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Abstract: Throughout their lifetime, an individual may sustain many injuries and recover spontane-
ously over a period of time, without even realizing the injury in the first place. Wound healing occurs
due to a proliferation of stem cells capable of restoring the injured tissue. The ability of adult stem
cells to repair tissue is dependent upon the intrinsic ability of tissues to proliferate. The amazing
capacity of embryonic stem cells to give rise to virtually any type of tissue has intensified the search
for similar cell lineage in adults to treat various diseases including cardiovascular diseases. The ability
to convert adult stem cells into pluripotent cells that resemble embryonic cells, and to transplant those
in the desired organ for regenerative therapy is very attractive, and may offer the possibility of treating
harmful disease-causing mutations. The race is on to find the best cells for treatment of cardiovascular
disease. There is a need for the ideal stem cell, delivery strategies, myocardial retention, and time
of administration in the ideal patient population. There are multiple modes of stem cell delivery to
the heart with different cell retention rates that vary depending upon method and site of injection,
such as intra coronary, intramyocardial or via coronary sinus. While there are crucial issues such as
retention of stem cells, microvascular plugging, biodistribution, homing to myocardium, and various
proapoptotic factors in the ischemic myocardium, the regenerative potential of stem cells offers an
enormous impact on clinical applications in the management of cardiovascular diseases.
Keywords: stem cell therapy, stem cell delivery, cardiovascular diseases, myocardial infarc-
tion, cardiomyopathy

Introduction

Each year, the American Heart Association updates its statistics on heart disease,
stroke, and other vascular diseases. Mortality data related to cardiovascular diseases
in 2008 accounted for 32.8% mortality, or one of every three deaths in the United
States, suggesting a very high burden of cardiovascular morbidity and mortality.' This
emphasizes the need for new cardiovascular interventions that will have some impact
on cardiovascular morbidity and mortality.

Utilization of stem cell therapy, through the application of multiple new devices
and methods, may offer rapid regeneration of effective myocardium, and thus impact
cardiovascular morbidity and mortality. This provides a key to long-term survival in
patients with permanent myocardial damage, either by stimulating local generation,
or by providing a continuous supply of cardiac stem cells. The study of stem cells and
their role in treating cardiovascular diseases is evolving at a rapid pace.

Regeneration and healing of damaged tissue by repair is critical to survival. Repair
refers to the restoration of tissue architecture and its function after injury. This process
occurs by means of two key steps: regeneration and healing. Some myocardial tissues
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can replace all the damaged tissue, with return of myocar-
dium to more of a normal state; this is the repair process of
regeneration. Other tissues may be incapable of restoring the
tissue, and repair may partly or completely occur by the laying
down of connective tissue or fibrous tissue, thereby leading
to healing by scar formation or fibrosis (which involves
extensive deposition of collagen as a result of chronic
inflammation or necrosis). This repair process involves the
proliferation of various cells and close interaction between
cells, extra cellular matrix, and cellular paracrine function.
The aim of this review is to explore the concept of stem cell
therapy for cardiovascular diseases, and to study the science
supporting stem cell therapy and methods of delivery of this
therapy to patients.

Stem cells and regeneration

Based on intrinsic abilities of the human body, tissues can be
classified in one of three categories: continuously dividing
tissues, stable tissues, or permanent tissues. Continuously
dividing tissues, such as hematopoietic cells in bone marrow,
can readily regenerate. In the category of continuously divid-
ing cells, the mature cells are short-lived and, as such, are
continuously replenished by stem cells, creating a constant
equilibrium between replication and dying mature cells. This
phenomenon is evident in the multilayered epithelium of skin
and in the gastrointestinal tract, which is a great example
of a stem-cell niche of constantly replenishing dying cells.
Stable tissue has cells that are in quiescence, with minimal
replicative ability. Typical examples of such tissues include
liver and kidney tissue, endothelial cells, fibroblasts, and
smooth muscle cells; with the exception of the liver, all of
these tissues have only limited capacity to regenerate after
injury. Permanent tissue includes the tissues with terminally
differentiated cells in postnatal life. Neurons and cardiac
muscle cells were thought to belong to this category.

