI (9), have failed to demonstrate sig-
nificant benefit. Although there is real hope for these cell types in patients with ischemic
cardiomyopathy and CHF (4,6), this strategy awaits blinded randomized trial results.

Along with hematopoietic stem cells and whole bone marrow mononuclear prepara-
tions, autologous skeletal myoblasts are being actively studied in clinical trials (11–14).
Skeletal myoblasts are not a stem cell type and do not differentiate into endogenous
cells normally found in the heart. However, they do offer some hope for improving car-
diac function when transplanted into patients with ischemic cardiomyopathy. Concerns
still exist regarding the potential for skeletal myoblasts to increase the arrhythmogenic
risk in patients (11,12,15,16). Whether skeletal myoblasts will ultimately serve as a
platform for gene delivery (15,17,18) or as a stand-alone cell population for the treat-
ment of CHF is unclear. What is clear is that until one of the many stem cell types dis-
cussed earlier in this book is rigorously studied in clinical populations, skeletal
myoblast therapy will likely be a viable option.

With respect to stem cell therapy for acute MI and/or CHF, many issues need to be
addressed.

BASIC BIOLOGY

To ascertain which population of stem cells can differentiate into cardiac myocytes:

• The appropriate source or identity of a stem cell population that can be expanded suffi-
ciently to allow for clinical application as well as predictably differentiate into a car-
diac myocyte still remains to be identified. 

• We need to identify the molecular pathways critical for stem cell differentiation into
cardiac myocytes (19) and determine how to deliver those factors to injured myocardial
tissue (17,20). It is likely that this goal will be best achieved through the use of embry-
onic stem cells (21).

The benefits of stem cell therapy for patients with acute MI require that a sufficient
number of cells be available within days of the MI. Optimally, this would be obtained
via an allogeneic source of appropriate stem cells for myocardial regeneration: Many
of the cell types currently of interest will require a significant amount of time (weeks)
in order to obtain a sufficient number of cells for each person. Therefore, an easily
expanded and reliable source of allogeneic stem cells will likely be required (22,23),
and we need to determine how closely major histocompatibility complex class I and II
matching is required to yield benefit without requiring immunosuppression.

Stem Cell Delivery Systems
Multiple catheter systems are being developed to deliver stem cells to myocardial

tissue. Each of these approaches and systems requires validation. Similarly, depending
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on the ability of the injected stem cell to migrate and respond to the local miroenviron-
ment, we will need to determine if myocardial mapping (e.g., NOGA system [6]) will
be required to optimize therapy. 

The issues of timing of therapy and the dose of cells need to be studied and opti-
mized for each stem cell population of interest.

Arrhythmogenic Effects
Early clinical studies with skeletal myoblasts have demonstrated that skeletal

myoblast transplantation may increase the arrhythmogenic risk in patients already at
significant risk (11,12). These findings suggest that there could be adverse effects
following cell therapy. We need to identify the factors that make one cell type pro-
arrhythmogenic and others less arrhythmogenic. Once we understand that, we can fur-
ther define the parameters that identify an optimal stem cell for myocardial
regeneration.

CLINICAL TRIALS

Clinical trials to date have focused on autologous stem cell sources. As the biology
of stem cell transplantation is better understood, studies implementing allogeneic
sources of stem cells will need to be under taken. General use immunosuppression in
such a large clinical population such as that with CHF seems impractical.

One of the more important decisions with regard to clinical trials at this stage is
whether patients enrolled in cell therapy trials for CHF should have to have implantable
cardioverter defibrillators (ICDs) in place. The reason is twofold:

• If there is an increased arrhythmogenic risk with cell therapy, then ICD implantation
would protect these patients.

• If there is not an increased risk of arrhythmogenic risk, then ICD interrogation of these
patients will offer data that will be important for future patients and clinical trials.

Given the recent results from ICD trials in patients with ischemic cardiomyopathy,
virtually all patients who fit the entry criteria for stem cell therapy at a time remote
from MI would qualify for an ICD. The real issue is overseas trials, where ICDs are not
as readily accessible.

