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Introduction and Preface:
Perspectives in Stem Cell Therapy

James T Willerson

All humans are products of stem cell biology. Each
human develops from two cells, following the
union of a father’s sperm and mother’s egg, which
subsequently develop into all of the organs in the
human body under the influence of programs
that direct their differentiation, organization,
and structural development. Thus, our general
appearance, our intellect, and all of our organs are
products of stem cell differentiation. From a fun-
damental understanding of the programs that
direct the differentiation of stem cells will ulti-
mately come the ability to regenerate each of the
organs of the body from a person’s own stem cells
or from a universal stem cell created in vitro.
Based on this perspective of human development,
it is clear that stem cell biology will be a vital part
of regenerative cardiovascular medicine.
Humans have rescue systems of stem cells
that are activated following injury to organs -
including a system to repair the heart and arter-
ies. While the genius of such a system deserves
recognition and respect, it is also apparent that
it is relatively inadequate as far as recovery from
experimental myocardial infarction is concerned.
The recruited circulating and activated resident
stem cells arrive too late and are present in too
few numbers in the early evolution of the injury
process to be completely protective. In the last
several years, numerous experimental studies
have attemtpted to amplify the intrinsic system
of stem cell presence in animal models with
experimentally created myocardial infarcts.'”’
Fetal cells, adult circulating stem cells (often with
CD34" and/or CD133* markers), stem cells

derived from adipose tissue, and stem cells
obtained from bone marrow have been adminis-
tered into a coronary artery or by direct injection
into the heart or into the venous circulation
to monitor homing to experimentally created
myocardial infarctions. In almost every case,
these stem cells appear to assist in the recovery of
heart function and to improve blood flow in
and around the area of myocardial infarction.
However, controversy persists concerning the
ability of such stem cells to differentiate into new
myocytes.>?

Several previous studies have attempted to
delineate the fate of injected stem cells follow-
ing experimental myocardial infarction. In the
last few years, we have performed studies with
CD34" circulating human stem cells injected
into the tail veins or the left ventricular cavities
of severe combined immune-deficient (SCID)
mice with experimentally created myocardial
infarcts.®* In these studies, the mice were eutha-
nized 2 days after injection to determine whether
the injected human stem cells homed to the area
of infarction, and, if so, whether they developed
into cells of interest. Our studies showed that the
injected human circulating stem cells homed to
the area of infarction in the murine heart; there,
they developed into endothelial cells and smooth
muscle cells, and fused to reversibly injured
murine myocytes.>* A smaller number differenti-
ated into new myocytes.*>* Other groups have not
always been able to demonstrate either the fusion
process or the differentiation of stem cells into
myocytes in experimentally injured animal hearts.’
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However, we believe that this process does occur
and can be observed when models are used that
preclude rejection of the injected stem cells and
allow a distinction to be made between injected
stem cells and native myocytes in organs that
have been experimentally injured. We and others
have begun clinical studies using adult stem cells
derived from a patient’s own bone marrow.'*3 In
2000, our group petitioned the Brazilian govern-
ment to allow us to begin clinical studies with
autologous bone marrow-derived mononuclear
cells (BMMNC:s) in patients with severe heart fail-
ure.’® These patients had coronary heart disease
and prior myocardial infarctions. They had
undergone coronary artery bypass surgery and/or
percutaneous coronary intervention procedures;
nevertheless, they had developed large, dilated
hearts and severe heart failure. All patients were
receiving appropriate medical therapy.

Based on our earlier animal studies, we decided
to take bone marrow aspirates from the iliac
crests of these patients, separate the mononu-
clear cells, and reinject them into the patient’s
hearts by using a NOGA “electromechanical”
catheter placed retrograde across the aortic
valve. The NOGA catheter was used to identify
sites of reversible injury as locations for injection
of the BMMNCs.!”* We used single photon
emission computed tomography (SPECT) studies
to identify areas of reversible blood flow reduc-
tion. These studies were initiated at the Heart
Hospital in Rio de Janeiro, Brazil, with Hans
Dohmann and his colleagues.

We injected 2x10° BMMNCs transendo-
cardially at 15 different sites where the NOGA
catheter and SPECT studies suggested reversible
injury.’® We have not found evidence of harm in
these patients at 3 years of follow-up.” Imaging
and clinical studies have demonstrated improve-
ment in clinical symptoms and in regional blood
flow and contractile function.'® This was the first
study in patients with severe heart failure that
used the NOGA catheter to map appropriate
areas for injection of patients’ own BMMNCs."
Subsequently, we obtained Food and Drug
Administration (FDA) approval to proceed with
similar studies in the USA at the Texas Heart
Institute/St Luke’s Episcopal Hospital in Houston,
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Texas. To date, we have randomized 24 patients
in a treatment protocol similar to that used in
Brazil. Patients are usually discharged from the
hospital the day after the procedure. Regular
follow-up visits include imaging procedures that
evaluate changes in regional blood flow and func-
tion and in heart rhythm and clinical status.
When we began these studies in Brazil, two
different German groups, unknown to us at that
time, were pursuing similar studies in patients
with acute myocardial infarction, also using
BMMNC:s. These groups, however, were treating
patients within several days of their infarcts by
opening the infarct-related artery by angioplasty
and injecting the patients’ mononuclear cells
directly into the artery.'"? Patients in the
German studies, which were led respectively by
Strauer'' and by Dimmeler and Zeiher,'>'%7 did
not have heart failure. More recently, Wollert
et al”® have performed a randomized, controlled
study in 60 patients with acute myocardial infarc-
tion using the German model of opening the
infarct-related artery by angioplasty and injecting
the BMMNCs directly into the infarct-related
coronary arteries. The German-led studies demon-
strated improvement in regional blood flow and
function in the treated patients.!-'* Similar to our
own studies, the German studies did not identify
untoward clinical effects.

Careful reflection upon the ability of humans
to develop from two cells and the acceptance of
experimental results in multiple animal models
has led to these early stem cell studies in patients.
Emerging clinical data appear to show at least
modest benefits in patients with new myocardial
infarcts, chronic coronary heart disease, and/or
severe heart failure treated with BMMNCs. With
these considerations in mind, the potential use-
fulness of stem cells in regenerative cardiovascu-
lar medicine appears promising.

An Essential Guide to Cardiac Cell Therapy has
been written for physicians wishing to acquaint
themselves with stem cell therapy for cardiac
disease. The Guide includes chapters written to
provide an understanding of stem cells and stem
cell therapy. These chapters cover basic stem cell
biology, treatment of “no-option” patients, the
use of large animal models, and the basics of
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embryonic stem cells and cloning. The book also
addresses the applications of stem cell therapy,
covering areas such as the use of mesenchymal
lineage progenitor cells, methods of stem cell
delivery, and concerns from a clinical perspec-
tive. The immediate needs now are to identify
the best stem cell type(s), the optimal ways to
deliver stem cells, and the patients most likely to
benefit from this form of therapy. The more dis-
tant but achievable goals are the regeneration of
the heart (and other organs) and repair of injured
blood vessels with stem cells. These studies bring
us closer to the promise and future of stem cell
biology.
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chapter 1

What Are Stem Cells and
What Do They Do?

Emerson C Perin and Guilherme V Silva

Introduction

As mentioned in the Introduction to this book, we
are the product of stem cells. Babies are born every
day! Incredibly, every cell in our body has our full
genetic code. Just like growing dinosaurs in the
film Jurassic Park, we can (theoretically) regenerate
ourselves or our organs or tissues using the infor-
mation contained within one cell. Although the
concept of regenerative medicine is tangible and
easily understandable, the science behind it is not.
But even in a largely evidence-based field such as
medicine, the collective imagination has soared.

The need for a clearer understanding of the
stem cell field is required because, in recent years,
a greater awareness of the biologic potential of
stem cells has entered mainstream medicine. For
example, many of the effects seen in current clini-
cal trials of stem cell therapy may not truly be the
result of cell “regeneration,” but, nonetheless, it is
just as important (if not even more so) to under-
stand those effects as it is to understand what
intuitively one might think the mechanisms at
work should be. As we learn in medicine over
and over again, not everything is intuitive. That
is why we need to make every effort to under-
stand what stem cells are, what they do, and how
they work. The field has grown exponentially
because the potential of stem cell therapy is easily
recognized; however, we have only begun to
comprehend the complexities and simplicities
associated with stem cell biology.

In this book, we will lay the framework for
understanding what is known - like a flashlight

beam in a dark room - and for identifying some
key elements of current knowledge that will
better guide our understanding of the field.

Cardiology and Stem Cells

Great strides have been made in understanding
the pathophysiology of coronary atherosclerosis
and developing new treatments for this disease.
Yet, despite considerable research efforts and
generous allocation of resources, coronary artery
disease (CAD) remains the predominant cause
of premature death in the USA.! Reflected in
the presence of a broader population of sicker
and more compromised patients, a paradoxical
increase in heart failure deaths has occurred over
the past several years. What is sorely needed is
a therapy that could address the contractile
capability of the myocardium beyond repair of
the “plumbing” of its blood supply - both in
the acute phase of heart failure (when the
damage occurs) and in the chronic phase (when
a progressive march towards cardiac remodeling
ensues). Enter regenerative cardiology.

Until the 1990s, atherosclerosis was under-
stood to be a disease process leading to intravas-
cular lipid deposition and luminal narrowing.
The identification of risk factors for CAD allowed
several advances in the primary prevention of
coronary atherosclerosis. The recognition of
atherothrombosis as the primary event in acute
coronary syndromes led to the development
of antithrombotic drugs that have significantly
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improved outcomes after an acute myocardial
infarction (AMI). Percutaneous and surgical
revascularization — the current mainstays of CAD
therapy - have broadened our understanding
of coronary atherosclerosis by providing insights
into its intimate relationship with inflammation
and endothelial function. This has ultimately led
to the development of drug-eluting stents and
the modern treatment of CAD, although efforts
to identify and treat vulnerable plaque will likely
yield a more preventative approach toward main-
taining patency of the coronary tree.

Yet, despite active research on the pathophy-
siology of coronary atherosclerosis, little atten-
tion was paid until very recently to the concept
of cardiac repair. This was due mainly to the
deeply entrenched notion that the heart is a ter-
minally differentiated organ. This dogma has
been directly challenged by the discovery of cir-
culating endothelial progenitor cells,? by evidence
that bone marrow cells could transdifferentiate
into endothelial cells, smooth muscle cells, or
myocytes,*¢ and by initial experiments showing
that bone marrow cells are indeed involved in the
process of cardiac repair. This could lead to a new
clinical application and, ultimately, an entirely
new field of cardiology.

When the skin is cut, it is able to repair itself.
Now that newly discovered resident cardiac stem
cells have been implicated in a process of cardiac
repair, it is clear that the myocardium is also capa-
ble of repairing itself. In addition, it is clear that
this capacity for self-repair is limited in hearts that
have sustained an acute injury (e.g., an AMI) or
that are chronically failing as a result of volume/
pressure overload. Indeed, it is likely that the
heart’s endogenous ability to regenerate itself is
unequal to the task of repairing the large amounts
of necrosis and apoptosis often associated with
these two conditions. Augmentation of this self-
repair process through the transplantation of
exogenous adult stem cells is the basis for cardiac
stem cell therapy. As this approach comes closer
and closer to clinical reality, clinicians will need to
understand the fundamental concepts underlying
the preclinical and clinical applications of stem
cell therapy in the field of cardiology. This chap-
ter provides a primer on those basic principles.
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What Is a Stem Cell?

Stem cells are self-replicating cells capable of
generating, sustaining, and replacing terminally
differentiated cells.”® Stem cells can be sub-
divided into two large groups: embryonic and
adult. Embryonic stem cells (ESCs) are present in
the earliest stage of embryonic development — the
blastocyst. ESCs are pluripotent. That is, they are
capable of generating any terminally differenti-
ated cell in the human body that is derived from
any one of the three embryonic germ layers —
ectoderm, mesoderm, or endoderm.’ After a
series of divisions and differentiations, all the
organs of the human body are created from the
original ESCs that form the blastocyst.

Adult stem cells are intrinsic to specific tissues
of the postnatal organism into which they are
committed to differentiate.’® They have been
studied in the field of hematology for four
decades, ever since the successful clinical
introduction of bone marrow transplantation.
Theoretically, adult stem cells are capable of
perpetual self-renewal, yielding mature differen-
tiated cells that are (a) integrated into a parti-
cular tissue and (b) capable of performing the
specialized function, or functions, of that tissue.
Each type of differentiated cell has its own
phenotype (i.e., observable characteristics),
which includes its shape or morphology, its
interactions with surrounding cells and extracel-
lular matrix, the expression of particular pro-
teins (receptors) on its surface, and its particular
behavior.® Adult tissue-specific stem cells are pre-
sent in organs that are capable of self-renewal,
including the liver, pancreas, skeletal muscle,
and skin.

Where Do Therapeutic Cardiac
Stem Cells Come From?

Adult-derived stem cells

The bone marrow is the primary source for obtain-
ing adult stem cells. It is a complex organ with a
specific geometric organization and an intricate
system of cell-to-cell interaction and signaling.
It is composed of hematopoietic progenitors,
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osteocytes, osteoblasts, and supporting mes-
enchymal (stromal) cells. To date, the most
important subpopulation of bone marrow cells
utilized for cardiac stem cell therapy has been
the bone marrow mononuclear cell (BMMNC)
subfraction. This subset contains mesenchymal
stem cells (MSCs, also called stromal cells),
hematopoietic progenitor cells (HPCs), endothe-
lial progenitor cells (EPCs), and more committed
cell lineages, such as natural killer, T, and B lym-
phocytes. Adult MSCs (<0.01%) and EPCs (1-2%)
both represent a very small fraction of the total
BMMNC subpopulation.

MSCs are an important and a promising cell
type for cardiac therapy, although clinical studies
using this cell type have only recently been
initiated. Chapter 3 discusses the basics of mes-
enchymal lineage progenitor cells.

On the other hand, EPCs have had significant
clinical application in the realm of acute myocar-
dial infarction. The more basic aspects of EPCs
are discussed in Chapter 4, while Chapters 9, 13,
and 15 expand on the clinical utilization of this
important cell type.

Skeletal myoblasts

Even though skeletal myoblasts are not true stem
cells, these skeletal muscle precursors can be
harvested and expanded to allow therapeutic
utilization. Chapters 9 and 14 present further
details about the use of this cell type.

Embryonic stem cells

ESCs are derived from the cell mass of blasto-
cysts in mice and humans. When cultured in
the presence of leukemia inhibitory factor (LIF)
or on the top layer of mitotically inactivated
mouse embryonic fibroblasts, ESCs can prolifer-
ate indefinitely. Ethical issues involving the use
of human ESCs have slowed research in several
countries, including the USA.

Alternative sources of

adult-derived stem cells

MSCs have also been isolated from adipose
tissue, placental tissue, and umbilical cord blood.
EPCs have also been isolated from fetal liver
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umbilical cord blood and from the peripheral
circulation.!!

What Characteristics Make Stem
Cells Therapeutically Useful?

Traditionally, the bone marrow’s hematopoietic
system has been described as an organized hier-
archic system with multipotent self-renewing
cells at the top, committed progenitor cells in the
middle, and lineage-restricted precursor cells that
give rise to terminally differentiated cells at the
bottom. There is now some evidence that adult
stem cells (including hematopoietic stem cells,
HSCs) may retain a degree of developmental
plasticity that allows them to differentiate across
boundaries of lineage, tissue, and germ layers.
For example, MSCs are extremely plastic. They
can develop into terminally differentiated mes-
enchymal phenotypes - including bone,'*!* car-
tilage,' tendon,'>'® muscle,'”'® adipose tissue,'*°
and hematopoiesis-supporting stroma — both in
vitro and in vivo. MSCs can differentiate not
only into tissues of the mesenchymal lineage but
also into cells derived from other embryonic lay-
ers, including neurons and epithelia in the skin,
lung, liver, intestine, kidney, and spleen.

Bone marrow-derived stem cells have long
been known for their secretory capacity. In cul-
ture medium, BMMNCs are capable of releasing
large quantities of angiogenic growth factors,
such as vascular endothelial growth factor
(VEGF), basic fibroblast growth factor (bFGF),
and angiopoietins, which are associated with the
generation of new blood vessels.