In the past, the accepted notion was that the human heart
was a postmitotic organ without any regenerative ability. It
was assumed that, in the period after birth to early adult-
hood, the heart had a relatively stable and slowly decreas-
ing number of myocytes and that myocyte regeneration had
little function.? This view is now challenged, and evolving
knowledge indicates that these tissues may be stable rather
than terminally differentiated.

Evolution of stem cell therapy

in cardiovascular diseases
Approximately 50 years ago, researchers discovered that bone
marrow has at least two kinds of stem cells: hematopoietic

stem cells, which give rise to blood cells such as red blood
cells, neutrophils, basophils, eosinophils, monocytes, mac-
rophages, B and T lymphocytes; and bone marrow stromal
stem cells, which give rise to bone, cartilage, fat, and cells,
called mesenchymal stem cells, that are needed to support
the formation of blood and connective tissues. Early experi-
ence with intracoronary stem cell therapy for ischemic heart
disease was reported by Strauer et al® from Germany. In this
study, researchers tested use of autologous intracoronary
mononuclear bone marrow cells 5-9 days after percutane-
ous transluminal coronary angioplasty (PTCA; performed
within 12 hours of myocardial infarction) in ten patients
who received stem cell therapy after the PTCA. The patients
showed improvement in segmental wall motion at three
months.? These results were confirmed in another study, by
Assmus et al,* of 20 patients who received intracoronary stem
cell therapy 4 days after emergency PTCA for acute myo-
cardial infarction. In this study, bone marrow mononuclear
cells (BMC) were used in nine patients, and blood progenitor
cells in eleven patients. Injection was performed in the culprit
vessel, with reevaluation at 4 months. By as early as 2004,
more than 150 patients had undergone stem cell therapy to
attempt myocardial regeneration.’

In the United States, the FDA approved the first trial,
by Perin et al,® to evaluate BMC. This trial was designed
to test BMC use in heart failure patients for hibernating
myocardium by improving angiogenesis. This trial showed
a 75% decrease in perfusion defects and an improved ejec-
tion fraction ranging from 20% to 29%. This pilot trial also
demonstrated the efficacy of successful direct endocardial
injection of autologous BMC. The feasibility and efficacy
of intracoronary injection of peripheral blood stem cells,
mobilized after granulocyte-colony stimulating factor
therapy, was evaluated in the MAGIC stem cell randomized
clinical trial.” It showed improvement in cardiac function,
and demonstrated promotion of angiogenesis in patients with
myocardial infarction.

Stem cell therapeutics

By definition, the stem cells have to be self-renewing,
clonigenic, and multipotent in vitro and in vivo. Stem cells
must be able to divide asymmetrically into one daughter cell
resembling the mother cell, and the other daughter cell that
gives rise to multiple progenies. The result of this asymmetric
replication of stem cells is that after each division of stem
cells, some progeny enter into the differentiation phase while
others remain undifferentiated stem cells, maintaining their
self-renewal capacity.®
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A number of experiments have shown that certain stem
cells can differentiate into other than the predicted lineage
(such as blood stem cell to cardiomyocytes), a process called
transdifferentiation.”!’ Such stem cell differentiation into a
specific stem cell type offers the possibility of a renewable
source for the replacement of dead or nonfunctional tissues.
It is now recognized that stem cells with the capability to
generate multiple lineages are present in bone marrow and
in other tissues. These are referred to as adult stem cells.
Whether these stem cells have the same differentiation plas-
ticity, or differentiation capacity, as embryonic stem cells is
the subject of ongoing research.!!

One of the most exciting aspects of stem cell therapy
is therapeutic cloning.'? This strategy involves using stem
cell culture to produce large numbers of stem cells and then
transplanting them into the target organ. In 2006, researchers
had a breakthrough whereby they were able to reprogram
adult cells to assume a stem cell-like state, called induced
pluripotent stem (iPS) cells."

Basic science and potential

mechanisms

Recent identification of different types of progenitor cells
in the heart>!* has suggested that the myocardium is not a
terminally differentiated organ as previously believed. The
remarkable potential of stem cells to develop into differ-
ent cells within the human body during life, may serve as
an internal repair system to replenish dead or dying cells.
Such stem cells can be mobilized from bone marrow, fat, or
blood, and then cultured to produce large numbers of cells
for transplant into the area of injury.