As clinical trials mature from feasibility studies to outcomes, the issue of endpoints for
these trials may become a significant issue. Although clearly the eventual goal, it is not
clear that early stem cell strategies will prolong life. Unlike a pharmacological treatment
where the main mechanism of action is well defined and comparative trials look for dose
effects (24) or subtle differences in preparations (25), different stem cell populations
could have profound and mechanistically distinct effects. Therefore, agreement on short-
term functional measures will greatly enhance development of the field. The study by
Perin and colleagues (6) in which they quantified both functional measures by treadmill
testing and left ventricular parameters by echocardiography should serve as a prototype.

A great problem facing the field of stem cell therapy for the treatment of myocardial
infarction is not knowing the effects of different stem populations on the underlying
atherosclerosis that ultimately caused the heart failure. Based on the current state of
knowledge, it is theoretically possible that stem cells will decrease, have no effect, or
increase the risk of plaque rupture and MI. To date, based on the hundreds of patients
that have been treated with whole bone marrow preparations or hematopoietic stem
cells, there is no indication for increased MI at 6–12 months. 
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CELL-BASED GENE THERAPY

There are several basic biological and clinical issues facing stem cell therapy before it
can be clearly efficacious and widely available. However, one treatment strategy that may
be directly benefiting from the cell therapy investigations performed to date is gene ther-
apy for CHF and/or chronic ischemia. One of the difficulties with early gene therapy strate-
gies was the difficult decision as to whether to inject plasmid DNA (26,27) or viral vectors
(28) encoding the gene of interest. Plasmid DNA results in low transfection efficiency, but
no significant systemic or local inflammatory reaction, whereas viral vectors, in particular
adenoviral vectors, result in high tissue levels of expression, but carry the risk of system
can local inflammation that have been associated with morbidity and mortality in clinical
trials. Neither plasmid DNA nor viral vectors allow for cell-type specific transfection.

The relative acceptance of the concept of cell therapy for CHF and/or chronic
ischemia has opened up the possibility of delivering engineered/manipulated cells
(15,17,18,20,29). The advantages of this approach are several, including (1) cell type-
specific gene expression, (2) ex vivo use of high-efficiency viral vectors for cell trans-
fection avoiding system exposure, and (3) ability to develop/deliver cells engineered to
respond to local environmental cues such as hypoxia and/or oral drug therapy. An addi-
tional advantage is that cell-based gene therapy may require fewer cells to obtain bene-
fit than cell-only therapy. Thus, before we fully understand the fundamental issues of
stem cell therapy, we may be able to offer patients significant benefit through cell-
based gene therapy, since many of the genes of interest have been identified previously.

CONCLUSIONS

The simple conclusion is that we are on the verge of an extraordinary and exciting
time in cardiovascular medicine. Until recently it was believed that tissue damaged dur-
ing an MI was permanently lost. We now understand that there is a stem cell-based
repair process that attempts to repair the injured myocardium. Unfortunately, this is a
clinically inefficient process because of either the short period during which the molec-
ular signals are expressed, too few stem cells and/or the wrong cell type entering the
injured tissue, or the lack of coordinating and/or differentiation signals expressed in the
injured tissue. We are now actively developing strategies that we believe could not only
recover cardiac function but regenerate myocardial tissue as well. Further development
and clinical fruition of these strategies for the treatment and/or prevention of CHF will
require a high level of collaboration between the basic scientist and clinician and a
great deal of rigorous work on both sides. The combination of the increasing preva-
lence of CHF, the economic burden of caring for these patients and the morbidity and
mortality associated with the diagnosis, and the potential human and societal benefits
of unlocking the potential of stem cell therapy as a treatment is extraordinary.
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cell injection, 190
Epicardially derived cells (EPDCs), 93
Erythropoietin (EPO)