Bone marrow-derived stem cells are recruited
from the bone marrow by exposure to certain
pathophysiologic stimuli. Hypoxia or ischemia
may enhance the local release of chemoattractant
factors, and it is thought that bone marrow cells
are mobilized as a result of cytokine and growth
factor signaling.'® Tissue ischemia and hypoxia in
turn increase vascular permeability and promote
the expression of adhesion proteins. These events
may facilitate the homing process.!! Although
this homing mechanism is not completely
understood, the microenvironment surrounding
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injured tissue (e.g., myocardium) is thought to
play a role in the transdifferentiation of stem
cells.

How Are Stem Cells Identified
and Characterized?

Each adult stem cell subtype can be identified
by its cell surface receptors. These are capable
of selectively binding or adhering to particular
signaling molecules. Differences in structure
and binding affinity allow for a remarkable mul-
tiplicity of receptors. Normally, cells utilize these
receptors and the molecules that bind to them as
a means of communicating with other cells and
performing the proper function of the tissue they
belong to (e.g., contraction, secretion, or synap-
tic transmission). Each type of adult stem cell has
a certain receptor or combination of receptors
(i.e., marker) that distinguishes it from other
types of stem cells (Table 1.1).

Stem cell markers are often given letter and
number codes based on the molecules that bind
to them (Table 1.1). For example, a cell that
exhibits the stem cell antigen 1 receptor on its
surface is identified as Sca-1*. Cells that exhibit
Sca-1 but not CD34 antigen or lineage-specific
antigen (Lin) are identified as CD34 Sca-1'Lin".
This particular combination of surface receptors
marks such cells as MSCs.

Because different researchers have given the
same bone marrow cells different names, the
nomenclature can be confusing. Further com-
plicating matters is the overlapping of surface
marker designations within some cell subtypes.
Most surface markers have proved inadequate for
identifying stem cells, as these markers may also
be found on non-stem cells. Moreover, a particu-
lar marker may be expressed only under certain
culture conditions or at a certain stage of the cell’s
lifespan. Bone marrow stem cells are also highly
plastic, so one subtype may give rise to others.

The strengths and weaknesses of utilizing cell
surface markers to identify stem cells are best
exemplified by the EPCs. “Immature,” or “primi-
tive,” EPCs are known to have a surface marker
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profile similar to that of HSCs, and both cell types
are thought to result from a common precursor,
the hemangioblast (Figure 1.1). Within the bone
marrow, both immature EPCs and HSCs express
the surface markers CD34, CD133 (also known as
AC133 or prominin) and VEGF receptor 2
(VEGFR-2, also known as KDR/FLK-1). Similarly,
in the peripheral circulation, the more primitive
cell population with the capacity for differentiat-
ing into EPCs also expresses these markers; how-
ever, once those primitive cells become more
committed toward the EPC lineage, they lose
CD133 but retain CD34 and VEGFR-2. Some cir-
culating EPCs and, to a greater extent, relatively
more differentiated EPCs express the endothelial
lineage-specific markers vascular endothelial (VE)-
cadherin or E-selectin. However, when immature
EPCs commit to the hematopoietic lineage, they
no longer express CD133 and VEGFR-2. Indeed,
stem/progenitor cell markers are not expressed on
differentiated hematopoietic cells.

In summary, CD133 is expressed on the surface
of immature EPCs and primitive HSCs but not cir-
culating relatively committed EPCs. Circulating
committed EPCs may be isolated by selecting
for their antigenicity to CD34 and VEGFR-2. In
turn, hematopoietic stem/progenitor cells can be
distinguished from committed EPCs by selecting
for the former’s antigenicity to VE-cadherin or
E-selectin.

Interestingly, EPCs isolated from peripheral
blood mononuclear cells have been shown
to express CD14, MAC-1, and CD11c. The fact
that these cell surface receptors are monocyte/
macrophage markers suggests a possible mono-
cyte/macrophage origin. It has also been shown
that some CD34 cells within the mononuclear
peripheral cell population express CD14 and dif-
ferentiate into endothelial cells.!’ Together, these
findings raise the intriguing possibility that
EPCs (CD34*VEGFR-2"CD133") are more plastic
than originally thought, that a common precur-
sor progenitor cell can pass through different
developmental stages, and that there are surface
markers yet to be discovered that may dis-
tinguish even more reliably between stem cell
subtypes.
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Table 1.1 Surface markers used to identify stem cells in bone marrow and blood

Cell surface marker

BMPR

CD4

CD8

CD34

CD38

CD44

Lin

Sca-1

Stro-1

Stem cell types

MSC, progenitor cell

WBC

WBC

HSC, EPC, satellite cell

Absent on HSC
Present on WBC
lineages

Mesenchymal cell

HSC, MSC

HSC, MSC

Stromal (mesenchymal)
precursor cell,
hematopoietic cell

Significance

Distinguishes committed mesenchymal

cell types from mesenchymal and progenitor
cells

Identifies early mesenchymal lineages (stem and
progenitor cells)

Protein marker specific for mature T-lymphocyte
(WBC) subtype

Protein marker specific for mature T-lymphocyte
(WBC) subtype

Identifies bone marrow cells, especially HSCs and
EPCs

Cell-surface molecule that identifies WBC
lineages. Selection of CD34/CD38" cells allows
for purification of HSC populations

A type of cell-adhesion molecule used to identify
specific types of mesenchymal cells

Cell adhesion molecule used to identify specific
types of mesenchymal cells

Family of 13 or 14 cell surface proteins that are
markers of mature blood cell lineages

(Note: the presence of Lin~ cells assists in the
purification of HSCs and hematopoietic
progenitor cell populations)

Antigen found on bone marrow cells that is used
to identify HSCs and MSCs

Cell surface glycoprotein found on bone marrow
stromal cells

(Note: Stro-1* mesenchymal precursor cells

can give rise to adipocytes, osteocytes,

smooth myocytes, fibroblasts, chondrocytes,

and blood cells)

BMPR, bone morphogenetic protein receptor; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell;

MSC, mesenchymal stem cell; WBC, white blood cell; Lin, lineage surface antigen; Sca-1, stem cell antigen 1;

Stro-1, stromal cell antigen 1.

7
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Bone marrow

57y A
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l

Erythrocytes
T-lymphocytes
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I
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@)O CD117*/VE-cadherin/Tie-2*
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Figure 1.1 Putative cascade and expressional profiles of human bone-marrow-derived endothelial progenitor cell
differentiation. EC, endothelial cell; EPC, endothelial progenitor cell; HSC, hematopoietic stem cell; VE, vascular

endothelial; VEGFR-2, vascular endothelial growth factor

receptor 2 (KDR/FLK-1); vWE, von Willebrand factor.

Reprinted from Iwami Y et al. | Cell Mol Med 2004,8:488-97 with permission.

Despite their limitations, cell surface receptors
remain the most popular and effective means of
identifying stem cell subtypes for use in cardiac
repair.

How Do Stem Cells Work?

Preclinical experiments have provided evidence
for the efficacy of stem cell therapy. Further
investigations are now underway to elucidate the
mechanistic aspects of stem cell therapy at the
molecular level. So far, the questions outnumber
the answers. Numerous groups, using various
methods in diverse experimental settings, have
proposed widely differing mechanisms for the
apparent transformation of stem cells into cells
of other tissue types.? Some investigators attribute

the transformation to the transdifferentiation
potential of stem cells. Others attribute it to cell
fusion.?

Initial experimental evidence indicated that
autologous BMMNCs (ABMMNCs) can trans-
differentiate into endothelial cells and cardiac
myocytes. Recent studies in mice, however, have
challenged this notion, generating enormous
controversy.??> Murry et al?* detected no trans-
differentiation of ABMMNCs into cardiomy-
ocytes despite using sophisticated genetic
techniques to follow cell fate and engraftment.
Others have shown experimentally that
ABMMNCs depend on external signals to trigger
their secretory properties and differentiation.?
The local environment of viable myocardial cells
may provide the milieu necessary for inducing
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ABMMNC myocyte differentiation.?® Therefore,
in recent studies of occlusion-induced myocar-
dial infarctions in rats and depending on the
injection site, few (if any) ABMMNCs might have
been expected to differentiate and express spe-
cific cardiac myocyte proteins; however, the
reverse was true.

In an attempt to resolve the controversy
between transdifferentiation versus fusion, Zhang
et al** performed an elegant study involving flow-
cytometric analysis of cardiac cell isolates from
mice that had received human CD34" cells.
Human leukocyte antigen (HLA)-ABC antigen and
cardiac troponin T (Tnt) or Nkx 2.5 were used to
identify cardiomyocytes derived from the CD34*
cells, and HLA-ABC and VE-cadherin were used to
identify transformed endothelial cells. Cells posi-
tive for both sets of markers were evaluated for the
expression of human and mouse X chromosomes.
Surprisingly, 73.3% of nuclei derived from HLA*
and Tnt" or Nkx 2.5* cardiomyocytes contained
both human and mouse X chromosomes; 23.7%
of nuclei contained only human X chromosomes.
In contrast, the nuclei of HLA- Tnt™ cells con-
tained only mouse X chromosomes. Furthermore,
97.3% of endothelial cells derived from CD34*
cells contained only human X chromosomes. On
the basis of these data, Zhang et al concluded that
(a) some human CD34" cells had both fused with
and transdifferentiated into cardiomyocytes and
(b) others had transdifferentiated into endothelial
cells in this model.

The transdifferentiation of HSCs into endo-
thelial cells in the heart®® is less controversial.
In animal models of stem cell therapy for
ischemic heart disease, the evidence points
toward increased mneovascularization (with
reduced myocardial ischemia) and consequent
improvement in cardiac function.?*?” The evi-
dence also suggests that bone marrow stem cells
may contribute directly to an increase in con-
tractility or, more likely, passively limit infarct
expansion and remodeling. Unfortunately, the
limitations of the present animal models leave
this particular question unanswered.

According to the current understanding of
bone marrow stem cell engraftment, most thera-
peutic stem cells die within days after delivery.
Arteriogenesis and vasculogenesis have long been

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

What Are Stem Cells and What Do They Do? 9

known to be highly dependent on vascular
growth factors. In another elegant study, Kinnaird
et al*®®* concluded that MSCs contribute to angio-
genesis by means of paracrine mechanisms. This
new understanding allows one to postulate that
the paracrine effects of bone marrow stem cell
therapy may help to recruit circulating progenitor
cells, activate resident cardiac stem cells, or both,
triggering a cascade of events resulting in cardiac
repair. Meanwhile, details about the important
role of resident cardiac stem cells in the process of
cardiac repair continue to emerge.*%?!

What Insights Have Been
Gained into Vascular and
Cardiac Repair Mechanisms?

The field of stem cell therapy has benefited
greatly from the work of numerous researchers
in both basic and clinical sciences. Their studies
have greatly improved our understanding of
the processes involved in cardiac repair and
neovascularization.

The creation of new blood vessels (neovascu-
larization) implies the formation of new mature
endothelial cells. This process involves either
the migration and proliferation of endothelial
cells from existing vessels (angiogenesis) or the
generation of new vessels from bone marrow-
derived progenitor cells (vasculogenesis).®?
Asahara et al** were the first to describe a unique
population of EPCs that are derived from bone
marrow and are present in the peripheral circula-
tion. These EPCs share similarities with bone
marrow hematopoietic progenitor cells. Before
EPCs were discovered, vasculogenesis was thought
to occur only in the human embryonic phase. In
animal models of ischemia, however, EPCs have
been shown to participate in new vessel develop-
ment, thus establishing a new paradigm of post-
natal vasculogenesis.

The importance of postnatal vasculogenesis to
stem cell therapy has been highlighted by several
recent studies. Bone marrow-derived EPCs have
been shown to contribute functionally to vascu-
logenesis after an AMI, during wound healing,
and in limb ischemia.!’ These cells have also
been implicated in the endothelialization of
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vascular grafts.** The number of circulating EPCs
and their migratory capacity have been shown
to correlate inversely with risk factors for CAD,
such as smoking and hypercholesterolemia.*®
EPCs have also been implicated in the patho-
genesis of allograft transplant vasculopathy and
coronary restenosis after stent implantation.
These cells are recruited by appropriate cyto-
kines, growth factors, and hormones through
autocrine, paracrine, and endocrine mecha-
nisms."! EPC mobilization is a natural response
to vascular trauma, as seen in patients who
undergo coronary artery bypass graft surgery or
suffer burns or an AMI.'"! Because EPCs play such
an important and dynamic role in vascular
repair, they are good candidates for use in cardiac
stem cell therapy.

Adult tissue-specific stem cells are present in
other organs that are capable of self-renewal,
including the liver, pancreas, skeletal muscle,
and skin. As mentioned at the outset, the heart
was until very recently considered a terminally
differentiated, postmitotic organ whose number
of myocytes was finite and established at birth.
This dogma has been challenged, however, by
the observation that HSCs can transdifferentiate
into cardiomyocytes®*® and that stem cells may
reside in the heart. Such resident cardiac stem
cells are thought to occupy niches in the atria and
apex and have been observed in the border zones
of myocardial infarcts.’” These observations have
in turn drastically changed our understanding of
the cardiac repair process. It now appears that the
injured heart may be repaired by means of resi-
dent cardiac stem cells and possibly by stem cells
originating from bone marrow. Once adequate
signaling has been established with cytokines
and growth factors, bone marrow cells are
mobilized." This concept has been strengthened
by evidence from animal studies showing that
AMI repair involves bone marrow cells*® and by
evidence of chimerism in transplanted hearts.*

In biologic terms, a chimera is an organism
formed from aggregates of genetically different
groups of cells derived from the same or a dif-
ferent species. Human chimerism is a well-
recognized phenomenon involving two-way
migration of cells from a host to a transplanted
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organ and vice versa. The unequivocal discovery
of Y chromosome-positive cells in female donor
hearts transplanted into male recipients has led to
the theory that host cells replace donor heart cells
that are lost as a result of transplant-associated
ischemia/reperfusion injury. Chimerism in sex-
mismatched transplanted hearts indicates that
host cells produce not only cardiac myocytes but
also endothelial and smooth muscle cells in those
hearts. The biologic and clinical importance of
chimerism and the true source of these host cells
(whether bone marrow or the remaining atria
of the transplant recipient) remain to be deter-
mined. It is most intriguing, however, that a
population of host cells expressing progenitor cell
surface markers (c-Kit, MDR1, and Sca-1) has been
found in both the atria and the ventricles of
transplanted hearts.*

Further evidence for the existence of a dynamic
cardiac renewal process throughout adulthood
comes from the recent identification of a novel
population of early tissue-committed stem cells
in the circulating pool of mononuclear cells.*
These tissue-committed stem cells may be part of
a group of circulating progenitor cells involved in
cardiac repair. The particularities and interactions
of resident and circulating stem cells in this
setting continue to be delineated.

Conclusions

In summary, the potential for stem cell therapy
in medicine — more specifically, in cardiology —
is enormous. Principles relating to regenerative
medicine are beginning to be understood as we
start to identify some of the players and their
roles. Cells are being studied intensely at the
molecular level to help provide mechanistic
answers and build a construct of knowledge in
a relatively unknown field. This knowledge is
being applied successfully in preclinical pro-
tocols, with a defined strategy of translational
research that aims toward clinical applications.
The field is moving fast, and not all the science
is completely (or even somewhat!) understood;
this has generated controversy among researchers,
who caution against clinical advancement with-
out the development of fundamental knowledge.
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On the other hand, the clinical application is too
promising to be held back, especially in light of
the initial safety demonstrated in limited clinical
trials. Real-world patients can benefit from real-
world therapy when they are faced with the grim
reality of death. To understand and apply this
new therapy, the clinician will need to become
familiar with the concepts outlined in this chap-
ter and be ready for a future shift in the cardio-
vascular therapy paradigm.
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chapter 2

Embryonic Stem Cells in
Comparison to Adult Stem Cells

Yong-Jian Geng

Introduction

Recent advances in biotechnology have given us
a better understanding of the molecular and
cellular basis of stem cell survival, growth, and
differentiation, and of the potential for using
stem cells to treat various diseases, including
heart disease. Clinicians and basic research scien-
tists are working closely to seek new stem cell
sources and to develop new methodologies for
stem cell isolation, growth, and transplantation.
They are primarily studying two kinds of animal
and human stem cells: embryonic stem cells
(ESCs) and adult stem cells. Each of these two
types of stem cells plays a role in tissue morpho-
genesis and postinjury repair, albeit differing in
metabolism, function, and morphology. Before
transplanting stem cells into damaged or dis-
eased organs or tissues, however, investigators
need to address many issues. The source, quality,
and availability of stem cells should be consid-
ered first. ESCs are the most potent stem cells
and so hold great promise for the development
of new therapy. However, ethical considerations,
limited numbers of cell lines in the USA, limited
resources, the difficulty of obtaining autologous
stem cells, and the potential risk for tumorigene-
sis have restricted their clinical application. On
the other hand, adult stem cells can be obtained
from the patient’s own tissues, and their applica-
tion does not raise ethical considerations, but
their potency is limited.