Evidence challenging traditional wisdom that the heart
is a postmitotic organ comes from the concept of cardiac
chimerism. In this, female heart transplantation into a male
host is followed by the display of significant y-positive myo-
cytes in the female heart, suggesting that male stem cells in
circulation went into the female heart and differentiated into
three main local cardiac cells.!® This observation in the heart
transplant patients, that putative stem cells and progenitor
cells from recipients were found in the transplanted heart,
supports the idea of ongoing regeneration, mediated by
circulating stem cells.

Messina et al'® have shown that myocardial cells from
biopsies were found to have cells with the features of stem
cells. These cells exhibited typical features of human cir-
culating endothelial progenitor cells, such as CD34, CD31,
KDR and c-kit positive. These markers suggested their origin
was from bone marrow, and that subsequently accumulation

was in the myocardium. The ability of these endothelial
progenitor cells to generate functional myocardium is con-
sistent with their role in cardiac repair.” Furthermore, bone
marrow-derived endothelial progenitor cells could reverse
the aging-associated decline in cardiac angiogenic activity
shown in mice.!’

Subsequently, local injection of stem cells into myocar-
dium, for myocardial regeneration, was shown in the experi-
mental animal model in a study by Bearzi et al.!® The authors
showed that injection of human cardiac stem cells directly
into the myocardium of immune-suppressed mice led to the
generation of a chimeric heart, which contained human myo-
cardium with myocytes, coronary arterioles, and capillaries.
This study resolved the question that human cardiac stem
cells may be one of the therapies for cardiomyopathy.

The mechanism of myocardial regeneration is unclear in
the setting of little or no blood supply. Collateral vessels and
oxygen diffusion from the endocardium may provide enough
oxygen to preserve progenitor cells, thus allowing for repair;
alternately, there may be cell migration from healthy adjacent
myocardium, or directly from the circulation. These progeni-
tor cells can differentiate into myocytes and coronary vessels.
Several potential mechanisms are possible. Bone marrow
mononuclear cells, mesenchymal stem cells, endothelial
cells, and hematopoietic cells may have multifactorial mecha-
nisms such as local neovascularization, neoangiogenesis, or
involving their paracrine function. Furthermore, the para-
crine function of stem cells'® may have the positive effect on
endogenous cells of promoting angiogenesis and metabolism,
or inhibiting apoptosis.

Sources of stem cells

As there is a rising interest in stem cell therapy, and refer-
ence is often made to the embryonic stem cell, one needs to
be familiar with the terminology and the different types of
stem cells, such as: embryonic stem cells, adult stem cells,
cardiac stem cells, mesenchymal stem cells, and induced
pluripotent stem cells. It is crucial to be knowledgeable about
the multiple sources of stem cells and terminology used in
the literature.

Embryonic stem cells

We are all formed from and made of stem cells. This begins
with fertilization. The embryo has an inner layer called the
endoderm. Endoderm cells have the potential to produce all
kinds of cells. Mammalian development from embryonic
stem cells is an irreversible process, in which cells become
progressively specialized by a process of differentiation.?
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These embryonic stem cells have only a brief window of
opportunity when all of the cells have a capacity to differ-
entiate into any of 220 specialized cells.? In the late state of
the embryo, stem cells are already specialized to give rise
to only a specific family of cells, such as muscle or bone,
and these cells are called multipotent cells. In adults, there
may be very few precursors of these embryonic stem cells
that may help replenish cells in a particular organ, and these
are called adult stem cells. These include bone marrow stem
cells, blood stem cells, and fat stem cells.

iPS cells

iPS cells are cells that have been engineered to change their
identity, with reversion to the embryo-like state, without
the benefit of eggs or embryos. Like embryonic cells, iPS
cells are pluripotent and have the ability to give rise to any
type of tissue in an organism, body, or human body. These
iPS cells are not extracted from the embryo but, rather, are
created from regular adult cells by a “cocktail” of inducers
or transcription factors, and are therefore called “induced”
pluripotent stem cells. Takahashi and Yamanaka'® con-
ceived the idea of introducing a combination of genes into
an adult cell in order to reprogram the cell to behave like
an embryonic stem cell, hence called a pluripotent stem
cell. The challenge then, was to find the two dozen genes
that are normally active in embryonic stem cells and intro-
duce that cocktail into the adult cell, to create an iPS cell.
Subsequently, Yamanaka found that there was only a need of
four genes, delivered by viruses such as Oct4, Sox2, c-Myc,
Klf4, to accomplish this.?!