AMI, 120t
angioblasts, 252
HSC mobilization, 123

ES. See Embryonic stem
ESC. See Embryonic stem cells
Extracellular matrix (ECM)

angioblasts, 247

F
Failing heart

inflammation, 126–127
Fatty acids

heart, 45
Fetal stem cells

described, 206
FGF. See Fibroblast growth factor
Fibroblast colony-forming cells (CFU-F), 58

enrichment, 59
Fibroblast gap junction, 153
Fibroblast growth factor (FGF), 127

hypoblast, 139f
Fibroblast growth factor (FGF)-2

angioblasts, 252
skeletal myoblasts, 264

Flt-3 ligand
MSC, 32

Future challenges, 297–300

G
Gap junction, 151
GATA proteins, 141
G-CSF. See Granulocyte-colony-stimulating

factor
Gene therapy, 297
GM-CSF. See Granulocyte-macrophage colony

stimulating factor
Granulocyte-colony-stimulating factor (G-CSF),
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AMI, 119t
angioblasts, 252
homing, 125
HSC, 11, 31

mobilization, 123
mobilization, 288f
MSC, 32
SCF, 289
sequestration, 287

Granulocyte-macrophage colony stimulating
factor (GM-CSF)

angioblasts, 252
MSC, 32

Growth factors, 117, 285
acute ischemia, 123–124
AMI, 119t–121t
angiogenesis, 124
failing heart, 127–128
myocardial regeneration, 123–125

H
Heart attack, 1–5
Heart failure, 1–5, 117
Heart fatty acids, 45
Heart muscle cell specification

induction, 138–140
Heart muscle tissue

regeneration, 47f
Heart rate

controlled
open-chest cell implantation, 186

Heat-shock protein (HSP) 70
skeletal myoblasts, 265

Hemangioblasts, 10
CD133+

UCB stem cells, 68
stem cell plasticity, 11
stromal cell interactions, 68–69

Hematopoietic progenitor cells (HPCs), 224
Hematopoietic stem cells (HSC), 12f, 15f, 277

AMI, 118
bone marrow cell proliferation, 11
cardiovascular therapy properties, 48
cell therapy, 11
engrafting infarcted myocardium, 182
frequency, 10
myocardial regeneration, 9–22

Hepatocyte growth factor (HGF), 128, 252
AMI, 120t
HSC mobilization, 123
skeletal myoblast transplantation, 263

hESC. See Human embryonic stem cell
HGF. See Hepatocyte growth factor
HIF. See Hypoxia-inducible factor-1-α

High altitude
angiogenesis, 253

HMG-CoA. See Hydroxymethylglutaryl co-
enzyme A

hMSC. See Human mesenchymal stem cells
Holt-Oram syndrome, 142
Homing, 285

chemokine
AMI, 117–129

clinical implications, 129
enhancement, 287
skeletal muscle cells, 183

HPC. See Hematopoietic progenitor cells
HSC. See Hematopoietic stem cells
HSP. See Heat-shock protein 70
HSSSS, 225f
Human chorionic gonadotrophin, 252
Human embryonic stem cell (hESC), 101, 102–103

clinical applications, 107
derivation, 105f
immune rejection, 110–111

Human embryonic stem cell derived CMs (hESC-
CMs), 102

action potentials, 104, 106f
grafts

functional integration, 108–109
ionic currents, 104, 106f
myocardial regeneration, 107–108

Human mesenchymal progenitor cell
vascular network progenitors, 61–62

Human mesenchymal stem cells (hMSC)
connexins

electrical coupling, 152–153
ion channels and currents, 155

Human stem cell-derived cardiomyocytes
electrophysiological properties, 154–155

Hydroxymethylglutaryl coenzyme A (HMG-CoA)
angioblasts, 248

Hypercholesterolemia
CHF risk, 3

Hypertension
CHF risk, 3

Hypoblasts, 138
Hypoxia

angiogenesis, 253
Hypoxia-inducible factor-1-α (HIF-1α)