In this chapter, we will focus on several funda-
mental issues in stem cell biology and on the
potential application of stem cells in cardiovascu-
lar disease.

Methods for Establishing
Embryonic Stem Cell Lines

There are several ways to isolate and establish ESC
lines for cardiovascular research. After an oocyte
has been fertilized in vitro by a sperm cell, the fol-
lowing events occur according to a fairly pre-
dictable timeline. Day 1 ends 18-24 hours after
fertilization of the oocyte. By day 2, the zygote
(fertilized egg) has undergone its first cleavage,
producing a 2-cell embryo. By the end of day 3
(72 hours), the embryo has reached the 8-cell
stage and is called a morula. At this stage, the
embryo’s development starts being controlled
by its own genome. This means that maternal
influences — due to the presence of mRNA and
proteins in the oocyte cytoplasm - are signifi-
cantly reduced. On day 4, the cells of the embryo
adhere tightly to each other in a process known
as compaction, and on day 5, the cavity of the
blastocyst is completed.!

ESCs are derived from the blastocyst stage. This
is the stage before the embryo is implanted into
the uterine wall. Human and mouse blastocysts
consist of 200-250 and 150 cells, respectively.
The blastocyst cells are organized into an outer
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Figure 2.1 Embryonic stem cell (ESC) isolation and
culture from the inner cell mass of the blastocyst.

layer (trophectoderm, which consists of most
of the cells), a fluid-filled cavity (blastocele),
and an inner cluster of cells (inner cell mass).
The inner cell mass is the main source of ESCs
(Figure 2.1). To derive ESC cultures, the trophec-
toderm is removed, either by microsurgery or
immunosurgery (in which antibodies against the
trophectoderm help break it down), thus freeing
the inner cell mass. At this stage, the human
inner cell mass is composed of only 30-34 cells.
The in vitro conditions for growing a human
embryo to the blastocyst stage vary. However,
once the inner cell mass has been obtained from
a mouse or human blastocyst, the techniques for
growing ESCs are similar.!

ESCs can also be generated through somatic
nucleus transfer or cloning technology. In theory,
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the nucleus of a differentiated mouse somatic cell
can be reprogrammed by injecting it into an
oocyte. The resultant pluripotent cell would
be immunologically compatible with the donor
because it would be genetically identical to the
donor cell.!

Maintaining the pluripotency of ESCs was a
major challenge to scientists. Establishment of
ESC lines derived from mouse blastocysts became
possible 20 years ago with the invention of tech-
niques that allowed the cells to be grown but not
differentiated in vitro.' The discovery of various
growth factors (e.g., leukemia inhibitory factor,
LIF) made the culture of ESCs possible. In the
presence of LIF, stem cells stop differentiating
and yet maintain their ability to proliferate.**
However, stem cells from different species have
different sensitivities to LIF. In humans, growth
of ESCs requires additional factors, including
fibroblast growth factors (FGFs) and colony-
stimulating factors.

ESC lines may be derived from early embryos,
in which case they closely resemble the cells of a
preimplantation embryo, or from later embryos,
in which case they are similar to cells derived
from neonatal or adult tissues. Hence, stem cell
lines may be heterogeneous. Nonetheless, all
ESCs can proliferate extensively and differentiate
into all adult cell types. When they are isolated
and grown ex vivo (outside the organism), they
continue to replicate and show the potential to
differentiate. Although scientists are still debat-
ing how to define ESCs, some defining charac-
teristics are presently accepted (Table 2.1).

The recent development of the somatic cell
nucleus transfer (SCNT) technique has offered
a new approach for establishing stem cells that
immunologically and genetically match those of
patients. In SCNT, a nucleus from one of the
patient’s own cells (e.g., a fibroblast) is injected
into an oocyte that has had its nucleus removed.
This procedure is also called therapeutic cloning.
Because the stem cells derived from the oocyte
carry almost the entire genomic material of the
donor patient, therotically speaking, they carry
the same immunogenic signals as the donor cells,
and therefore do not provoke an immunorejec-
tion response, a major factor causing the failure
of stem cell therapy.
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Table 2.1 Biologic properties of embryonic stem cells (ESCs)!

B Derived from the inner cell mass of the blastocyst

B Capable of undergoing an unlimited number of symmetrical divisions without differentiating (long-term
self-renewal)

B Exhibit and maintain a stable, full (diploid), normal complement of chromosomes (karyotype)

B Can give rise to differentiated cell types that are derived from all three primary germ layers of the embryo
(endoderm, mesoderm, and ectoderm)

B Capable of differentiating into all fetal tissues during development (mouse ESCs maintained in culture for
long periods can still generate any tissue when they are reintroduced into an embryo to generate a chimera)

B Capable of colonizing the germline and giving rise to oocytes or sperm cells

B Clonogenic (can give rise to a colony of genetically identical cells, or clones, that have the same properties
as the original cell)

B Express the transcription factor Oct-4, which then activates or inhibits a host of target genes and maintains
ESCs in a proliferative, nondifferentiating state

B Can be induced to continue proliferating or to differentiate

B Lack the G, checkpoint in the cell cycle. ESCs spend most of their time in the S phase of the cell cycle, dur-
ing which they synthesize DNA. Unlike differentiated somatic cells, ESCs do not require an external stimulus
to initiate DNA replication

B Do not show X inactivation. In every somatic cell of a female mammal, one of the two X chromosomes

becomes permanently inactivated: this X inactivation does not occur in ESCs

SCNT was first explored by Hans Spemann in
the 1920s for genetics research and is now
explored for potential clinical application.’ By
definition, a somatic cell is any cell other than
a sperm, an oocyte, or a cell that gives rise to a
sperm or oocyte. SCNT requires two cells: a
donor cell and an oocyte. The procedure of SCNT
has multiple steps (Figure 2.2):

1. Isolate the donor nucleus from a somatic cell
(e.g., a fibroblast or myofibroblast) of a mature
donor. The donor cell is usually at the G, (“gap
zero”) phase of the cell cycle, a dormant phase,
causing the cell to shut down but not die. In
this state, the nucleus is ready to be accepted
by the oocyte.

2. Remove the nucleus of the oocyte (containing
its DNA). The recipient oocyte must be com-
pletely enucleated, which eliminates the
majority of its genetic information.

3. Implant the somatic cell nucleus (and its DNA)
in the nucleus-free oocyte. Either a fertilized
or an unfertilized oocyte can be used, but the
latter seems more likely to accept the donor
nucleus as its own. The donor cell’s nucleus can

be placed inside the oocyte, through either cell
fusion or transplantation. The egg cell is then
prompted to begin forming an embryo. To har-
vest stem cells, the oocyte carrying the trans-
ferred nucleus is induced to divide until it
reaches the blastocyst stage, at which time the
cells of the inner cell mass are removed and
cultured. These cells — ESCs — are pluripotent.

Although this technique shows great promise,
it also has certain limitations. Ethical and
biosafety issues remain major problems. In addi-
tion, because some genetic material from the
mitochondria of the oocytes is still present, any
defect or mutation in the mitochondrial DNA
can pass down to the stem cells.

Methods for Testing
Pluripotency

An ESC is characterized by its pluripotency.
The following three kinds of experiments test
whether a stem cell line (regardless of whether it
originated from rodents or humans) is pluripo-
tent and so determine whether it is an ESC.!
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Figure 2.2 Schematic presentation of the establishment
of a patient-compatible embryonic stem cell (ESC) line
for therapy by somatic cell nucleus transfer (SCNT).

1. Formation of chimeras. This test is conducted
by injecting ESCs derived from the inner cell
mass of one blastocyst into the cavity of
another blastocyst. The resulting combina-
tion embryos are then implanted in the
uterus of a female mouse, and the progeny
that result are known as chimeras. Chimeras
are a mixture of tissues and organs derived
from both the recipient blastocyst and donor
ESCs. If the resulting chimeras are complete
embryos, then the donor stem cells must have
been pluripotent. Cultured ESCs can also
replace the inner cell mass of a mouse blasto-
cyst and produce a normal embryo, but the
process is far less efficient than that of using
cells taken directly from the inner cell mass.
Whether mouse ESCs can generate a complete
embryo depends on the number of times they
have been passaged in vitro. A passage is the
process of removing cells from one culture
dish and replating them into fresh culture
dishes. Whether the number of passages
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affects the differentiation potential of human
ESCs remains to be determined.’

2. Formation of mature tissues from transplants.
A second method for determining the pluri-
potency of mouse ESCs is to inject the cells
into genetically identical or immune-deficient
adult mice (under the skin or kidney capsule),
so the tissue will not be rejected. If the injected
cells are pluripotent, they develop into benign
tumors called teratomas. These tumors contain
cell types derived from all three primary germ
layers of the embryo. Teratomas typically
contain gut-like structures such as layers of
epithelial cells and smooth muscle, skeletal or
cardiac muscle (which may contract sponta-
neously), neural tissue, cartilage or bone, and
sometimes hair. Even though mouse ESCs do
not generate trophoblast tissues in vivo, ESCs
that have been maintained for a long period
in vitro can ultimately behave like pluripotent
cells in vivo. In vitro, mouse ESCs can form
an embryo by differentiating into any somatic
cell type and can differentiate into a wide
range of cell types in an adult.'

3. In vitro differentiation. A third technique for
demonstrating pluripotency is to allow mouse
ESCs to differentiate spontaneously in vitro or
to direct their differentiation along specific
pathways. The former is usually accomplished
by removing feeder layers and adding LIF to
the growth medium. Within a few days after
changing the culture conditions, ESCs aggre-
gate and may form embryoid bodies, which
resemble teratomas. Embryoid bodies consist
of a disorganized array of differentiated or par-
tially differentiated cell types that are derived
from the three primary germ layers of the
embryo.!

Understanding how ESCs replicate for hundreds
of population doublings without differentiat-
ing is a major task that has been pursued for
decades.! To date, two major areas of investi-
gation have provided some clues. One involves
investigating the effects of secreted factors, such
as LIF, on mouse ESCs in vitro. The second area
of study involves investigating the effects of
transcription factors, such as Oct-4. This is a
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protein expressed by mouse and human ESCs in
vitro and by mouse inner cell mass cells in vivo.
The cell cycle of the ESC also seems to play a role
in preventing differentiation. Many factors must
be balanced in a particular way for ESCs to
remain in a self-renewing state. If the balance
shifts, the stem cells begin to differentiate.

Directing Differentiation of
Embryonic Stem Cells

Directing pluripotent stem cells, especially
human ESCs, to tissue-specific development is a
major challenge.”> How genetic or environmental
factors induce stem cells to develop into special-
ized cells is largely unknown.® The directed dif-
ferentiation of ESCs is vital to their use in the
development of new therapies. One of the most
common approaches for directing tissue- or cell
type-specific differentiation is to change the
stem cell culture conditions. By adding growth
factors to the culture medium or changing the
chemical composition of the dish surface, the
ESCs can be induced to grow in a direction favor-
able to a specific tissue. For example, the plastic
culture dishes used to grow mouse and human
stem cells can be treated with a variety of sub-
stances that allow the cells either to adhere to
the surface of the dish or to avoid adhering and
instead float in the culture medium. The floating
of ESCs in the culture medium may help them
differentiate into heart muscle cells. In general,
an adherent substrate prevents ESCs from inter-
acting and differentiating, whereas a nonad-
herent substrate allows them to aggregate and
thereby interact with each other. Cell-cell inter-
actions are critical to normal embryonic devel-
opment, so allowing some of these in vivo
interactions to occur in the culture dish is a
fundamental strategy for inducing mouse or
human stem cell differentiation in vitro. In
addition, adding specific growth factors to the
culture medium triggers the activation (or inacti-
vation) of specific genes in stem cells. This initi-
ates a series of molecular events that induces the
cells to differentiate along a particular pathway.
For example, overexpression of the GATA-4
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transcription factor in ESCs may enhance
cardiomyogenesis."’

Genetic manipulation may also help direct ESC
differentiation. One can introduce foreign genes
into the cells via transfection or other methods.
The added foreign genes trigger the cells to differ-
entiate along a particular pathway. This approach
is a precise way of regulating ESC differentiation,
but it will work only if it is possible to identify
which gene must be active at which particular
stage of differentiation. Then the gene must be
inserted into the genome at the proper location
and activated during the correct stage of differen-
tiation. Gene-guided differentiation has several
pitfalls, including the lack of specific target genes,
potential toxicity to stem cells, and modification
of stem cells by vectors themselves.

All of the techniques described are still highly
experimental. Nevertheless, within the past
several years, it has become possible to generate
differentiated, functional cells by manipulating
the growth conditions of mouse ESCs in vitro.®’
How the directed differentiation occurs has not
been explained. It is not known how or when
gene expression is changed, which signal trans-
duction systems are triggered, or what cell-cell
interactions must occur to convert ESCs into
precursor cells and, finally, into differentiated
cells that look and function like their in vivo
counterparts.’

Directing Differentiation
of Adult Stem Cells

Upon stimulation by extrinsic or intrinsic fac-
tors, the adult stem cell can renew itself and
yield all cell types of the tissue from which it
originated. In theory, adult stem cells are capa-
ble of self-renewal throughout an organism'’s
lifetime. However, as the organism ages, the
number of tissue-specific stem cells declines,
impairing regeneration or repair in adult tissues
and organs. Different tissues and organs have
different abundances of stem cells. Theoretically,
tissues and organs such as the heart and the
brain, with highly specialized, long-living cells,
have fewer adult stem cells than do fast-turnover
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Table 2.2 Comparison of biologic properties between embryonic and adult stem cells

Characteristic Embryonic Stem Cells Adult Stem Cells

Origin Inner mass of the blastocyst Various tissues (e.g., bone marrow,
heart, adipose tissue)

Growth Unlimited, symmetrical divisions Limited, often asymmetrical divisions

Differentiation potential Higher Lower

Stable cell lines Exist Do not exist

Immunogenicity Lower Higher

Tumorigenicity Higher Lower

Ethical issues Yes No

tissues and organs such as the bone marrow
and skin.

Recent studies have shown that certain types
of adult stem cells, including those from bone
marrow, are capable of differentiating into spe-
cialized cells in somatic tissues, such as those
of the skeletal muscle, liver, heart, and brain. This
ability to transdifferentiate, or differentiate into
a cell type of a tissue other than the originating
tissue, is called cytoplasticity.

Thus, transplanting adult stem cells into an
infarcted heart may help in myocardial tissue
repair or regeneration. The adult heart contains
limited numbers of adult stem cells, and its
regenerative capacity is generally lower than
that of other tissues such as the liver and bone
marrow. Because adult stem cells can transdiffer-
entiate, they can be transplanted into the heart
from other tissues such as bone marrow. In our
institution and elsewhere, clinical trials have
shown some therapeutic benefits in selected
groups of patients with ischemic heart failure or
myocardiac infarction.®-1°

However, adult stem cells have some disadvan-
tages over ESCs in terms of potency in growth and
differentiation (Table 2.2). Usually, it is very diffi-
cult to establish a stable adult stem cell line, and
adult stem cells have limited passage capacity.
Therefore, isolation and growth of a large number of
adult stem cells constitutes a major challenge to
clinical adult stem cell application. Adult stem cells
appear to show stronger immunogenicity - i.e.,
allogeneic adult stem cells may provoke immune

cells more frequently than allogeneic ESCs.
Because of this, the SCNT approach to establishing
a customized stem cell line with the patient’s own
nucleus has been explored very recently.’

Adult Stem Cells and
Cardiac Repair

Researchers now know that under highly specific
growth conditions in laboratory culture dishes,
adult stem cells can transdifferentiate into new
cardiomyocytes and vascular endothelial cells. To
test the ability of these cells to restore cardiac
function, investigators have used animal models
of a heart attack.!' In the experimental pro-
cedures, a ligature is placed around a major blood
vessel serving the heart muscle, thereby depriv-
ing the cardiomyocytes of their oxygen and
nutrient supplies and causing a heart attack. Over
the past several years, researchers using such
models have made several key discoveries that
kindled interest in the application of adult stem
cells to heart muscle repair.!