The development of iPS cells is very exciting, as it
avoids the controversial issues of human embryo research.
The ability to harvest adult stem cells from an individual
and transform them into iPS cells, and then transplant those
stem cells into the desired organ, makes for a regenerative
therapy of that tissue that is very attractive.

Thus, iPS cells will be genetically and immunologically
matched with the recipient body. However, this raises many
questions about whether it is really possible to turn back
the biological clock of adult cells to an embryonic state.
If this is true, this may provide a “fountain of youth,” and
may help millions of patients escape, or markedly delay,
the consequences of disease and aging. The use of cellular
engineering to create iPS cells may be the only way to
“trick” cells into behaving like embryonic cells, and to turn
back the developmental clock of adult cells. The elaborate
manipulation required for this process is called cellular
programming.

When cellular reprogramming is done by means
of nuclear transfer, the process is called cloning.'?
Cloning involves injection of genetic material from a cell to
an egg cell whose DNA has been previously removed. The
injected DNA in the egg causes it to develop as an embryo,
from which pluripotent stem cells can be extracted. The egg
rejuvenates the genetic material of adult donor cells, with
restoration of telomere length, which normally wears off
with age (the caps protecting the ends of chromosomes).
However, the process of cloning does involve embryos,
once again raising ethical issues.

iPS cells may offer the possibility of treating harm-
ful mutations that cause diseases. In 2007, researchers
showed that iPS cells brought about correction of sickle
cell hemoglobin in the animal model,? thereby opening the
possibility of genetic treatment of known single mutations.
Moreover, the idea of making iPS cells from patients, and
then converting these into cell types involved in disease
process, may unravel the mystery of treatment in heretofore
untreatable conditions, and truly advance the field of new
drug development for various diseases.?? Future research
may focus on conversion of adult cells into iPS cells, and
conversion of these iPSC to relevant cell types to treat
individual diseases.

Cardiac stem cells

The human heart has cardiac stem cells that promote regen-
eration after myocardial infarction. Urbanek et al'* showed a
90-fold increase in cardiac stem cells in acute infarcts and a
26 fold increase in chronic infarcts, suggesting greater acti-
vation of cardiac stem cells in acute than in chronic infarct.
The author further substantiated this with evidence of a large
number of developing myocytes (10,000/gram), smooth
muscle cells (1100/gram), and embryonic cells (3500/gram)
in the border of the acute zone of infarction. Cell regeneration
decreased by 70% in chronic infarcts, causing predisposition
to chronic congestive heart failure. In chronic infarcts, there
was telomere attrition, leading to decreased telomerase levels.
In this study, they also showed higher telomerase activity: an
8.6 fold rise in acute infarcts, as compared with a 2.6-fold rise
in chronic infarcts. Telomerase activity is a marker of growth
potential of cardiac stem cells, such as myocytes, endothelial
cells, and smooth muscle cell lineages. This activity was very
high in the border of acute myocardial infarction. Telomerase
protects the DNA at the end of a chromosome during mitosis.
As such, this finding has clinical implications for autologous
transplantation in end stage cardiomyopathy, with the hope
of increasing telomerase activity.
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Mesenchymal stem cells

Mesenchymal stem cells are nonhematopoietic cells that exist
in most of the adult tissues, notably in bone marrow and adi-
pose tissues.?*? These cells have the ability to differentiate,
and can be modified in vitro to adopt phenotypic characters
of cardiomyocytes and vascular cells. These cells have
demonstrated the capacity of myocardial repair in models
of cardiac injury. The mechanism of mesenchymal stem cell
therapy appears to be predominantly mediated by paracrine
function, rather than engraftment in the host myocardium.?
These cells have potential allogeneic therapeutic use.?”’