AMI, 119t
HSC mobilization, 123
skeletal myoblasts, 266

I
ICD. See Implantable cardioverter defibrillators
ICM. See Inner cell mass cells; Ischemic cardio-

myopathy

干细胞之家www.stemcell8.cn ←点击进入

http://www.stemcell8.cn


Index 309

IFN. See Interferon-γ
IGF-1. See Insulin growth factor-1
IL. See Interleukin-1
Immune rejection, 40
Implantable cardioverter defibrillators (ICD), 299
Induction, 135
Inductive signals, 143–144
Inflammatory cytokines

heart failure, 127f
Inner cell mass (ICM) cells, 103
Insulin growth factor (IGF-1)

CFU-F, 58
skeletal myoblasts, 264

Intercalated disk, 262
Interferon (IFN)-γ

MSC, 34
Interleukin (IL)-1

heart failure, 126
MSC, 32
skeletal myoblasts, 265

Interleukin (IL)-1(α)
AMI, 119t

Interleukin (IL)-1(β)
AMI, 118
wound healing, 122

Interleukin (IL)-3
HSC mobilization, 123

Interleukin (IL)-6
AMI, 118
heart failure, 126
HSC mobilization, 123
MSC, 32
wound healing, 122

Interleukin (IL)-6(α)
AMI, 119t

Interleukin (IL)-7
MSC, 32

Interleukin (IL)-8
AMI, 121t
MSC, 32

Interleukin (IL)-10
AMI, 121t
MSC, 33f

Interleukin (IL)-11
MSC, 32

Interleukin (IL)-14
MSC, 32

Interleukin (IL)-15
MSC, 32

Intracoronary delivery, 173, 174
Intravascular ultrasound guided (IVUS) catheter,

175, 177f
Ischemia

acute
triggering post-MI cytokine release, 122t

Ischemic cardiomyopathy (ICM), 173
VEGF, 127

Ischemic heart disease, 1
clinical trials, 19–21

Ischemic myocardium
cardiomyocyte precursor implants

long-term survival, 62
Ischemic stimulus

cytokine release, 122
Islet-1 (isl1), 92
IVUS. See Intravascular ultrasound guided

catheter

K,L
Killip class III-IV symptoms, 285–286
Lamin A/C

skeletal myoblasts, 266
Leakage

cardiac cell transplantation
open-chest technique, 199–200

Left ventricular assist device (LVAD) implanta-
tion, 187

autologous skeletal myoblasts, 268
Left ventricular ejection fraction, 233f
Left ventricular wedge preparation

transmural surface, 166, 166f
Leukemia inhibitory factor

MSC, 32
Lineage establishment, 135, 136
Linear local shortening (LLS), 230–231
LLS. See Linear local shortening
LVAD. See Left ventricular assist device implan-

tation
Lysosymal integral membrane proteins

skeletal myoblasts, 266

M
Macrophage inflammatory protein (MIP) 1α

acute ischemia, 125–126
MADIT. See Multicenter Automatic Defibrilla-

tor Implantation-II Trial
MAGIC. See Myoblast Autologous Grafting in

Ischemic Cardiomyopathy Trial
Major histocompatibility complex (MHC), 104
MAPC. See Multipotent adult progenitor cells
Marrow mesenchymal lineage progenitors

functional in vitro heterogeneity, 58–59
Mechanical deformation

cytokine release, 122
Mechanical stress

IL-6, 122
TNF-α, 122
triggering post-MI cytokine release, 122t

MEF2 proteins, 141
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Mesenchymal lineage precursor cells
allogeneic use, 63
anatomical location, 59–60
prospective immunoselection, 59

Mesenchymal lineage progenitors
mammalian marrow, 57

Mesenchymal progenitor cell (MPC), 32
AMI, 119t
cardiac muscle regeneration, 57–64
cardiomyocyte progenitors, 62–63
human

vascular network progenitors, 61–62
ischemic induction, 123
vascular network formation, 57–64
vascular network progenitors, 61–62