Orlic et al'? reported an experimental applica-
tion of hematopoietic stem cells for cardiac tissue
regeneration. In this study, a heart attack was
induced in mice by tying off a major blood
vessel, the left main coronary artery. By identify-
ing unique cellular surface markers, the investi-
gators then isolated a select group of adult
hematopoietic stem cells. When injected into the
damaged wall of the ventricle, these cells led to
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the formation of new cardiomyocytes, vascular
endothelial cells, and smooth muscle cells, thus
generating de novo myocardium, including coro-
nary arteries, arterioles, and capillaries. Nine days
after the bone marrow cells were transplanted,
the newly formed myocardium occupied 68%
of the damaged portion of the ventricle, in effect
replacing the dead myocardium with living,
functioning tissue. The researchers found that
mice that received the injected cells survived in
greater numbers than mice that did not receive
the mouse stem cells. Follow-up experiments are
now being conducted to extend the post-trans-
plantation analysis time to determine the longer-
range effects of such therapy. The partial repair
of the damaged heart muscle suggests that
the injected mouse hematopoietic stem cells
responded to signals in the environment near
the injured myocardium and migrated to the
damaged region of the ventricle, where they
multiplied and became cardiomyocytes.!
Cardiac tissue can also be partially regenerated
in the mouse heart attack model through the
transplantation of adult stem cells from mouse
bone marrow. Using this model, investigators
purified a side population of hematopoietic stem
cells from a genetically altered mouse strain."
These cells were then transplanted into the mar-
row of lethally irradiated mice. Ten weeks later,
the recipient mice were subjected to a heart
attack via the tying off of a different major car-
diac blood vessel, the left anterior descending
(LAD) coronary artery. Two to four weeks after
the induced cardiac injury, the survival rate was
26%. As with the study by Orlic et al,’* donor-
derived cardiomyocytes and endothelial cells
were found surrounding the damaged tissue in
surviving mice. Thus, the mouse hematopoietic
stem cells transplanted into the bone marrow
had responded to signals in the injured heart,
migrated to the border region of the damaged
area, and differentiated into several types of tissue
needed for cardiac repair. This study suggests that
mouse hematopoietic stem cells can be delivered
to the heart through bone marrow transplanta-
tion in addition to through direct injection.!
More evidence for the potential of stem cell-
based therapies to treat heart disease is provided
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by a study that showed that human adult hema-
topoietic stem cells are capable of giving rise to
vascular endothelial cells when transplanted into
rats.' As in the previous study, these researchers
induced a heart attack by tying off the LAD coro-
nary artery. They took great care to identify a pop-
ulation of human hematopoietic stem cells that
give rise to new blood vessels. These cytoplastic
cells were used to form new blood vessels in the
damaged area of the rats’ hearts and to encourage
proliferation of preexisting vasculature following
the experimental heart attack.!

Under the appropriate culture conditions,
human hematopoietic stem cells, like mouse
hematopoietic stem cells, can be induced to trans-
differentiate into numerous tissue types, includ-
ing cardiac muscle. When injected into the
bloodstream leading to the damaged rat heart,
these cells have prevented the death of hypertro-
phied, or thickened but otherwise viable, myocar-
dial cells and reduced progressive formation of
collagen fibers and scars.'® Furthermore, the
hematopoietic cells could be identified on the
basis of highly specific cell markers that differen-
tiated them from cardiomyocyte precursor cells.
This would enable the cells to be used alone or in
conjunction with myocyte regeneration strate-
gies or pharmacologic therapies.!

Embryonic Stem Cells
and Cardiac Repair

Because of their ability to differentiate into any
cell type in the adult body, ESCs are another
possible source population for cardiac repair
cells. The first step in this application was taken
by Itskovitz-Eldor et al,'® who demonstrated that
human ESCs can reproducibly differentiate in
vitro into embryoid bodies. Among the various
cell types found in the embryoid bodies were
cells that had the physical appearance of car-
diomyocytes, showed cellular markers consistent
with heart cells, and demonstrated contractile
activity similar to that of cardiomyocytes.!

In a continuation of this early work, scientists
found structural and functional properties
of early-stage cardiomyocytes in the cells that
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developed from embryoid bodies. Using anti-
body markers, Kehat et al'” identified the cells
that spontaneously contracted as myosin heavy
chain, o-actinin, desmin, antinatriuretic protein,
and cardiac troponin - all proteins found in heart
tissue. A genetic analysis of these cells showed
that the transcription factor genes expressed
were consistent with early-stage cardiomyocytes.
Electrical recordings from these cells, changes
in calcium ion movement within the cells, and
the cells’ contractile responsiveness to cate-
cholamine hormone stimulation were similar to
those seen in early cardiomyocytes observed
during mammalian development.!

Min et al'® induced heart attacks in rodents
by ligating the LAD coronary artery, then
transplanted ESCs from culture. Cardiac function
improved. Using markers, the researchers found
that cells in the recipient hearts, including the
myocardium, were derived from the ESCs. This
research shows that, like adult stem cells, ESCs
can repair cardiac tissue in rodents.

Evaluation of the Use of
Stem Cells in Cardiac Repair

These breakthrough discoveries in rodent models
present new opportunities for using stem cells to
repair damaged heart muscle. But the evidence
is not complete. The mouse hematopoietic stem
cell populations that give rise to cardiac replace-
ment cells are not homogeneous. Rather, they
are enriched for the cells of interest through
specific and selective stimulating factors that
promote cell growth. Thus, the originating cell
population of these injected cells has not been
identified, and the injected cells may originate
from cell populations that could cause the recip-
ient to reject the transplanted cells. This is a
major issue for clinical applications, but it is not
as relevant in the experimental models described
here because the experimental rodents have been
bred to be genetically similar. Another issue
is the ability to produce a sufficient number of
cells for clinical application: the repair of one
damaged human heart would likely require
millions of cells. Thus, the unique capacity of
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ESCs to replicate easily in culture may give them
an advantage over adult stem cells.!

Although researchers know that adult stem cells
and ESCs can repair damaged heart tissue, many
questions need to be answered before any wide-
spread clinical applications can be considered. For
example, how long will the replacement cells con-
tinue to function? Do the rodent research models
accurately reflect human heart conditions and
transplantation responses? Do these replacement
cardiomyocytes have the electrical signal conduct-
ing capabilities of native cardiac muscle cells?!

Stem cells may well serve as the foundation
upon which a future form of cellular therapy is
constructed. In current animal models, the time
between injury to the heart and application of
stem cells affects the degree to which regenera-
tion takes place, and this has real implications
for the patient who is rushed unprepared to the
emergency room in the wake of a heart attack. In
the future, could the patient’s cells be harvested
and expanded for use in an efficient manner?
Alternatively, could at-risk patients donate their
cells in advance, thus minimizing the preparation
necessary for the cells’ administration? Moreover,
could stem cells be genetically programmed to
migrate directly to the site of injury and immedi-
ately synthesize the heart proteins necessary for
the regeneration process? Investigators are cur-
rently addressing these questions, thus providing
a promising future for cardiac repair.!

Conclusions

Stem cells show great potential in regenerative
medicine. Establishment of ESC lines and isola-
tion of adult stem cells provide a great opportu-
nity to develop a potentially novel therapy
for treating many medical disorders, including
several life-threatening cardiovascular condi-
tions and diseases, such as myocardial infarction
and heart failure. ESCs have a higher potency of
replication and cell lineage differentiation than
do adult stem cells. Both ESCs and adult stem
cells can develop into cardiovascular cells,
including cardiac myocytes, smooth muscle cells,
and endothelial cells. And yet, it is largely


http://www.stemcell8.cn

unknown whether the two types of stem cells
have the same potential for repopulating car-
diomyocytes and improving heart function.
Because of ethical and biosafety issues, ESCs have
not been used for clinical application. The major-
ity of information about the potential applica-
tion of ESCs in regenerative cardiovascular
medicine comes from laboratories and experi-
mental animal models. However, studies involv-
ing an array of adult stem cell types have been
done. Most recently, attention has shifted to the
use of autologous bone marrow-derived stem
cells, with encouraging results. Cardiac function
has improved in selected patients who have
undergone treatment with autologous bone
marrow-derived stem cells delivered via a trans-
endocardial or an intracoronary approach.
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chapter 3

The Basics of Mesenchymal
Lineage Progenitor Cells

Silviu Itescu

Introduction

The mammalian bone marrow comprises two
distinct stem cell populations that co-operate
and are functionally interdependent, the hema-
topoietic 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, differentia-
tion, and maturation of hematopoietic stem cells
(HSCs). However, while 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 recently
been shown to contain multipotent stem cells
with the capacity to give rise to a variety of differ-
entiated cell lineages, including bone, cartilage,
adipose, smooth muscle, and even cardiac muscle
tissue.

The increasing recognition of the multipoten-
tial properties of mesenchymal lineage progeni-
tor cells, together with their apparent ease of
manipulation in culture, has generated 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 review will

give an overview of the identity, nature, develop-
mental origin and functional characteristics of
mesenchymal lineage progenitor cells, their
amenability to ex vivo culture manipulation, and
their therapeutic potential, particularly for
patients with cardiovascular disease.

Mammalian Marrow

Contains Mesenchymal

Lineage Progenitors That

Have High Proliferative Capacity
and Are Clonogenic in Vitro

Friedenstein et al' were the first to establish
a reproducible biologic assay to identify the
presence of cells in mammalian bone marrow
capable of giving rise to multiple tissues of mes-
enchymal lineage, including bone, cartilage, and
fat. Using gentle mechanical disruption of bone
marrow tissue, these researchers were able to
readily dissociate stromal and hematopoietic
cells into a single-cell suspension. The bone
marrow stromal cells rapidly adhere, can be eas-
ily separated from the nonadherent hemato-
poietic cells by repeated washing, and, under
appropriate culture conditions, give rise to dis-
tinct colonies. The clonogenic stromal progeni-
tor cells responsible for colony growth under
these conditions are termed fibroblast colony-
forming cells (CFU-Fs, for “colony-forming
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units — fibroblast”) and are rapidly adherent,
nonphagocytic, clonogenic cells capable of
extended proliferation in vitro.

The degree of CFU-F proliferative activity
in vitro is greatly dependent on the mitogenic
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 (bFGF),
transforming growth factor B (TGF-B), and
insulin-like growth factor I (IGF-I).>* Under opti-
mal conditions, cultured cells combined from
multiple CFU-F colonies can undergo more
than 50 cell doublings, or over 25 culture pas-
sages, demonstrating extensive self-replicative

capacity.

Marrow Mesenchymal
Lineage Progenitors
Isolated on the Basis

of Physical Properties
Demonstrate Functional
in Vitro Heterogeneity

Neither CFU-F outgrowth nor expression of
osteogenic, chondrogenic, or adipogenic phe-
notypic markers in culture (detected either by
mRNA expression or by histochemical tech-
niques) necessarily constitutes multipotency of a
given clone.* Typically, CFU-F outgrowth is het-
erogeneous 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.>®

Interestingly, the bone marrow stromal popu-
lation from which mesenchymal lineage stem
cells are derived shares properties with cells of
fibroblast, myofibroblast, and endothelial cell
lineage, expressing matrix proteins and o smooth
muscle actin (-SMA), as well as endoglin/CD105
and MUC-18/CD146. Despite attempts to use
only those clones that have been distinctively
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characterized phenotypically following ex vivo
culture and passage of cells initially isolated
from bone marrow stroma by simple density
gradient separation and plastic adherence, the
resulting clones continue to display varying
degrees of multipotentiality.” To date, no surface
marker expressed by in vitro cultured mesenchy-
mal lineage cells has consistently shown pre-
dictability of the biologic behavior of any given
clone either in vitro or in vivo.

Prospective Immunoselection of
Mesenchymal Lineage Precursor
Cells Enhances Reproducible
Functional Outgrowth

To generate mesenchymal lineage stem cells with
sufficient functional reproducibility to enable
clinical use, investigators have sought to develop
more precise methods to identify and isolate the
subset of marrow mesenchymal lineage precur-
sors with the most extensive replication and dif-
ferentiation potential. This requires prospective
linkage between surface phenotype, genotype,
and multipotency displayed in transplantation
assays. By immunizing mice with human mes-
enchymal lineage precursors, several laboratories
have developed monoclonal antibodies reactive
with and suitable for isolation of highly purified
mesenchymal precursor cell populations.®!!
Use of a monoclonal antibody reactive with an
antigen termed Stro-1 enables identification of
a population of marrow stromal cells that are
clonogenic (Stro-1"")!12 and results in a 10- to
20-fold enrichment of CFU-Fs relative to their
incidence in unseparated bone marrow."® Freshly
isolated Stro-1s" 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 sev-
eral different laboratories.'*'7 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-Fs relative to their incidence
in unseparated bone marrow, with a CFU-F
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incidence of approximately 1 per 2 cells plated."”
At a clonal level, Stro-1Pist VCAM-1* cells are
devoid of hematopoietic, fibroblast, or endo-
thelial lineage cells, and demonstrate multi-
potential capability, differentiating to bone,
cartilage, and adipose tissue. Thus, in order to
maximize functional reproducibility, all efforts
should be made to initiate mesenchymal lineage
stem cell culture expansion with as pure and
homogeneous a population of Stro-1°& VCAM-
1* cells as possible.

Distinctive Anatomic Location of
Mesenchymal Lineage Precursor
Cells Suggests a 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 inti-
mately associated with blood vessel walls —
generally referred to as vascular smooth muscle
cells or pericytes. By immunohistochemistry,
Stro-1* cells in 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.'® Here, they are found to coexpress markers
typically associated with both vascular smooth
muscle, such as o-SMA, and with endothelium,
such as MUC-18/CD146.

Observations from cultured bone marrow-
derived stromal cells support the interpretation
that mesenchymal precursor cells are vascular
pericytes in vivo. Cultured stromal cells/mesen-
chymal lineage stem cells coexpress o-SMA as
well as other markers of pericytes/smooth muscle
cells, such as caldesmon, metavinculin, calponin,
and smooth muscle myosin heavy chains."
Moreover, cultured pericytes and marrow stromal
cells synthesize very similar extracellular matrix
proteins, including a variety of basal lamina
and interstitial collagens.?®?! In addition, mar-
row stromal cells respond exuberantly to culture
with PDGF-BB# a cytokine whose interaction
with its cognate receptor is involved in pericyte
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recruitment and viability.?® Finally, vascular
pericytes isolated from blood vessels or the retina
fulfill criteria for being multipotential mesen-
chymal precursors, demonstrating capability for
differentiation into a variety of cell types, includ-
ing osteoblasts, adipocytes, chondrocytes, and
fibroblasts.?*%

Formation of Vascular
Structures During
Embryogenesis:
Inter-relationship
Between Pericytes and
Endothelial Precursors

In order to develop successful methods for induc-
ing neovascularization of the adult heart, one
needs to understand the process of definitive
vascular network formation during embryogene-
sis. In the prenatal period, hemangioblasts
derived from the human ventral aorta give rise
to cellular elements involved in both vasculo-
genesis, or formation of the primitive capillary
network, and hematopoiesis.***! Under the regu-
latory influence of various transcriptional and dif-
ferentiation factors, embryonic hemangioblasts
mature, migrate, and differentiate to become
endothelial lining cells and create the primitive
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 factors — a process termed angiogene-
sis. The final component required for definitive
vascular network formation to sustain embry-
onic organogenesis is an influx of mesenchymal
lineage cells to form the vascular supporting
mural cells such as vascular smooth muscle cells
(vSMCs) and pericytes.

The embryologic origins of pericytes and
vSMCs include mesenchymal cells surrounding
the dorsal aorta,®>*?® neural crest cells in the fore-
brain and cardiac outflow tract,* and epicardial
cells in heart coronary vessels.* In the mature
vascular system, the endothelium is supported
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by mural cells, with the smallest capillaries
partially covered by solitary pericytes and with
arteries and veins surrounded by single or multi-
ple layers of vSMCs. 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 enlarge-
ment or remodeling (arteriogenesis).*® The
vSMCs provide structural support to large vessels
and are important regulators of arteriolar blood
flow due to contractile characteristics. Whereas
pericytes directly contact endothelial cells via
N-cadherin- and B-catenin-based adherens junc-
tions,* vSMCs are separated from the endothe-
lium by a basement membrane, and in larger
arteries by the intima.