Allogeneic stem cells

Use of an “off-the-shelf” product made from human mes-
enchymal cells from a single healthy donor has been proven
safe in a Phase I trial.?” These mesenchymal cells are pre-
cultured from the bone marrow of a healthy donor, enriched
with therapeutic properties, and are expected to target the
myocardial site of injury due to stromal cell-derived fac-
tor-1 (SDF-1).2® These mesenchymal stem cells lack major
histocompatibility antigen class 2 molecules and the pheno-
types of these allogeneic cells in this study were CD145+,
CD166+, and CD45—. Use of such allogeneic cells have
several potentials, including “off-the-shelf” intravenous use,
and are supported by efficacy data in rodents and safety data
in humans.?” These cells can differentiate into bone, tendon,
fat, and muscle. These cells also secrete immunosuppressive
cytokines. Moreover, these cells can be administered by
minimal invasive approaches, such as the intravenous route.
This stem cell type can target and differentiate into cardiac
myocytes and blood vessels.?

Ideal stem cell to treat

cardiovascular diseases

The race is on to find the best cells for treatment of cardio-
vascular disease. There is a need to identify the ideal stem
cell, ideal receptive environments, and optimal delivery
strategies. There is also a need to define the ideal patient
population, and ideal time of administration for stem cell
therapy. The ideal receptive environment for cell therapy
needs to include an environment which supports optimal cell
proliferation. The ideal stem cell will be autologous, capable
of differentiating into adult cardiac stem cells, and highly
resistant to malignant transformation. These may include
human mesenchymal cells,?” native cardiac stem cells,*
endothelial progenitor cells,! or iPS cells.?! iPS cells closely
resemble embryonic stem cells, which will be directed by
a cocktail of proteins that support and regulate embryonic

cardiovascular differentiation.*> Some of the important local
factors may be those that inhibit inflammation and promote
cell growth; for example, in rat experiments with hind limb
paralysis, embryonic stem cell therapy worked only when
adenosine derivatives were given in conjunction with cell
therapy.®> Moreover, the use of heparin versus bivalirudin
during intracoronary stem cell therapy is relevant, as heparin
may block SDF-1/CXCR4 signaling, interfering with migra-
tion and homing of stem cells.> Heparin may also decrease
the circulating levels of vascular endothelial growth factor,
which is needed for therapeutic angiogenesis.?**

Delivery of stem cell therapy

There are multiple modes of stem cell delivery to the heart,*
with different cell retention rates that vary depending upon
method and site of injection, ie, intracoronary, intramyo-
cardial, or via coronary sinus. Equally important is timing
of delivery, as an early inflammatory response may create
a hostile environment for local stem cell proliferation, thus
inhibiting regeneration of new tissues. Also, a prolonged
delay in stem cell delivery may allow fibrosis to set in, caus-
ing the therapy to be insufficient. The timing issue is like a
dual-edged sword: early administration of cells may aid in
retention of cells with better homing signals; however, a long
delay may bring about scar formation. This logic has led to
early delivery of stem cell therapy, in 5—7 days in the TIME*’
study, and a delayed strategy in the Late-TIME trial,?® as it
is harder to deliver stem cell therapy to most patients in the
early strategy.

Intracoronary stem cell therapy
The conceptualization of intracoronary administration stems
from the assumption of cell transplantation at the infarction
site during the transcoronary passage of cells. This could
provide a simple and effective treatment method for specific
infarct-related territories, with maximal delivery of stem
cells to the infarcted and peri-infarcted areas during the first
injection, thus allowing intracoronary cells to “home-in”
on these areas in a homogeneous fashion. Retention of
cells in the target area will be a central issue. Studies have
demonstrated extravasation of BMC to the infarcted area
after intracoronary administration.?>*® This extravasation
of stem cells may be affected by various factors, including
chemokines and adhesion molecules induced by ischemic
cell injury, and SDF-1. SDF-1 and beta-2-integrin appear to
be the key factors.*'