Mesenchymal stem cells (MSC), 10, 12f, 277
adipogenic lineage, 32f
angioblasts, 247
angioblasts/EPCs, 251
β-galactosidase reporter gene, 36f
cardiac implantation, 37–38
cardiac infarction, 37–38
cardiac therapy, 29–40
cardiovascular therapy properties, 48–49
CCT, 97
CD105, 68
chondrogenic lineage, 32f
clinical trials, 161f
contact inhibited, 31
culture, 32f
cytokines, 32
engrafting infarcted myocardium, 182
growth factors, 32
human

connexins, 152–153
ion channels and currents, 155

imaging, 38–39
immunogenicity, 50f
migration to sites of tissue injury, 37
osteogenic lineage, 32f
perfusion rate, 79f
regenerative cell therapy, 13
trophic influence, 47f
whole bone marrow transplantation, 224–225

Mesodermal cells, 136
Metalloproteinases

AMI, 118–119
MHC. See Major histocompatibility complex
MI. See Myocardial infarction
MIP. See Macrophage inflammatory protein 1α
Mitotically inactivated

mouse embryonic fibroblasts (MEFs), 103
MMP

heart failure, 127

MNC. See Mononuclear stem cells
Mobilization, 285

enhancement, 287
Mobilizing agent

novel, 289
Mononuclear bone marrow-derived stems cells

clinical application, 229–235
clinical evidence, 231–235, 235f
ischemic heart failure

targeted cell delivery, 229–231
Mononuclear cell. See Bone marrow mononuclear

cell
Mononuclear stem cells (MNC)

vs CD133+
neovascularization, 76f

Mouse embryonic stem cells
arrhythmogenic properties of cardiomyocytes

derived from, 155
MPC. See Mesenchymal progenitor cell
MSC. See Mesenchymal stem cells
MUGA. See Multiple uptake gated acquisition
Multicenter Automatic Defibrillator Implantation

(MADIT)-II Trial, 211
Multiple uptake gated acquisition (MUGA)

stem cell-based therapy, 209–210
Multipotent adult progenitor cells (MAPC), 10,

12f, 45–55
acute ischemic injury, 51–53
cardiovascular therapy properties, 49
clinical use development, 49–50
expansion capacity, 49–51
immunogenicity, 50f
low MAPC, 50–51
MI, 53f, 54f
vs MSC, 34, 35t, 45
stem cell plasticity, 13
tri-lineage differentiation, 52f
trophic influence, 47f

Muscle tissue reservoir cells, 153–154
Myoblast Autologous Grafting in Ischemic

Cardiomyopathy (MAGIC) Trial, 174,
192–193, 199, 213, 291

Myoblasts, 159
Myoblast transplantation

arrhythmogenic effect, 156
Myocardial infarction (MI), 45, 117, 277. See

also Acute myocardial infarction
vs atherosclerosis, 4
genetics, 4
long-term survival, 182
mortality, 1
optical mapping, 164f, 165f
SCD, 159
treatment success, 1
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Myocardial injury
inflammatory response, 118–123

Myocardial ischemia
cell therapy trials, 232t

Myocardial muscle tissue
electromechanical properties, 154

Myocardial regeneration, 16–18, 83, 285
Myocardium, 117

chamber-specific gene regulation, 143
MyoCath catheter, 175, 175f, 176–177

MRI, 176f
MyoD family, 141–142
Myogenesis Heart Efficiency and Regeneration

Trial (MYOHEART), 177
Myosin

MSC, 37
Myostar catheter, 175, 178, 230, 230f, 231

N
Natural killer (NK) cells

MSC, 33f
N-cadherin

skeletal myoblasts, 265
Neoangiogenesis, 124
Neonatal rat ventricular myocytes (NRVMs), 163
Neovasculogenesis