Pericytes form intimate connections with
endothelial cells, alterations in these interactions
having significant consequences on microvascu-
lature morphology and physiology. Injecting
N-cadherin-neutralizing antibodies into the
developing chick brain has profound effects on
vascular integrity,®® while injecting neutralizing
PDGF receptor B (PDGFR-B) antibodies in new-
born mice results in almost complete impair-
ment of pericyte recruitment to the retinal
microvasculature, with severe defects in vascular
patterning.* Detailed analysis of the microvascu-
lature in PDGF-B and PDGFR-B knockout mice
demonstrates abnormal capillary diameters, rup-
turing microaneurysms, endothelial hyperplasia,
defects in endothelial junction formation, and
formation of numerous cytoplasmic folds at the
luminal surface of the endothelium.* Together
with physiological signs of hypoxia in these
knockout animals, such as upregulation of VEGF-
A expression,® these observations indicate that
pericytes control endothelial differentiation in
vivo, have a profound role in sprouting angio-
genesis 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 the development of other organs in the
embryo, establishment of the primitive marrow
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stroma involves a complex series of events that
require vascular invasion of primitive bone rudi-
ments.*” The relevance of the vascular system
persists in the postnatal skeleton, with the
medullary vascular network consisting of a con-
tinuous layer of endothelial cells and suben-
dothelial pericytes and being shared by bone and
bone marrow.*'*? Under normal steady-state
conditions, human bone marrow expression of
0-SMA is limited to vSMCs in the media of arter-
ies, pericytes lining capillaries, and occasional
flattened cells on the endosteal surface of bone.*?
Strikingly, pericytes in the arterial and capillary
sections of the medullary vascular network
coexpress a-SMA and Stro-1, consistent with
the identity and anatomic location of stromal/
mesenchymal progenitors as vSMCs/pericytes.!®

The perivascular in vivo location of human
mesenchymal lineage precursors, together with
their coexpression of markers of both endothelial
and smooth muscle lineage cells and their multi-
potential capabilities, raises the intriguing possi-
bility 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 vascular endothelial
growth factor receptor 2 (VEGFR-2, FLK-1/KDR)-
positive precursor gives rise to cells of both
endothelial and smooth muscle lineage, resulting
in development of the embryonic vasculature.**

The intimate proximity of human perivascu-
lar mesenchymal lineage precursors to vascular
endothelium suggests that each cell type influ-
ences the biology of the other. Migration of mes-
enchymal lineage precursors and formation of a
pericyte coating in physical continuity with the
nascent vascular network is dependent on pro-
duction of EGF and PDGF-B by nascent endothe-
lial tubes.*® Conversely, maintenance of vessel
integrity, stabilization, and prevention of vessel
pruning are dependent on pericyte coating of the
microvessel.*

During normal bone development, new bone
formation occurs in a precise spatial and tempo-
ral sequence, best visualized in metaphyseal
growth plates. Importantly, new bone cell growth
accompanies endothelial cell growth, pericyte
coverage, and active angiogenesis. Inhibition
of angiogenesis results in blockade of both
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metaphyseal endochondral bone formation and
related activities in the adjacent cartilage growth
plates.” Together, these observations suggest that
Stro-1* mesenchymal lineage precursors serve as
important regulators of new blood vessel forma-
tion in the bone marrow, in growing bone, and,
in view of their ubiquitous expression through-
out the body, perhaps in various tissues during
periods of growth, damage, or remodeling.

New Vascular Network
Formation is a Prerequisite for
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 sur-
vive in their host environment, whether such
transplants have been congenic (analogous to the
autologous scenario in humans) or allogeneic.
One major reason for the poor survival of trans-
planted cardiomyocytes or skeletal myoblasts is
that viability and prolonged function of trans-
planted cells requires an augmented vascular sup-
ply. Recent studies have shown that development
of thin-walled capillaries in ischemic myocardium
following transplantation of hematopoietic lin-
eage endothelial precursors enhances survival of
endogenous cardiomyocytes.*® Moreover, trans-
planting cultured cardiomyocytes that incorpo-
rate more vascular structures in vivo results in
significantly greater cell survival and protection
against apoptosis.* 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 have been significantly
augmented.*®

As a corollary of the above, it is reasonable
to anticipate that cellular therapies for the treat-
ment of ischemic cardiomyopathy will need
to address two interdependent processes: (a) a
renewable source of proliferating, functional car-
diomyocytes, and (b) development of a network
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of capillaries and larger blood vessels for supply
of oxygen and nutrients both to the chroni-
cally 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 mes-
enchymal lineage precursor 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 mesenchymal
lineage stem cells can be used to generate car-
diomyocytes ex vivo for potential use in a range
of cardiovascular diseases.’'-** The newly gener-
ated cardiomyocytes appear to resemble normal
cardiomyocytes in terms of phenotypic proper-
ties, such as expression of actinin, desmin, and
troponin I, and function, including positive and
negative chronotropic regulation of contractility
by pharmacological agents and production of
vasoactive factors such as atrial and brain natri-
uretic peptides.’'* Moreover, in vivo transplan-
tation of bone marrow-derived mesenchymal
lineage stem cells has resulted in incorporation
within endogenous heart tissue®® and in cardiac
muscle differentiation.**

However, significant and sustained functional
cardiac improvement following in vivo trans-
plantation of stromal/mesenchymal lineage stem
cell-derived cardiomyocytes has been exceed-
ingly difficult to show to date. In part, this may
be because the signals required for cardiomy-
ocyte differentiation and functional regulation
are complex and poorly understood. For exam-
ple, phenotypic and functional differentiation
of mesenchymal stem cells to cardiomyocyte
lineage cells in vitro requires culture with exoge-
nously added S5-azacytidine.®® 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 implantation of skeletal


http://www.stemcell8.cn

28  An Essential Guide to Cardiac Cell Therapy

muscle. In the absence of tissue culture, skeletal
myoblast implantation 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 massive and rapid necrosis
of donor myoblasts, with over 90% dead within
the first hour after injection.’*® Rejection of the
cells modified by tissue culture conditions is
mediated by host natural killer (NK) cells that
recognize foreign proteins on the surface of
the modified autologous or congenic cells. Other
possible reasons for lack of sufficient engraft-
ment 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 deliv-
ered. Methods to increase endogenous expres-
sion of cell survival signals, such as by Akt
genetic modification of stromal/mesenchymal
lineage cells, can result in prolonged cellular sur-
vival in vivo and functional cardiac recovery.®

Potential for Allogeneic Use
of Mesenchymal Lineage
Precursor Cells

Some of the most exciting data that have been
generated recently relate to the ability of mes-
enchymal lineage stem cells to evade recognition
by the immune cells of unrelated recipients, rais-
ing the possibility that they may potentially con-
stitute a source of allogeneic cellular therapeutic
products. Despite the expression of human leuko-
cyte antigen (HLA) molecules on their surface,
these cells do not induce allogeneic mixed lym-
phocyte responses, even after being differentiated
to bone, cartilage, or adipocytes.®*¢! Moreover,
they suppress third-party mixed lymphocyte
responses in vitro in a dose-dependent manner®
and can suppress an ongoing immune response
in vivo, as demonstrated in a recent study where
haploidentical mesenchymal stem cells inhibited
a potentially fatal graft-versus-host response in a
bone marrow transplant recipient.®?

Allogeneic mesenchymal stem cells loaded on
hydroxyapatite-tricalcium phosphate implants
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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.® These are the first animal studies
to support the feasibility of using allogeneic mes-
enchymal lineage cells for tissue regeneration. If
similar studies can be extended to large animal
models of cardiovascular disease, this will open
the exciting prospect of using well-regulated,
centrally manufactured, allogeneic mesenchy-
mal lineage cell therapy in patients with heart
disease.

Conclusions

Adult bone marrow stromal or mesenchymal
lineage precursors can be isolated with great
purity by physical and immunologic techniques,
expanded easily by ex vivo culture techniques,
and used to generate both vascular networks and
new heart muscle when implanted into ischemic
myocardium. However, challenges remain in
optimizing the culture expansion protocols and
techniques for delivery of these cells before they
can be considered ready for in vivo human trans-
plantation. Specifically, their capacity for vascu-
lar network formation needs to be harnessed,
conditions to direct their differentiation to car-
diomyocytes need to be defined, immunogenic
factors in the culture media need to be elimi-
nated, and biologic matrices/scaffolds in which
the cells are delivered in vivo need to be opti-
mized to provide adequate cell survival signals.
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chapter 4

Therapeutic Potential
of Endothelial Progenitor Cells

Carmen Urbich and Stefanie Dimmeler

Introduction

Ischemia-induced death of cardiac myocytes
results in scar formation and reduced contractil-
ity of the ventricle. Various experimental studies
have provided evidence that the infusion of stem
or progenitor cells may reduce scar formation
and fibrosis. Moreover, predominantly bone
marrow-derived cells have been shown to aug-
ment blood flow, thereby providing a novel ther-
apeutic option for the prevention and/or
treatment of ischemic heart failure. In animal
models, several stem and progenitor cells have
exhibited the capacity to improve neovascu-
larization and cardiac regeneration (Tables 4.1
and 4.2). The best established source is bone
marrow, which contains hematopoietic stem cells
and “side population” (SP) cells, which are iden-
tified by their capacity to exclude Hoechst dye.!
Mesenchymal stem cells (MSCs) and multi-
potent adult progenitor cells (MAPCs) can also
be isolated from bone marrow.>® In addition,
Asahara et al* and Shi et al® have defined a subset
of bone marrow-derived hematopoietic progeni-
tor cells: endothelial progenitor cells (EPCs).
These cells can give rise to endothelial cells and
contribute to endothelial recovery and new
capillary formation after ischemia. EPCs have
subsequently been defined as cells expressing
hematopoietic stem cell markers such as CD34
and CD133 and the endothelial marker protein

VEGFR-2 (see the following section). Stimulated
by these pioneering results, ongoing studies have
identified additional sources that can give rise
to endothelial cells. Thus, bone marrow-derived
non-hematopoietic stem well as tissue-derived
progenitor cells have been shown to differenti-
ate to endothelial cells in vitro and in vivo.
The different sources of EPCs and their potential
therapeutic applications are discussed in the
following section.

Sources of EPCs

Bone marrow-derived EPCs

The first studies supporting the concept that
hematopoietic stem cells (HSCs) can give rise to
endothelial cells were performed using isolated
cells expressing the classical HSC marker protein
CD34 or the more immature HSC marker protein
CD133 (also known as AC133 or prominin). Both
cell populations differentiated to endothelial
cells in vitro under appropriate endothelial
conditions that promoted differentiation.*® Most
importantly, injection of CD34" or CD133" cells
enhanced neovascularization in animal models
after ischemia.*” In accordance with the initial
discovery, EPCs were defined as cells positive for
both hematopoietic stem cell markers such as
CD34 or CD133 and an endothelial marker pro-
tein such as vascular endothelial growth factor
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receptor 2 (VEGFR-2; also known as KDR/FLK-1).
However, CD34 is not exclusively expressed on
hematopoietic stem cells — it is also expressed on
mature endothelial cells. Therefore, follow-up
studies used the more immature hematopoietic
stem cell marker CD133 to better discriminate
between EPCs and mature endothelial cells.®
Recent studies suggest that myeloid cells can
differentiate into endothelial cells. In particular,
CD14*CD34 myeloid cells coexpress endothelial
and macrophagocytic lineage markers and form
tube-like structures under angiogenic conditions
in vitro.’ In addition, ex vivo cultivation of puri-
tied CD14" mononuclear cells under endothelial
cell-specific conditions yielded cells with an
endothelial phenotype, which incorporated in
newly formed blood vessels in vivo and improved
neovascularization after induction of ischemia.'
Moreover, a subset of human peripheral blood
monocytes act as pluripotent stem cells.!' In
summary, these studies indicate that myeloid
cells within peripheral blood can differentiate
(or transdifferentiate) to the endothelial lineage.
A recent study has suggested that monocyte-
derived EPCs appear to have a lower proliferative
capacity compared with HSCs or cord blood-
derived EPCs.'? However, the different cell types
have a similar capacity to augment neovascular-
ization in experimental models,'*'31* suggesting
either that the proliferative capacity is not of
major importance in vivo or that the monocyte-
derived cells may compensate for the reduced
proliferation by additional mechanisms (e.g., an
increased release of growth factors to augment
neovascularization). Additional studies are essen-
tial to determine the differences in incorporation
and particularly the long-term fate of HSC-
versus monocyte-derived cells. However, since
HSCs also give rise to monocytes, it is a chal-
lenging task to discriminate clearly between
these different cell populations.

MAPCs, which copurify with MSCs, can also be
isolated from postnatal human bone marrow.
They have been shown to differentiate into cells
with phenotypic and functional characteristics
of endothelial cells in vitro and contribute to
tumor and wound healing angiogenesis in vivo.'
Likewise, MSCs differentiate to endothelial
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cells’® and have been shown to improve
neovascularization and heart function in vivo.'”8

The contribution of bone marrow-derived
progenitor cells to improvement of neovascular-
ization has been further documented by using
bone marrow transplantation with genetically
tagged cells to replenish bone marrow-derived
HSCs after irradiation. Various experimental
studies have shown that genetically tagged
bone marrow-derived cells can be found in the
ischemic tissue and contribute to neoangiogene-
sis after ischemia or in tumors."'*-*> The reported
level of incorporation of bone marrow-derived
cells in the endothelium of capillaries and vessels
varies from 0% to 50%, the highest levels being
detected in tumors.!”?* Despite different levels
and locations (endothelial versus perivascular) of
incorporation, the infusion of different subsets of
EPCs has been shown to enhance functional
recovery in various animal models. The discrep-
ancy between the functional improvement and
the numbers of incorporated cells may be par-
tially explained by the use of different tech-
niques to detect the incorporated cells. However,
the difference in incorporation in the animal
models has also provoked questions regarding
the different molecular mechanisms by which
EPCs contribute to improvement of neovascular-
ization (see below).

Non bone marrow-derived EPCs

Tissue-residing cells have attracted increasing
interest during the last few years. Various tissues,
including adipose tissue, neuronal tissue, and the
heart itself, contain cells that are capable of dif-
ferentiating to the endothelial lineage. Tissue-
specific stem cells reside in certain adult tissues,
yet their specific properties are often hard to
assess because of their heterogeneity and techni-
cal difficulties in identifying them and tracing
their progeny. Neural stem cells differentiate
to the endothelial lineage in vitro and in vivo,
independently of cell fusion,* supporting the
concept of stem cell plasticity. Moreover, tissue-
resident c-Kit" stem cells that are capable of
differentiating to the endothelial lineage have
been isolated from the heart.>® Although, it is not
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completely clear at present whether these cells
derive entirely from repopulated bone marrow-
derived (hematopoietic) stem cells or are tissue-
residing remnants from embryonic development,
it is of major scientific and possible therapeutic
interest to determine whether these tissue-
derived cells might have superior capacities
compared with bone marrow-derived or periph-
eral blood-derived cells.