The intracoronary technique involves a standard percuta-
neous transluminal coronary angioplasty (PTCA) procedure,
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with use of an over-the-wire balloon with central lumen
placed at a desired position. Coronary infusion of cells is
performed four to six times, with 3-minute sequential bal-
loon inflations followed by 3-minute rest periods, to create
a “stop flow” situation for maximal retention. This delivery
method allows maximum time for stem cells to come into
contact with the microcirculation of the infarct-related artery,
to maximize the opportunity for migration and retention of
cells into the infarct and peri-infarct tissues for successful
transplantation. Baseline and postprocedure LV angiograms
should be performed. The patient must be monitored for
24 hours, with cardiac markers checked at 6 and 12 hours.
It may also be intuitive to inject into a contralateral artery
if there are well-formed collaterals, in the hope there may
be better retention in the desired ischemic area. Imaging
studies will be required to confirm whether giving contral-
ateral stem cell injections encourages retention of cells in
occluded artery territories. The crucial issues are: retention
of cells, microvascular plugging, biodistribution, homing to
myocardium and various proapoptotic factors in the ischemic
myocardium.* Hofmann et al** showed that 14%-39% with
CD34+ cells were retained in infarcted myocardium. This
small study suggested that CD34+ may improve retention
whereas Blocklet et al* showed only 5.5% retention of
CD34+.

Several randomized trials have shown that administration
of intracoronary autologous BMC in patients with myocardial
infarction results in improved ejection fraction.”#¥ Other
trials have shown evidence of improvement of regional wall
LV function.* The Repair-AMI trial®® showed a decrease in
major adverse events. However after these initial positive
publications, several studies have failed to demonstrate
that bone marrow nuclear cells improve LV function in the
setting of acute myocardial infarction.’'*® In the previous
studies, most of the autologous bone marrow mononuclear
cell implantations were performed 57 days following ST
elevation myocardial infarction. Of interest is that, in a small
cohort of patients in the Repair-AMI trial, it was observed
that the most favorable effect on LV function was obtained
by delivery of stem cells on the fifth day.

It is a possibility that timing of cell delivery after myo-
cardial infarction may have an influence on treatment. This
has fostered much discussion over the timing of stem cell
implantation after acute myocardial infarction. As we know,
within hours of acute myocardial infarction there is a well-
documented increase in circulating progenitor cells released
from bone marrow.*’>° This includes the release of increasing
numbers of hematopoietic stem cells, endothelial progenitor

stem cells, mesenchymal stem cells, and a very small number
of embryonic-like cells with pluripotent properties.*

Some of the concerns in regard to negative findings have
been related to inadequate cell count, improper processing,
and timing of administration. The National Heart Lung and
Blood Institute sponsored the Cardiovascular Cell Therapy
Research Network and developed two prospective clinical
trials, TIME?” and Late TIME.* The TIME trial was designed
to compare the effects of bone marrow mononuclear source
cells delivered in patients with predominantly ST elevation
myocardial infarction at 3 to 7 days. The LateTIME trial was
developed to test the hypothesis as to whether delayed delivery
of autologous bone marrow cells, at 2 to 3 weeks following
acute myocardial infarction, would improve global LV systolic
function. Cell count and processing issues were clarified by the
LateTIME trial,®’ which did not show any detectable improve-
ment in LV function over a period of 2 years.

Intramyocardial stem cell therapy
Intramyocardial injection of stem cells is the most invasive
approach and is performed via an endocardial approach or dur-
ing open heart surgery. During open-heart surgery, the injection
process is simple. It is performed under direct visualization,
allowing for evaluation of the potential target. With this method,
one may not be able to access all the areas of the heart.
Transendocardial injection guided by LV electromechanical
mapping with NOGA™ software (Biologics Delivery
Systems, Diamond Bar, CA) can help deliver therapy to the
target infarct area.®® Using NOGA, cells are directly injected
into nonviable myocardium, with an 8Fr MYOSTAR™
catheter (Biologics Delivery Systems). This catheter has
nitinol tubing that contains a retractable needle for injections.
Depending upon the LV wall thickness, the needle length can
be set up as 4.5-6 mm. Once endocardial contact is made
and the appropriate angle under fluoroscopy is determined,
0.3 cc of stem cells are injected by manually advancing the
needle. Additional injections are spaced by 1 cm, and will
be guided by NOGA.% However, it is important to refrain
from using this transendocardial approach in areas of thinned
myocardium (thickness less than 5 mm by MRI). After the
procedure, LV angiography should be performed and the
patient should be monitored for 18-24 hours. In the United
States, the first FDA-approved trial was designed to test
the hypothesis that intramyocardial injection of autologous
BMC would benefit patients with heart failure by salvaging
hibernating myocardium and by improving angiogenesis.®
This trial showed a 75% decrease in perfusion defects and
improved ejection fraction ranging from 20% to 29%.
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Retrograde coronary sinus injection