CD133+ vs MNC, 76f
endothelial with mesenchymal cells, 69

Neural crest cells
cardiac, 93

Neural stem cells (NSC), 10, 93
NF. See Nuclear factor-KB
Nitrendipine

skeletal myoblasts, 263–264
NK. See Natural killer cells
Nkx2-5, GATA4, and Tbx5

interactions, 142
NKx-2 family, 141
NOGA system, 174–175, 230–231
Noggin, 140
No-option patient procedures, 223
Notch-1, 140
Novel mobilizing agent, 289
NRVM. See Neonatal rat ventricular myocytes
NSC. See Neural stem cells
Nuclear cardiology imaging

stem cell-based therapy, 209–210
Nuclear factor (NF)-KB

IL-6, 122
TNF-α, 122

Nuclear imaging, 205

O
Obesity

CHF risk, 3

Off-pump coronary artery bypass (OPCAB), 185,
250

OPCAB. See Off-pump coronary artery bypass
Open-chest cell implantation

animal models, 188t
safety, 186

P
P21

differential expression in purified CD133+,
73, 75f

P38
cardiomyocyte proliferation, 95

PBMC. See Peripheral blood mononuclear cells
PCI. See Percutaneous coronary intervention
PDGF. See Platelet-derived growth factor
Percutaneous cell therapy

AMI, 174
catheter systems, 175–178

Percutaneous cellular cardiomyoplasty, 173–
178

Percutaneous coronary intervention (PCI)
MI ST elevation, 1

Percutaneous Transvenous Transplantation of
Autologous Myoblasts in the Treatment of
Postinfarction Heart Failure (POZNAN),
212–213

Pericardial effusion
cardiac cell transplantation

open-chest technique, 199–200
Pericytes, 57, 59–60

α-SMA, 61
embryological origin, 60
endothelial precursors, 60–61

Peripheral blood mononuclear cells (PBMC)
angioblasts, 248
immunogenicity, 50f

PGA-PLLA. See Polyglycolic acid-poly-L-lactic
acid

Phospholamban, 260
Physical exercise

angiogenesis, 253
Physical forces

angiogenesis, 253
PLA. See Pluripotent liposuction aspirate-derived

cells
Plasmid DNA, 300
Platelet-derived growth factor (PDGF), 252

CFU-F, 58
Platelets, 2
Pluripotency, 45
Pluripotent liposuction aspirate-derived cells

(PLAs)
MSC, 34, 35t
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Pluripotent progenitor cultures
immunogenicity, 50f

Pluripotent stem cells
acute ischemic injury

future directions, 54–55
adult

cardiovascular disease models, 51–54
bone-derived adult

acute ischemia models, 53–54
Polyglycolic acid-poly-L-lactic acid (PGA-PLLA)

angioblasts, 247
POZNAN. See Percutaneous Transvenous

Transplantation of Autologous
Myoblasts in the Treatment of
Postinfarction Heart Failure

PR39
angiogenesis, 124

Precardiac cells
origin and movement, 137f

Presumptive cells, 136
Presumptive heart

positive feedback
inductive signaling, 144f

Progenitor cell differentiation
endothelial

bone-marrow-derived, 226f
Progenitor cells, 57, 223

bone marrow, 245
cardiac, 83
circulating cardiac

origin, 94
hematopoietic, 224
MI, 40

Proinflammatory cytokine mRNA
AMI, 118

Purified CD133+
proliferation, 77f, 78f

R
Randomized Evaluation of Mechanical

Assistance Therapy as an Alternative in
Congestive Heart Failure (REMATCH),
5

Rapidly cycling stromal cells (RS-1)
MSC, 34, 35t

Reactive oxygen species (ROS)
cytokine release, 122
triggering post-MI cytokine release, 122t

Recombinant angiogenic growth factor combina-
tion therapy

skeletal myoblasts, 264
Refractory angina

cell delivery, 186
Regenerative medicine, 45, 223, 297

stem cell therapy, 46
Regional myocardial perfusion

ischemic animals, 228t
Regulatory network interactions, 142–143
Reinfusion of Enriched Progenitor Cells

and Infarct Remodeling in Acute
Myocardial Infarction (REPAIR-AMI),
281

REMATCH. See Randomized Evaluation of
Mechanical Assistance Therapy as an
Alternative in Congestive Heart Failure

REPAIR-AMI. See Reinfusion of Enriched
Progenitor Cells and Infarct Remodeling
in Acute Myocardial Infarction