Another source of adult stem cells for auto-
logous cell therapy is adipose tissue. Using this
tissue, cells can easily be isolated in large amounts
with minimal discomfort to patients. Human
lipoaspirate contains multipotent cells that can
differentiate in different lineages.?® Additionally,
adipose tissue-derived cultured stromal-vascular
fractions have been isolated that lack the HSC
marker CD34 and the endothelial marker CD31
(and thus resemble MSCs/stromal cells) and
that differentiate to endothelial cells and pro-
mote angiogenesis.”” Stromal-vascular fractions
obtained from adipose tissue also contain cells
that express the hematopoietic marker CD34 but
are negative for the endothelial marker CD31.
These CD34'CD31" cells are also capable of
differentiating to endothelial cells and are potent
promoters of neovascularization.?®

Cord blood

Cord blood is a rich source of EPCs. It contains
higher numbers of CD133* and CD34* HSCs
compared with peripheral blood from adults.'?
CD133*and CD34" cells isolated from cord blood
have been cultivated ex vivo and have differenti-
ated to endothelial cells.? Cord blood-derived
EPCs show a higher proliferative capacity and
express telomerase, a functional characteristic of
stem cells that is very low or absent in other
progenitor cell populations.'? Interestingly,
Hildbrand et al*® described a subset of CD34*
cells that express the myeloid marker CD11b and
are most effective in differentiating to the
endothelial lineage. These results may indicate
that a myeloid subset of HSCs is indeed involved
in endothelial lineage commitment. However,
further studies are necessary to confirm this
hypothesis.
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Mechanism of Functional
Improvement Mediated by EPCs

Infusion of HSCs or EPCs after myocardial infarc-
tion leads to engraftment of these cells in the
border zone of the infarct."” After homing, stem
or progenitor cells may contribute in several
possible ways to neovascularization and cardiac
regeneration (Figure 4.1). These include dif-
ferentiation to other cell types as well as
paracrine mechanisms of action. Whereas the
capacity of adult stem cells to differentiate to
cardiac myocytes in a reasonable number is still
debated, it has been shown by various groups
that stem/progenitor cells can differentiate to
endothelial cells and that infusion of differ-
ent subsets of EPCs increases the formation of
new capillaries and stimulates functional recov-
ery after ischemia. Infusion of these ex vivo-
expanded EPCs augmented blood flow and heart
function in animal models after hind-limb
ischemia or myocardial infarction.'®'33! Similar
results were achieved when HSCs were used.” The
therapeutic implication is further underscored by
the finding that wild-type stem cell infusion is
capable of rescuing dysfunctional neovasculariza-
tion as seen in endothelial nitric oxide synthase
(eNOS)-deficient animals.?* Likewise, young adult
bone marrow-derived progenitor cells have been
shown to improve aging-impaired cardiac angio-
genic function.®

When dyes or genetic markers were used to
track cells after engraftment, some of the injected
cells expressed cardiac marker proteins.!73%35
These initial results suggested that the cells dif-
ferentiate to the cardiac lineage and may thereby
contribute to cardiac regeneration. Moreover,
cocultivation of umbilical venous endothelial
cells, EPCs, or CD34" cells with cardiac myocytes
induced differentiation of human endothelial
cells to a cardiomyogenic phenotype.?38
However, this concept has recently been chal-
lenged by two negative reports.***° Several other
studies suggest that the expression of cardiac
marker proteins is not the result of a differen-
tiation process but rather reflects cell-cell fusion.
Such events were initially reported for embryonic
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angiogenesis of new to cardiac endogenous (anti-
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neovascularization regeneration

e Functional recovery
after ischemia

Figure 4.1 Mechanisms of progenitor cell function: scheme depicting the potential mechanisms that might
be involved in progenitor cell-mediated improvement of neovascularization and cardiac function after ischemia.

stem cells and now have been confirmed with
HSCs.*! Interestingly, recent studies have shown
that murine cardiac stem cells can fuse and dif-
ferentiate to a similar extent when injected after
a myocardial infarction.*>** The relative contri-
butions of differentiation and fusion to cardiac
regeneration by the different human cell types
investigated thus far are unclear. Moreover, other
mechanisms may account for the functional
improvement, since, even in the study showing
no differentiation of HSCs to cardiomyocytes,
functional improvement was observed after cell
infusion.*

The selective homing of HSCs and EPCs to sites
of injury may also allow the local release of
factors acting in a paracrine manner on the sur-
rounding ischemic tissue and the vasculature.
Bone marrow-derived mononuclear cells release
angiogenic growth factors such as vascular
endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and angiopoietins, thereby
enhancing the local angiogenic response.*
Similarly, the reduction of postinfarction left

ventricular dysfunction after injection of meso-
angioblasts is likely mediated by the release of
anti-apoptotic and angiogenic factors.*> More-
over, isolated human EPCs also express various
growth factors*® that can promote cardiac
myocyte survival and improve angiogenesis.
Locally released paracrine factors may addition-
ally act by promoting arteriogenesis.

Interestingly, a conditioned medium of culti-
vated EPCs can also stimulate the migration of
cardiac progenitor cells in vitro.* These findings
suggest that the release of paracrine factors may
augment endogenous vascularization and cardiac
regeneration. Moreover, the release of immuno-
modulatory cytokines by the infused cells may
also change the environment and potentially
limit scar expansion and inflammation. In partic-
ular, MSCs have recently been shown to reduce
inflammation.* Future studies have to define the
extent to which paracrine factors versus physical
incorporation are involved. One may speculate
that different progenitor cell types may be associ-
ated with different mechanisms.
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chapter 5

Mechanistic Insights into
Cardiac Stem Cell Therapy from
a Histopathologic Perspective

Renu Virmani, Frank D Kolodgie, and Elena Ladich

Introduction

Of patients with ST-segment elevation myocar-
dial infarction (STEMI), one-third will die,
half of these deaths occurring within 1 hour.
Over 36% of patients with a myocardial infarc-
tion will show a reduction of myocardial con-
tractile function and develop heart failure.!
Patients undergoing reperfusion therapy have
a lower risk of post-infarction heart failure.
Nevertheless, if further advances are to be made,
new therapies will need to be developed. One
such therapy for which promising results have
been claimed is stem cell therapy. In this chapter,
we will discuss the histologic changes in reper-
fused versus nonreperfused myocardial infarcts
and the healing mechanisms that provide a
means to determine whether stem cell therapy is
effective in reducing myocardial ischemia and
infarction while improving myocardial function.
We will also discuss the use of various markers to
identify the different cell types that have been
proposed for myocardial salvage following
myocardial infarction in animals and eventually
in humans.

Normal Myocardium

During embryogenesis, growth of the heart
occurs primarily through proliferation of cardiac

myocytes. Prior to embryonic day 9.5 in the
mouse, the heart tube is a thin-walled structure
with atrial and ventricular chambers that are
molecularly specified but morphologically indis-
tinct. Growth of the heart from here on involves
proliferation of cardiac myocytes along the wall
of the heart tube and in the ventricular septum.
Most of the proliferation occurs along the outer
surface of the heart, which is a compact region.
As the ventricles thicken, the myocytes along
the inner wall become organized into fingerlike
projections called trabeculae. It has been shown
that retinoic acid produced by the epicardium
is a critical regulator of cardiac growth. At birth,
the myocardium is only a fraction of the thick-
ness it will become during adulthood. Myocardial
thickness increases at least fourfold in postnatal
life due to myocyte hypertrophy rather than to
myocyte division.

Healing and Repair of
Myocardial Infarction
(Figures 5.1 and 5.2)

Without a basic understanding of how the heart
heals following a myocardial infarction, it is
impossible to know whether cell therapy is effec-
tive. The cells within the myocardium and from
the circulating blood are responsible for repair
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Figure 5.1 Morphologic changes at 3 days, 7-10 days, and 2-3 weeks following a myocardial infarction in a human.
(a—c) Hematoxylin—eosin (H&E)-stained sections with marked acute inflammatory infiltrate (a), early granulation tissue
and adjoining bizarre and multinucleate but viable myocytes (b), and a border area with multinucleated cells at

2-3 weeks (c). The myocytes in (b) are proliferating cell nuclear antigen (PCNA)-positive (insert in b). (d) and (e) are
adjoining sections to (a) and (b) and are stained with anti-desmin antibodies; viable myocytes are stained by

3,3"-diaminobenzidine (brown). Being a different area than (c), (f) shows multinucleated myocytes, which stain positive
with anti-desmin antibodies.

Figure 5.2 Images from a >2-month-old healed myocardial infarct. (a, b) Sections stained by Masson’s trichrome
show the area of healed myocardial infarction; note that the collagenized areas of the scar are blue, while the viable
myocytes are red. (c) The scarred area is stained with Ulex europaeus lectin to identify capillaries, arterioles, muscular
arteries, and venules. (d, e) Anti-desmin antibody-stained sections showing focal positivity, with only focal collections
of viable myocytes (brown stain). The myocytes close to the endocardium in (e) are vacuolated but still viable.

(f) Myocardial section stained with an antibody against a-smooth muscle actin (o-SMA) showing smooth muscle cells
around established vessels.
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mechanisms. The time and rate of their appear-
ance and their relationship to one another are
important parameters that need to be under-
stood prior to determining strategies that may
alter these mechanisms. The various processes
that govern the mechanisms of repair after
myocardial infarction, with and without reperfu-
sion, as well as remodeling, are known to con-
tribute to congestive heart failure. The rate of
infarct healing is a function of the ratio of surface
to volume. As infarct size increases, the surface/
volume ratio decreases, and therefore large
infarcts heal more slowly than small ones.>*
Nonreperfused myocardial infarcts in humans
and animals heal more slowly than reperfused
infarcts. The early phases of myocardial infarc-
tion are characterized by myocyte necrosis and
acute inflammation, which in nonreperfused
infarcts occurs only in the border areas, whereas
in reperfused infarcts inflammatory cells are scat-
tered throughout the infarcted myocardium.
This is followed by macrophage and later fibro-
blast infiltration, both of which are accompanied
by neoangiogenesis. Macrophages begin to appear
by day 4 and granulation tissue by day 7, while
neutrophils begin to disappear. This phase of
healing is again accelerated in reperfused infarcts
and is diffuse in nature; in nonreperfused
infarcts, depending upon the infarct size, it is
limited to the border areas. The necrotic
myocardium begins to disintegrate at about day
8, soon after macrophages appear, and with the
ingrowth of angiogenesis this eventually leads to
removal of the necrotic tissue, which is complete
by 4-6 weeks, depending upon infarct size. By 6
weeks, the infarcted areas become rich in colla-
gen with interspersed intact myocytes. The
islands of myocytes are far greater in number in
reperfused than nonreperfused myocardium.
Also, reperfused infarcts have hemorrhagic areas
interspersed within the zone of necrosis, and the
irreversibly injured myocytes show contraction
band necrosis. The areas of viable myocytes in
the border regions are greater in reperfused
infarcts and are dependent upon the length of
time for which the coronary artery has been
occluded.
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Angiogenesis in the
Postinfarcted Myocardium

At day 8, the developing heart in the mouse has
the form of a heart tube and is an avascular struc-
ture consisting of a few layers of myocytes and
receiving oxygen through diffusion. As the heart
grows, the trabeculations progressively increase
in size, still allowing diffusion of oxygen. As the
heart begins to contract at around day 9, a prim-
itive vascular plexus starts to develop and a
proepicardial organ attaches to the heart, which
migrates within the subepicardial matrix. Eventu-
ally, these precursors differentiate into endo-
thelial cells and form a primitive capillary network
that will expand in an epi-to-endocardial direc-
tion and towards the base of the heart by endo-
thelial sprouting, which eventually connects to
the aorta. The myocardial capillaries become
remodeled into larger vessels ramifying into
smaller branches, and the larger vessels become
surrounded by smooth muscle cells, with peri-
cytes surrounding the smaller vessels.® In the
mouse, after birth, the capillary density increases
three- to fourfold, and the smooth muscle cell-
covered coronary arteries increase tenfold during
the first 3 weeks.® However, recent work suggests
that the bone marrow-derived endothelial pre-
cursor cells contribute to neovascularization of
the heart and liver during the postnatal period.”
The normal myocardium is rich in capillaries,
differences being seen between the endocardial
and epicardial myocardium. The epicardial
capillary density has been reported to be 2439
capillaries/mm?, which is 21% greater than the
endocardial capillary density of 2014 capillaries/
mm?2 The endocardial myocytes (617 um?) have
a greater cross-sectional area than the epicardial
myocytes (403 um?). Thus, the ratio of myocyte
to capillary density in the epicardium is different
from that in the endocardium. We have observed
that for every myocyte there are at least four
or five capillaries. From our morphologic assess-
ment in normal hearts, the number of capil-
laries per square millimeter is very similar to
that reported by Stoker et al;® our study showed
2098 capillaries/mm?, and the percentage area
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Figure 5.3 Bar graphs showing the number of capillaries (a), muscular arteries and arterioles (b), and macrophage
infiltrates (c) in the border and central regions of human infarcts aged 4-7 days, 1-2 weeks, and >2 months.

occupied by the capillaries is fairly small (1.98%).
We have also assessed the number of capillaries
present in the area of the healed myocardial
infarcts: only 36 capillaries/mm? however, the
percentage area occupied by vessels is signifi-
cantly greater in the healed infarcts than in nor-
mal myocardium (7.95%; p=0.05) (Figure 5.3).
Most quantitative work about changes in
healing infarcts has been reported for the
dog and mouse models.** Myocardial infarcts in
humans take at least 8 weeks to heal.'® Myocar-
dial infarcts in dogs show complete healing by
6 weeks. In rats, infarct healing is essentially
complete by 3 weeks. Virag and Murry* have
shown that 4 days after permanent coronary
occlusion in mice, fibroblast proliferation was
more rapid than endothelial proliferation
(15.4£1.1% and 2.9+£0.5%, respectively). By 1
week, fibroblast and endothelial proliferation
declined to 4.1+0.6% and 0.7+0.1%, respec-
tively, and at 2 weeks proliferation was <0.5%.
Vascular density declined from 3643+82/mm? in
control hearts to 2716+197/mm? at 1 week and
1010+47/mm? at 4 weeks post infarction; but
the average percentage area occupied by the
vessels increased, as we have seen in humans,
although the proportions were quite different
(Figure 5.3). In mice, the vessel area increased
from 14.1+0.3mm? in control hearts to
16.9+1.9 mm? at 1 week and to 38.7£7.9 mm? at
4 weeks.* Further data of this kind are needed

before strategies are developed to alter wound
healing of the infarcted myocardium.

Ventricular Remodeling after
a Myocardial Infarction

Another possible strategy to improve ventricular
function would be to prevent left ventricular
remodeling after a myocardial infarction, as this
contributes significantly to left ventricular dilata-
tion and dysfunction.'' It appears that currently
used antiremodeling therapies do not prevent
ventricular enlargement, and morbidity and mor-
tality are still significant. It is clear that extracel-
lular matrix proteins play an important role in
remodeling and that targeting the extracellular
matrix (with antifibrotic agents) may be benefi-
cial in selected patients. Of the many collagen
types, the major fibrillar collagens are types I and
II1, which are the main contributors to the healed
infarcts. About 85% of total collagen is type I, and
this is mainly in the form of thick fibers that con-
tribute to the tensile strength of the infarct and
resist stretch and deformation. Type III, a thin
collagen, contributes only about 11% of the total
collagen and confers resilience.'>!® Other colla-
gens also mediate important functions; these
include elastin, glycosaminoglycans, integrins,
fibronectin, and laminin. Degradation of the
extracellular matrix by collagenases, gelatinases,
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stromelysins, and other proteolytic enzymes is an
essential component of remodeling. This process
is inhibited by tissue inhibitors of metallopro-
teinases, so these mechanisms must be balanced
to prevent continued deterioration in a patient
with a large myocardial infarction.”

Cell Types for the Treatment
of Myocardial Infarction

A number of cell types have been advocated
for the treatment of myocardial infarction, rang-
ing from cardiomyoblasts to skeletal myoblasts
and others from the stem cell family, including
embryonic and adult stem cells. Within these cat-
egories, stem cells can be further divided according
to the number of differentiated cell types they can
produce, i.e., into totipotent and pluripotent cells.
The latter may be multipotent or unipotent,
depending upon the range of differentiated cell
lineages.'* We will not address all of these issues, as
they are considered elsewhere in this book.
However, each cell type has specific markers —
transcription factors and other proteins expressed
by the cell - so it is important to recognize these
markers in order to enable identification of the
cells in the target organ over time.

Cardiomyocytes

Cell proliferation and cell death are strictly regu-
lated by developmental control mechanisms,
and some cells withdraw from the cell cycle
during the perinatal period and become postmi-
totic. In humans, brain and heart cells are of this
type - the cells cannot divide, and in the case of
the heart, postnatal needs are met through cellu-
lar enlargement (i.e., myocyte hypertrophy).
Some investigators have questioned this concept
and have shown myocyte replication (Ki-67*
cells) in patients dying of a myocardial infarction
at 4-12 days. However, the number of dividing
cells has been very low: 0.08% in the zone adja-
cent to the infarct and 0.03% at sites away from
it. The absence of myocyte division in humans
may be explained by three observations, as
pointed out by von Harsdorf et al.® Firstly, pri-
mary tumors of the heart (myxomas) are

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Mechanistic Insights into Cardiac Stem Cell Therapy 47

extremely rare, and an origin from cardiomy-
ocytes has not been shown. Secondly, significant
regeneration of myocytes has never been shown
in humans, and if present is at an extremely low
level (see above), although in MRL mice and
amphibians the mitotic index is much higher
(10-20% and 15-20%, respectively).!s Thirdly,
there is no experimental evidence to support the
existence of significant cardiomyocyte repli-
cation in terminally differentiated myocytes.
Therefore, the heart is encoded with a program
that protects against uncontrolled replication of
myocytes, as the myocytes lack expression of cell
cycle-promoting factors and in fact have factors
with inhibitory effects on cell cycle activity.'s

Following intramyocardial injection of fetal or
neonatal cardiomyocytes into infarcted or non-
infarcted myocardium in mice, Muller-Ehmsen
et al'® have shown viable grafted cells at 6
months, with as many as 60% of the initial
injected cells present at that time. The reasons
for the better survival in the infarcted than the
noninfarcted model are not clear. It may be
related to less washout of cells from the infarct
and to lack of contraction in the scar areas.