Several approaches have been used to deliver potentially
therapeutic stem cells. Retrograde infusion using the coro-
nary sinus is the least studied at this time. This modality
typically involves placement of a double lumen catheter
with a larger proximal balloon and a smaller distal balloon,
with the delivery of therapeutic cells at, and beyond, the dis-
tal lumen. The distal balloon is used to prevent washout of
cells. The cells are injected once catheter placement is con-
firmed angiographically in the mid- to distal interventricular
vein, which runs parallel to the left anterior descending
artery. In one of the swine models, 107 cells (in 10 cc) were
injected at a pressure of 150 = 16 mm Hg for 8 + 3 seconds,
and both balloons were deflated at 5 minutes postdelivery,
to maximize local delivery.’® In this study 43% + 3% deliv-
ered cell exit to lungs in retrograde coronary sinus injection
and 41% =+ 1% exit to lungs with intracoronary injections.
Furthermore, retention with the intramyocardial route was
the highest, with 26% * 3% exit to lungs.

Intravenous

This is the simplest approach but, depending upon the IV
access site, cells may become trapped in the lungs, liver, and
spleen, so that only a small number may enter coronary circu-
lation, and myocardial homing will be minimal.®* Myocardial
homing depends on multiple microenvironmental factors,
such as expression of adhesion molecules, cytokines, and
homing receptors.

Discussion

During life, an individual may sustain many injuries and
recover spontaneously over a period of time, without even
realizing the injury in the first place. Wound healing occurs
due to a proliferation of stem cells capable of restoring the
injured tissue. These stem cells contain the genetic blueprint
or memory of how this particular tissue was constructed to
begin with. Similarly, regenerative potential by stem cells
offers an enormous impact on clinical applications. These
potentials may arise from the multiple functions of stem cells,
such as self-renewal, multipotency, and paracrine functions.
There may be benefits from the paracrine secretion of growth
factors or cytokines by a number of retained cells, leading
to further mobilization of endogenous progenitor cells. We
do not understand the underlying mechanism of stem cell
regeneration and healing, just as, at one time in history, we
had no concept of the mechanism of action, and benefits, of
aspirin, even though the benefits were there long before we
understood the mechanism.

The amazing capacity of embryonic stem cells'' to give
rise to virtually any type of tissue has intensified the search
for a similar cell lineage in adults. However, these adult stem
cells have the complex tasks of taking up residence in just
the right place in order to gain the necessary shape, and of
assuming paracrine functions, and then must perform their
multiple functions in a complex variety of different cellular
environments. Due to the remarkable plasticity of stem
cells, one can imagine the exciting possibility of a universal
stem cell that can circulate throughout the body and reside
wherever needed to promote regeneration of local tissue.
However, the major challenge is retention of these cells after
implantation via intracoronary, intramyocardial, and retro-
grade coronary sinus approach. Since a significant percent
of stem cells leave the heart soon after administration,®
the clinical ramifications may be significant. These stem
cells have multiple functions and can be proangiogenic and
proparacrine, thereby elaborating potentially detrimental
substances in nontarget organs.

Perhaps the major hurdles to the clinical application of
research in regard to adult stem cells are the small number
of cells that can be isolated from any adult tissue with suc-
cessful propagation of multipotent adult stem cells® and the
development of perfect “cocktails” for optimizing the prolif-
eration of adult stem cells. This implies that expansion of
adult stem cells in culture may be the answer, although one
must keep in mind that extensive cultures of human adult
cells may suddenly change their intrinsic properties in vivo,
rendering them unfit for restoring injured or diseased tissue
in patients.

Obviously, stem cell therapy will have a wide spectrum
of clinical applications in cardiovascular medicine. This
treatment may even have a role in reversing the aging
process, which is a natural phenomenon. With the aging
process, there is a decline in stem cell number and viability.
Moreover, aging and disease are interlinked. Therefore, stem
cells may provide a treasure trove of renewable life, and a
“fountain of youth.”
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