Resident cardiac side population, 86–87
Resident cardiac stem cells, 84f

autologous cardiomyoplasty, 96–98
CCT

advantages, 97–98
heart failure, 95–96
isolation, 86–92

cardiac explants with spontaneous shed-
ding in vitro, 89–91

cell-surface proteins, 86–89
islet-1 gene, 92
stem cell-like properties, 86–89

properties, 85f
Retroviral vectors

skeletal myoblasts, 264–265
Revascularization

incompleteness, 67
Robotic control, 182
ROS. See Reactive oxygen species
RS-1. See Rapidly cycling stromal cells-1

S
Satellite cells, 260
Sca-1POS

cardiac progenitor cells, 88–89
origin, 95

SCD. See Sudden cardiac death
SCF. See Stem cell factor
SDF-1. See Stromal-derived factor-1
SEISMIC trial, 213
Serrate, 140
Severe combined immunodeficient-nonobese

diabetic murine hindlimb injury model
EPC, 71–72

Side-population cells, 260–261
Skeletal muscle cells

autologous
cellular cardiomyoplasty, 182
clinical trials, 298

homing, 183
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Skeletal muscle myoblasts (SKMB)
clinical trials, 160–161, 161f
experimental models, 161
optical mapping, 165f
replacing myocardium, 159

Skeletal muscles
DHPR, 262–263
electromechanical properties, 154

Skeletal myoblasts (SkMyo), 47f. See also
Autologous skeletal myoblasts

ARC, 265
arrhythmogenic, 156
CHF, 259–269
described, 205
electrical coupling, 153–155
genetic modifications

graft performance, 264–265
pharmacological enhancement, 263–264
regeneration, 260
transplantation

cellular cardiomyoplasty, 261–262
nonischemic cardiomyopathy models,

261
preclinical studies, 260–267
survival, 265

SKMB. See Skeletal muscle myoblasts
SkMyo. See Skeletal myoblasts
SMA. See Smooth muscle actin
Smooth muscle actin (SMA), 59, 60

vSMC, 61
Smooth muscle cells (SMC)

vascular, 59–60
Specification, 135
SPECT

stem cell-based therapy, 209
Stem cell-based therapy

clinical reports, 214t
clinical trials, 210–216

bone marrow-derived cells, 215–216
skeletal myoblasts, 210–215

CT, 208
echocardiography, 208–209
effectiveness, 205–206
clinical measures, 206–210
future, 217–218
MRI, 207–208
PET, 209–210
preclinical trials, 206

Stem cell-derived cardiomyocytes
arrhythmic potential, 155–156

Stem cell differentiation
biology, 298–299
cardiac myocyte phenotype, 135–145
determination, 298–299

Stem cell factor (SCF)
clinical trials, 290t
HSC, 11
MSC, 32
sequestration, 287

Stem cell implantation
ventricular tachycardia risk, 154

Stem cell mobilization
AMI, 285–291

Stem cell niches
myocardium, 14–16

Stem cell plasticity, 10
controversy, 14

Stem cells, 101, 159, 285. See also Adult stem
cells; Hematopoietic stem cells; Pluripo-
tent stem cells; Resident cardiac stem cells

adult bone marrow, 10–14
arrhythmogenic effects, 299
autologous
clinical trials, 299
cardiac

adult, 83
local sources, 92–94

C-KITPOS resident cardiac, 87–88
cytokine-induced mobilization, 191–192
delivery systems, 298–299
endogenous cardiac, 83–98
fetal

described, 206
homing, 125
ischemic heart injury, 47f
mechanically enhanced myocardial homing,

191–192
minimally invasive delivery, 193–194

patient selection, 193–194
surgical techniques, 194–199

myocardial cell therapy
animal studies, 17t–18t

myocardial regeneration, 181–200
neo-angiogenesis, 47f
open-chest transplantation, 191–192

clinical trial, 192–193
pathways and markers, 286f
vs progenitor cells, 31
tissue regeneration, 9–10
trophic influences, 47f