Cell-based Therapy as
an Alternative Source for
Cardiogenesis or Angiogenesis

Recognition of potential donor

cells for regenerative biology
Identification and tracking of stem cells can
be achieved by immune phenotyping of marker
proteins using immunohistochemistry, flow
cytometry, or emerging new genomic Or pro-
teomic approaches.'”?° Expression of tissue-
specific markers is not conclusive evidence that
these cells will actually transform into the
cardiac lineage. Careful documentation of car-
diomyocyte differentiation must be performed
to confirm the validity of stem cell therapy.
Moreover, the benefits of cell grafting may not be
exclusive or even related to the formation of new
myocardium but may arise from secondary
effects associated with postinfarct remodeling or
increased angiogenesis.
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Endothelial progenitor cells

An alternative strategy for neovascularization
of the ischemic heart involves the utility of blood-
borne endothelial progenitor cells (EPCs) that are
thought to arise from a common hemangioblast
precursor in adult bone marrow.?'?> These cells
express endothelial cell lineage markers, including
CD34, Flk-1, VE-cadherin, platelet-endothelial cell
adhesion molecule 1 (PECAM-1), von Willebrand
factor (vVWF), endothelial nitric oxide synthase
(eNOS), and E-selectin. Transdifferentiation of
CD34*-enriched cells into cardiomyocytes and
smooth muscle cells has been demonstrated in
vivo.?? There are, however, limitations on the
therapeutic use of autologous EPCs for the treat-
ment of tissue ischemia. The ability to expand
these cells is limited by their scarcity in peripheral
blood.?** Further, functional impairment of EPCs
has been observed in several pathologic con-
ditions, and an inverse correlation has been
reported between the number of circulating EPCs
and the risk for cardiovascular events,* although
increased circulating hematopoietic and endothe-
lial progenitor cells have been found in patients in
the early phase of acute myocardial infarction.?”
Risk factors for coronary artery disease such as age
and diabetes reduce the number and functional
activity of EPCs, limiting the therapeutic useful-
ness of autologous EPC transplantation in these
patients.?® Potential technical improvements to
overcome these limitations may include isolation
and expansion of EPCs from alternative sources,
such as bone marrow, or the use of allogeneic
EPCs from chord blood.

CD133" cells

Initially EPCs were defined as cell populations
positive for both hematopoietic stem cell mark-
ers such as CD34 and an endothelial marker pro-
tein such as vascular endothelial growth factor
receptor 2 (VEGFR-2, also known as FLK-1/KDR).
Since CD34 is not solely expressed on hemato-
poietic stem cells (expression is detected at a
lower level on mature endothelial cells), further
selection of EPCs using the more immature
hematopoietic stem cell marker CD133 to dis-
tinguish cells capable of differentiating into
endothelial cells in vitro was proposed. CD133
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(also known as prominin and AC133) is a highly
conserved antigen with unknown biologic activ-
ity, which is expressed on hematopoietic stem
cells but is absent on mature endothelial cells
and monocytic cells.* CD133" cells engrafted in
rats on the 10th day post infarction have been
shown to improve the ventricular ejection frac-
tion as assessed 1 month after transplantation.*

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are a rare
population of CD34~ and CD133" cells that rep-
resent self-renewing clonal precursors of non-
hematopoietic tissue. This class of progenitors
resides in bone marrow and around blood vessels
(as pericytes), in fat, skin, muscle, and other loca-
tions. MSCs exhibit multipotent differentiation
potential and can give rise to mesodermal-
derived tissue, including astrocytes, neurons,
osteocytes, chondrocytes, adipocytes, and skele-
tal muscle.®*’ MSCs lack unique surface antigens,
so multiple expression markers (including CD29,
CD71, CD90, CD106, and CD117) are relied
upon to fully characterize this cell type. Detailed
characterizations of MSCs can be found else-
where.*? The potential application of MSCs for
cardiac repair became of interest when these cells
were discovered to become cardiomyocytes in
vitro, although the necessity of inducing regi-
mens such as 5-acacytidine limits the clinical
applicability of such strategies. One advantage of
MSC:s is that they are considered to be immune-
privileged and have been successfully trans-
planted into hearts without the need for
immunosuppression.® It is also apparent that
MSCs home to areas of injury. In a study by
Bittira et al,** rat MSCs labeled with lacZ, admin-
istered by tail vein injection, localized primarily
to bone marrow. When the animals were sub-
jected to myocardial infarction, however, lacZ*
cells were found within the healing infarction,
indicating that these cells were capable of seek-
ing sites of injury.**

Purified human MSCs have been shown to
differentiate to a cardiomyocyte phenotype
in both normal®** and infarcted*® myocardium.
The long-term survival of MSCs in the setting
of a myocardial infarction has recently been
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studied. Interestingly, allogeneic MSCs trans-
planted into rat hearts 7 days post myocardial
infarction survived in infarcted myocardium for
as long as 6 months and expressed markers that
suggested muscle (c-actinin, tropomyosin, MF-
20, and phospholamban) and endothelial (vWF)
phenotypes.?” Although ventricular function was
improved at 1 month, labeled MSCs failed to
show muscle-specific marker proteins, indicating
that mechanisms aside from differentiation
contributed to the early functional effects of
transplanted MSCs. Moreover, at 6 months, there
was no longer any improvement in ventricular
function - perhaps because only immature
myofibrillar organization was detected, suggest-
ing that MSCs lack the potential to acquire a
mature cardiomyocyte phenotype.

Skeletal myoblasts

Cell-based cardiac repair began with the trans-
plantation of autologous skeletal muscle satellite
cells, commonly referred to as myoblast prog-
enitor cells, which normally mediate the regener-
ation of skeletal muscle.’®*° Although some
investigators originally hoped that engrafted
myoblasts would transdifferentiate into cardiomy-
ocytes, several lines of evidence now indicate that
these cells remain committed to a skeletal muscle
fate (with the exception of rare fusion events at the
graft-host interface). These cells, however, do not
express the adhesion or gap junction proteins
required to couple electromechanically with one
another or with host myocardium.*!

Resident cardiac stem cells

Although the major pathophysiologic response
to myocardial damage was thought to be hyper-
trophy of still-viable cardiomyocytes, emerging
data suggest that newly discovered populations
of resident cardiac cells possess the ability to
undergo mitosis and cytokinesis under certain
conditions.* In a seminal study, Hierlihy et al,**
showed that a specific cell type referred to as the
“side population” could be isolated from the
adult rat heart and cultured in vitro.** These cells
showed stem cell-like behavior, with a restricted
ability to differentiate into the cardiomyocyte
lineage. Other studies have shown Lin~ c-Kit* cell
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clusters in the interstitium of the adult rat heart,
many of which express markers for cell prolifera-
tion and transcription (GATA-4 and Nkx 2.5)
associated with early cardiac development.** A
similar potential is shown for Sca-1* cells isolated
from adult murine hearts, with an expression
profile equivalent to c-Kit" after stimulation
with oxytocin®® or 5-azacytidine* in vitro. When
injected intravenously into reperfused hearts,
Sca-1" cells were shown to target the border zone
of the infarct and differentiate into cardio-
myocytes.*® In the adult human heart, clusters of
stem cell-like cells expressing stem cell markers
(such as Sca-1, c-Kit, and MSR-1) and harboring
telomerase activity (a marker of replicating cells)
have been identified. In the hypertrophied
myocardium of aortic stenosis patients, the num-
ber of cardiac stem cells is increased almost
13-fold.*” In a more recent study, a novel cardiac
cell type was identified in postnatal rat, mouse,
and human myocardium using the LIM-home-
odomain transcription factor islet-1 (isl1).*® This
marker identifies a cell population of the embry-
onic heart, comprising most cells in the right
ventricle, both atria, the outflow tract, and also
specific regions of the left ventricle.*” Currently,
all resident cardiac progenitor cell types are
thought to be clearly distinct from each other,
such that Sca-1" cells lack c-Kit expression,
c-Kit* cells lack Sca-1 expression, and isll*
cells lack Sca-1 and c-Kit expression. Cardiac
progenitor cells have been isolated from small
samples of human myocardium and can be
expanded in vitro without losing cardiac cell
lineage differentiation.>

Embryonic stem cells

Despite current ethical and political concerns,
embryonic stem cells (ESCs) are considered
prime candidates for cell-based therapies, since
they possess unlimited capacity for self-
renewal. Moreover, ESCs possess a vigorous car-
diac potential, as ESC-derived cardiomyocytes
express the molecular elements required for
successful electromechanical coupling with host
myocardium. A series of well-defined endogenous
growth and differentiation factors and an
increasing number of small molecules, including
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retinoic acid,® ascorbic acid,’® and dynorphin
B,** have been reported to promote cardiogenesis
in mouse ESCs, which are highly dependent
on concentration and timing of application.®
Although, to date, a precise recipe for optimal
ESC cardiac differentiation is lacking, there is
much current interest in enriching mouse ESC-
derived cardiomyocytes from spontaneously
differentiating embryoid bodies using genetic
selection techniques, since cardiomyocytes rep-
resent only a few percent of this total cell popu-
lation.>* Several investigators have successfully
implanted ESC progeny into various models
of myocardial injury, demonstrating sustained
improvements in contractile function on echo-
cardiography. It is still not confirmed, however,
whether immune recognition plays a role in the
acceptance of undifferentiated ESCs. Further,
in recipient hearts, potential signaling mecha-
nisms for selectively directing the implanted
undifferentiated ESCs through cardiogenesis are
not well characterized.

Characterization of cardiomyocytes
True regeneration of myocytes derived from cell-
based cardiac repair requires phenotypic charac-
terization by specific cardiac markers such as
sarcomeric actins and myosins, myosin light
chain 2v (MLC-2v), cardiac troponin I, GATA-4,
and atrial natriuretic peptide.>® Expression of
N-cadherin and connexin 43 (major proteins of
adherence junctions) is suggestive of electro-
physiologic coupling with surrounding cells. In
addition, regenerating myocytes are typically
negative for vimentin, whereas fibroblasts are
identified by the expression of procollagen and
vimentin.>¢

Potential microscopic artifacts
in the recognition of stem

cell-derived myocytes

Some common artifacts of circulating progenitors
include the accumulation of resident leukocytes
and the high intrinsic autofluorescence of
infarcted myocardial tissue. Autofluorescence is a
recognized problem with normal striated muscle
and can be mistaken for transgene expression of
enhanced green fluorescent protein (EGFP) or a
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fluorescent immunostain.*>® Following injury, aut-
ofluorescence increases as a result of accumulated
lipofuscin, blood-derived pigments, and other
intrinsic fluors, including flavins and reduced
nicotinamide adenine dinucleotide (NADH). In
the case of EGFP, confusion with autofluorescence
can be minimized by immunolabeling with a spe-
cific anti-EGFP antibody rather than relying on
intrinsic fluorescence alone. The advantage of an
immunohistochemical approach is the apparent
amplification of the signal, reducing the signal-
to-background ratio by about 300-fold.*® It is
essential to stain samples in the presence of a well-
established positive and negative control, along
with determination of the background fluores-
cence generated by the secondary antibody. The
intense background autofluorescence in formalde-
hyde-fixed myocardial sections may be further
controlled by exposure to 0.1% Sudan Black B
after fluorescence staining.’” Finally, the engulf-
ment of necrotic cells by leukocytes may also
hinder recognition of stem cell-derived myo-
cytes, since these cells may show remnants of
myocyte nuclei and/or cardiac myofibrils.>
Inflammatory cell markers such as CD45 and
CD68 or further characterization by transmis-
sion electron microscopy may help rule out the
presence of leukocytes.

Myocyte fusion

Myocardial regeneration could result from fusion
of the transplanted stem cell with existing cardiac
cells, resulting in the formation of hybrid cells.
The formation of a hybrid cell may contribute to
the development or maintenance of these key cell
types. Cell fusion should generate binucleated
myocytes with one tetraploid and one diploid
nucleus or myocytes with three diploid nuclei.
Evidence for fusion between cardiac and stem
cells has been obtained with, selective fluo-
rophore low-molecular-weight tracers such as
calcein-AM,*® nanocrystal labeling,*® combined
EGFP and transgender cardiac transplantation,®
and Cre-lox donor/recipient pairs.**%¢! The use
of the latter technique, however, may generate
false-positive results, since the phenomenon of
metabolic cooperation®® between biochemically
marked cells may allow the diffusion of Cre
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Teratoma

Beta-Myosin + Hu Ki-67 Sarcomeric Myosin

Figure 5.4 Embryonic stem cell (ESC) grafts. (a) Grafting of undifferentiated mouse ESCs. Undifferentiated mouse
ESCs consistently formed teratomas when implanted into the hearts of immunotolerant hosts. The teratoma replaced
much of the left ventricular wall. The boxed insets show ectoderm-derived keratinizing squamous epithelium (left),
mesoderm-derived cartilage (right), and endoderm-derived ciliated columnar epithelium (right). The tissue was stained
with hematoxylin—eosin. LV, left ventricle. (b,c) Grafting of human ESC-derived cardiomyocytes. Human ESCs were
differentiated as embryoid bodies, and cultures enriched for cardiomyocytes were transplanted into the hearts of nude
rats. (b) One week later, the human cardiomyocytes could be identified by B-myosin heavy chain (B-MHC) expression
(red) and showed substantial proliferative activity, as evidenced by staining with a human-specific Ki-67 antibody
(brown, arrows). (c) By 4 weeks, the human cardiomyocytes (identified in serial sections with human-specific genomic
probes) showed early sarcomere formation (sarcomeric myosin staining, brown). Reproduced with permission from
Laflamme MA, Murry CE. Nat Biotechnol 2005;23:845-56.> (c) 2005 Nature Publishing Group (http://www.nature.com).
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recombinase to a recipient cell through intercel-
lular junctions in the absence of cell fusion.>
Myocyte volume size is another potential determi-
nant of cell fusion, with expected new myocytes
of equal or greater volume.>® Although the inci-
dence of cell fusion in the postinfarcted myocar-
dium is not well defined, critical evaluation of
current reports indicates that cell fusion is a non-
dominant (or perhaps a non-existent) mechanism
and may be considered essentially an in vitro
phenomenon with few implications in vivo.®

Potential Complications of
Cell-Based Therapy

As with most other controversial therapies, valid
concerns have been raised about potential
adverse effects, such as tumorigenicity or unregu-
lated differentiation after stem cell transplanta-
tion in vivo. Along these lines, a few reports have
documented teratoma formation after implanta-
tion of undifferentiated embryonic stem cells in
knee joints®* and hearts of immunotolerant hosts
(Figure 5.4).%° Notably, intramyocardial teratomas
are rare, with only six reported cases in humans®
and one additional case in the Armed Forces
Institute of Pathology files; most such lesions
occur in newborns, and all occur during the first
6 years of life. The majority of patients present
with congestive heart failure; sudden death pre-
cipitated by acute arrhythmias caused by the
tumor’s interventricular location may be the first
symptom.® Other reported complications of
experimental cell-based therapy involve ventricu-
lar calcification after local transplantation of
unselected bone marrow cells in rats with acute
myocardial infarction.®® The clinical conse-
quences of severe ventricular calcification in the
post-infarction patient are unknown. Other
potential complications of cell transplantation
into the heart include arrhythmias, coronary
plaque angiogenesis with plaque rupture, hemor-
rhagic pericarditis, and infarct extension.