Stem cells injection
myocardial regeneration, 189–191

location, 189–190
quantity, 189
timing, 189

Stem cell therapy, 1–5, 45, 287
CHF, 46
heart disease, 45–47
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Stem cell transdifferentiation, 10
Stem cell transplantation

acute myocardial infarction (AMI), 278–282
MSC, 282
randomized trials, 278–282

Stiletto catheter, 175, 178
Stitch-or-Restore Trials, 186
Strain imaging, 205
Stress testing, 205
4S trial, 2–3
Stromal cells, 245

rapidly cycling
MSC, 34

regenerative cell therapy, 13
Stromal-derived factor-1 (SDF-1), 128

AMI, 121t
homing, 125
HSC, 11
ischemic myocardium, 16
MSC, 32

Stromal-derived factor-1 (SDF-1α)
angioblasts/EPCs, 251

Sudden cardiac death (SCD), 159
Surgical catheter

cell delivery
needle techniques, 184–185, 185f

T
Targeted stem cell delivery, 231
T-box transcription factors, 142
T-cells

MSC, 33
TCSC. See Tissue committed stem cells
TGF. See Transforming growth factor
Therapeutic angiogenesis, 228
Thrombolytic therapy

AMI, 1
TIMP. See Tissue inhibitors of MMP
Tinman gene, 140
Tissue

stem cell damage repair, 47–48
Tissue committed stem cells (TCSCs), 94
Tissue engineering, 101
Tissue inhibitors of MMP (TIMP)

heart failure, 127
TNF. See Tumor necrosis factor-α
TOPCARE-AMI. See Transplantation of

Progenitor Cells and Regeneration
Enhancement in Acute Myocardial
Infarction

TOPCARE-AMI trial, 21
TOPCARE trial, 40
TransAccess catheter, 175, 177f
Transcriptional control, 143–144

Transdifferentiation, 260–261
Transesophageal echocardiography

cell injection, 190
Transforming growth factor (TGF-α)

angioblasts, 252
Transforming growth factor (TGF-β)

AMI, 120t
cardiogenic signaling, 138
CFU-F, 58
HSC mobilization, 123
hypoblast, 139f
wound healing, 122

Transplantation of Progenitor Cells and Regen-
eration Enhancement in Acute Myocardial
Infarction (TOPCARE-AMI), 160–161,
278

Transplanted stem cells
myocardium regeneration, 19

Trophoblasts, 138
Troponin I

MSC, 37
Tubulyzine

skeletal myoblasts, 263
Tumor necrosis factor (TNF)-α, 33f, 248

AMI, 118, 119t
angioblasts, 252
heart failure, 126
MI, 123
wound healing, 122

Type 2 diabetes
CHF risk, 3

U
UCB. See Umbilical cord blood
Umbilical cord blood (UCB)

derived endothelial progenitor cells, 70f
derived stem cells, 67

AMI, 69–70
angiogenesis, 67–80
myocardial regeneration, 67–68, 67–80
vasculogenesis, 67–68

perfusion rate, 79f
Ungraftable myocardium

multiple holes, 192f

V
Vascular endothelial growth factor (VEGF),

225f
AMI, 120t
angioblasts, 247, 251–252
angiogenesis, 60
CD105, 68
HSC mobilization, 123
MI, 123
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skeletal myoblasts, 264, 266–267
skeletal myoblast transplantation, 263
trophic influence, 47f

Vascular endothelial growth factor (VEGF)-2
endothelial progenitor cells, 13

Vascular smooth muscle cells (vSMC), 59–60
embryological origin, 60

Vasculogenesis, 67
defined, 245

VE. See Visceral endoderm
VEGF. See Vascular endothelial growth factor
Ventricular tachycardia

cause, 155–156

cell therapy, 151–157
future directions, 157

Visceral endoderm (VE)
hESC-CM, 110

W
Whole bone marrow

MI, 39–40
Whole bone marrow transplantation

adult bone marrow stems cells, 224–229
CHF, 223–240

Whole heart
action potential propagation, 164f
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