Summary Perspectives

Acute or healed myocardial infarction remains the
primary cause of high morbidity and mortality in
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patients presenting with acute coronary syn-
dromes or congestive heart failure. This has led
to a search for new therapies beyond the use of
pharmacologic agents alone. Cell-based trans-
plantation is one potential approach to treating
acute myocardial infarction by repopulating lost
myocytes. One must be aware, however, that
myocardial reperfusion can leave viable islands
of myocytes within the scarred tissue in addi-
tion to inherently giving rise to an angiogenic/
vasculogenic response, which presents a chal-
lenge to the successful identification of cell
engraftment. In order to evaluate the effective-
ness of cell therapy, it is imperative to carefully
monitor cell plasticity and/or the ability of
transplanted cells to integrate into a functional
myocardium and to recognize potential artifacts
that may cause misleading results. Critical issues
concerning the utility of differentiated or multi-
potent cell types are as yet unresolved, and no
universal markers identifying optimal stem cell
types are available. Establishment of cell-derived
viable myocytes without functional improve-
ment is of no clinical significance, and the opti-
mal goal is to provide long-term therapeutic
benefit with minimal risk. This rapidly advanc-
ing field is still in its infancy, and serious progress
towards providing clinically effective cell-based
therapy will likely require a more comprehensive
understanding of regenerative biology.
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chapter 6

Large Animal Models
of Myocardial Ischemia
for Cardiac Cell Therapy

Edie M Oliveira and Franca Stedile Angeli

Introduction

Despite advances in pharmacologic therapies, as
well as catheter-based and surgical revasculariza-
tion techniques, coronary artery disease (CAD)
is the leading cause of mortality in the indus-
trialized world.! Therefore, emerging alternative
treatments such as stem cell therapy may have
an important therapeutic role to play in this
patient population.

Stem cell therapy for cardiac diseases has been
used in clinical studies, but many key questions
regarding this novel therapy remain unanswered.
Further preclinical studies are needed in order to
assess its safety and efficacy.

To date, the regenerative potential of a number
of cells has been investigated in various animal
models. Table 6.1 lists some of those studies.
Most of them have shown an improvement in
cardiac function, coronary blood flow, or the
healing process after an ischemic event.>” Some
of the preclinical studies were followed by clini-
cal trials to confirm the efficacy and safety of the
same approach in humans.

This chapter presents a brief overview of large
animal models of myocardial ischemia for car-
diac cell therapy.

Animal Model Selection

Few studies have compared the various in vivo
large animal models of myocardial ischemia.®’

Because CAD is a multifactorial and heteroge-
neous disease, it is hard to reproduce accurately,
even in large animals. However, despite the limi-
tations of current large animal models, they are
the most reliable way to predict outcomes before
clinical protocols are initiated.

The first key aspect in large animal model
research is to understand the differences between
the available species and their potential to elicit
the desired results. Although canines are fre-
quently used, their basic anatomy and physiology
differ from those of human beings, possibly limit-
ing the interpretation of results. On the other
hand, swine closely resemble humans with respect
to cardiovascular anatomy, ventricular perfor-
mance, electrical properties, and coronary artery
distribution.

Cardiovascular anatomy

For many decades, canines have been the most
commonly used species in studies of myocardial
ischemia. They have a two-vessel coronary artery
system, usually with a nondominant right coro-
nary artery that supplies the right ventricle. The
right coronary artery rarely supplies the heart’s
posterior surface and usually has only one major
septal branch that arises from the left anterior
descending (LAD) coronary artery. Moreover,
canines have a larger left ventricle than humans
and an unpredictable, though often substantial,
collateral circulation network that can provide
up to 40% of normal flow to the perfusion bed


http://www.stemcell8.cn

58 An Essential Guide to Cardiac Cell Therapy

Table 6.1
Cell type
Target Donor Recipient and source
Myocardial Swine Autologous CD31%,
ischemia peripheral
blood
Myocardial Swine Autologous MNCs,
ischemia bone
marrow
Myocardial Canine Allogeneic MSCs
ischemia
Myocardial Rat Autologous MNCs,
ischemia bone
marrow
Myocardial Human Nude rat CD34,
infarction peripheral
blood
Myocardial Human Nude rat CD34,
infarction bone
marrow
Myocardial GFP- Syngeneic Lin—c-Kit",
infarction mouse mouse bone
marrow
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Stem cell therapy for cardiovascular disease: preclinical studies

Method of Therapeutic
delivery effects Ref
Transendocardial ) Rentrop Score, 2
with NOGA TEF, T capillary
system density
Transendocardial T capillary density, 3
T collateral flow,
T myocardial
contractility
Intramyocardial T capillary density, 4
T myocardial
contractility
Intramyocardial T capillary density —
Intravenous Transdifferentiation 5
into cardiomyocytes,
smooth muscle cells,
and endothelial cells
Tail vein TEF, T capillary 6
injection density, | fibrosis,
L apoptosis,
linfarct size
Intramyocardial TLVDP, T capillary 7

density, | infarct

EF, ejection fraction; GFP, green fluorescent protein; LVDP, left ventricular diastolic pressure; MNCs, mononu-

clear cells; MSCs, mesenchymal cells.

of an acutely occluded epicardial coronary
artery.'®

Compared with swine, canines have somewhat
similar coronary flow at rest but significantly
higher coronary flow at a maximal heart rate. This
may reflect the higher heart-size/bodyweight
ratio of canines or the greater vascular capacity
of the canine heart. Pathologic assessment
has shown that left ventricular capillary density
is also significantly greater in canines than in
swine.'!

Swine have three major coronary arteries,
organized in a typically right-dominant coronary
system, with minimal preexisting collateral
vessels.!”!? The swine commonly used in the
laboratory weigh an average of 25-30 kg and have
a heart-size/bodyweight ratio identical to that of
a human (p<0.005). However, adult pigs that
weigh more than 100kg have a very low heart-
size/bodyweight ratio, because their hearts do
not increase proportionally to their corporeal
mass.
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Electrical properties

Although cardiac electrophysiology studies have
been performed in animals since the beginning of
the 20th century, these studies have yielded dis-
crepant data. In examining the studies involving
canines, one might find it hard to compare the
results, because various researchers have used dif-
ferent terminology for electrocardiography (ECG)
leads, different locations for electrode placement,
and even different breeds of dogs.!* Nevertheless,
one would expect that the P-wave amplitude
would always be positive in standard leads I and
IT and negative in leads aVF and V6. However, the
Q- and R-wave amplitudes of the QRS complex
are related to the dog’s breed and age and do not
follow the human patterns.

The ECG morphology in swine also differs
from that in humans and canines, owing to
deeper penetration of the ventricular free walls
by the Purkinje fibers, which yields a different
left ventricular activation sequence. In addition,
as swine age, the QRS complex undergoes mor-
phologic changes that indicate work overload.
Rhythm disturbances, including Wenckebach'’s
phenomenon, transient atrioventricular (AV)
block, and sinus arrhythmia, are also common.
More importantly, to a greater extent than in any
other nonprimate animal, the normal intracar-
diac electrophysiologic parameters in swine
resemble those in humans.

Swine are susceptible to ventricular fibrillation,
whether spontaneous or induced. The high inci-
dence of this arrhythmia makes cardiac surgery
somewhat difficult. Unlike in dogs, ligation of a
major coronary artery such as the LAD in pigs will
frequently lead to ventricular fibrillation, which
entails a mortality rate of more than 70%.'!

Differences in cardiac physiology

The increased use of swine models in recent years
can be attributed to the fact that the cardiac con-
duction system and the distribution of the coro-
nary artery blood supply of swine are very similar
to those in humans. Moreover, swine myocardial
metabolism follows human pathways, relying on
nonesterified fatty acids as the preferred substrate
for energy production under normal conditions.™
A second advantage of swine is that they adapt to

exercise much as a human does; in contrast, the
dog’s superior exercise capacity is unique."

Animal care: the ideal

is not always easy

Dogs are naturally friendly and cooperative. They
are sufficiently large to permit instrumentation
for detailed measurement of hemodynamic para-
meters, even in a conscious animal, and they are
much less prone than swine to develop cardiac
arrhythmias and sudden death.

The major constraint on wider acceptance of
swine as research animals is related to difficulties
in care and handling. Also, the early mortality is
usually much higher in porcine ischemic models
than in canine models. Multiple interventions
and even noninvasive monitoring are much
harder to achieve in swine, as the need for repeat
sedation increases morbidity.

Models of Myocardial Ischemia

Acute ischemia

Rapid occlusion of a coronary artery in a human or
pig, whose collateral vessels are sparse, almost
always results in complete infarction of the vascular
bed at risk. This is not true of a canine model, in
which collaterals are already abundant and develop
rapidly during ischemia. Therefore, occlusion of the
main side branches is usually necessary to create a
considerable area of ischemia in dogs.

Coronary ligation

Ligation is a simple means of producing transient
(3-hour) or permanent occlusion of the target
artery. In the canine model, the proximal LAD can
be ligated. In addition, a diagonal branch should be
ligated to decrease collateral flow to the infarcted
area and produce a transmural infarction.'® In a
porcine model, occlusion of the circumflex artery
or another minor branch is preferred, as the mor-
tality is unacceptable after LAD occlusion."

Coronary balloon occlusion

As in the above-described model of intermittent
ligation, arterial occlusion can be produced by
placing an inflated balloon on the target vessel.
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The advantage of this method is avoidance of
open-chest surgery.

Microsphere embolization
A porcine model of coronary microembolization
was first described by Mohri and Schaper'” in
1993, based on the unique model introduced
by Chilian et al'® for studying the pathophysiol-
ogy of vascular growth. In that model, ischemia
begins at the moment of microsphere injection.
The microspheres can be injected via a coronary
artery catheter either with or without the use
of a thoracotomy. This method produces areas
of patchy necrosis in the left ventricle. Regional
ischemia is usually less severe than complete
blockage at a more proximal point.
Zimmermann et al' used 25-um nonradio-
active polystyrene microspheres to produce
ischemia. The quantity of microspheres injected
is usually adjusted to abolish the coronary blood
flow reserve, and the diameter of the beads cor-
responds to the diameter of the target vessel,
ranging from arteries to capillaries. Repetitive
microembolization can also be used to produce
chronic ischemia.

Inorganic mercury thrombosis

After the animal has been anesthetized, an acute
myocardial infarction can be created by injecting
a small amount of inorganic mercury (usually
0.1ml), which is not ionized and will not cause
an in vivo chemical reaction, into the target
coronary artery. Mercury can be used to produce
multiple infarcts in different layers of the left
ventricle.* Approximately 30 minutes after
coronary embolization, targeted segments of
the left ventricle will contract and the ejection
fraction will decrease.

Thrombus

Another way to create an acute infarction is
by injecting an artificial thrombus?' consisting of
a combined arterial blob, fibrinogen, and throm-
bin. This model requires that the artery first
undergo laser intimal ablation to create a
stenotic lesion. The thrombus is then placed in
the stenotic portion of the coronary artery to
occlude it altogether.

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Cryothermia

After exposure of the heart through a medium
sternotomy, cryothermia can be used to produce
an acute myocardial infarction. With a 5-mm
diameter cylindrical cryoprobe, the ventricular
free wall is cooled to —-160°C with internally
circulating liquid nitrogen. This usually involves
five freezing cycles lasting 1 minute each, sepa-
rated by 1-minute thawing intervals.?*%

Chronic myocardial ischemia

Most chronic ischemic models have used one of
the following methods for producing stenosis or
occlusion of an epicardial coronary artery.

Ameroid constriction

The ameroid constrictor is probably the most
widely used device for producing chronic
ischemia (Figure 6.1).° Originally described by
Litvak et al?* in 1957, these constrictors consist
of a hygroscopic material (casein) within a steel
sleeve. When placed around the artery, the
constrictor absorbs water and swells, compress-
ing the artery and producing a total coronary
occlusion over 14-30 days or more.”> When the
constrictor is coated with petrolatum, water
absorption is slowed, and the time to occlusion
can be prolonged.”

The common perception that ameroid constric-
tors cause gradual coronary occlusion leading
to myocardial ischemia and eventual collateral
development may be an oversimplification.
Whereas ameroid-induced coronary occlusion is
indeed progressive, it is not necessarily gradual.
These devices also cause mechanical trauma,
which may lead to endothelial damage, platelet
aggregation, and/or thrombus formation, and
may cause a foreign body reaction and local scar
formation.?”

The degree to which ameroid devices cause
ischemia depends on the general coronary artery
topography, the location of the constrictor on
the artery (i.e., proximal versus distal), device
placement relative to side branches, the extent
of preexisting collaterals, the animal’s level of
activity, and genetic/species differences.

As we have already emphasized, each model
has its own strengths and weaknesses in terms
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Figure 6.1 Placement of an ameroid constrictor in a
canine model of chronic ischemia.

of its utility for preclinical trials. With ameroid
constrictors, an important advantage is sim-
plicity: once placed on a coronary artery, the
device results in progressive arterial occlusion
and creates a satisfactory model of chronic
ischemia.

Limitations of this method include the fact
that ameroid-induced coronary occlusion may be
influenced by vascular tone, platelet aggregabil-
ity, thrombogenicity, inflammation, and fibrosis.
Also, ameroid devices cause a variable degree of
infarction (generally subendocardial)® and lead
to sudden death in a significant number of
animals. Production of scarring, which is uneven
in extent, has an important effect on the overall
variability of the ameroid model.

Intermittent coronary occlusion

This model, often referred to as the “Franklin”
model, is based on the demonstration that brief,
repetitive total coronary occlusion is a potent
stimulus for coronary collateral development as
well as chronic cardiac ischemia.?” Through
brief, periodic inflations of a chronically
implanted hydraulic balloon occluder, a coro-
nary artery is subjected to repetitive proximal
occlusion. The principal feature of this model
is that no irreversible injury occurs. The major
disadvantages are technical complexity and
labor intensiveness.

Bone Marrow Harvest
in Porcine Models

Bone marrow transplantation is one of the most
powerful strategies for treating leukemia, aplastic
anemia, congenital immunodeficiency, and auto-
immune diseases.?”’?° Furthermore, gene therapy
and organ transplantation using bone marrow
cells have recently been carried out.**3* In
humans, bone marrow cells are usually collected
by means of multiple aspirations from the iliac
crest, according to the method established by
Thomas et al.’> However, the literature contains
few descriptions of bone marrow cell harvest in
porcine models.

To develop a technique for this purpose, we
conducted a cell therapy study in a porcine
model of chronic ischemic cardiac disease. The
study was performed in the cardiac catheteriza-
tion laboratory. After being sedated, the animal
was positioned in the prone position. The area
over both posterior iliac crests was prepared with
iodine and draped in a sterile fashion. Heparin
sodium (1000 USP units/ml) — in 20 ml Monoject
syringes (x6), each holding 2ml of heparin -
was given to prevent clotting. A sterile aspira-
tion needle (provided in the Kendall Monoject
Bone Marrow Biopsy/Aspiration Kit; Kendall,
Mansfield, MA) was inserted into the marrow
cavity in the target area (Figure 6.2). Marrow was
then aspirated from the posterior iliac crests in
no more than 20-ml aliquots with a disposable
syringe (Figure 6.3). A total of 100+20ml of
bone marrow was collected into seven 20-ml
syringes. After the procedure, the area over the
puncture site was cleaned and dressed with an
adhesive bandage.

Delivery of Cell Therapy

Despite much discussion about the optimal
protocol for cell delivery in animal protocols,
researchers generally use the most convenient
method, depending on physician expertise,
accessibility of the target region, available deliv-
ery systems, cost, and personal preference. All
experimental procedures and protocols must
conform to institutional guidelines for the care
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Figure 6.2 lliac puncture in a swine model of chronic
ischemia.

and use of animals in research. At this time, the
best approach is the most convenient one or
the one most likely to fulfill researchers’ expec-
tations. With animal models, the cost is often
relatively high because they require special
equipment, supplies, infrastructure, and staff. At
the Texas Heart Institute, we have had extensive
experience with direct surgical delivery and
transendocardial delivery. Delivery strategies will
be discussed in detail in later chapters of this
book. Therefore, we will focus on the particular-
ities of direct surgical and transendocardial deliv-
ery in the above-described animal models.

Open surgical transmyocardial

injection

Open transmyocardial injection is the most
frequently used approach because of its practi-
cality, familiarity, and certainty of delivery. This
method not only provides adequate accessibility
and localization but is also cost-efficient. A large
number of our preclinical experiments used this
approach, in both dogs and pigs. Once the
animals were anesthetized and placed on a
mechanical respirator, the heart was exposed
through a left lateral thoracotomy (Figure 6.4).
Using ameroid constriction (Figure 6.1), we lig-
ated the LAD in dogs and the left circumflex
coronary artery in pigs. To assure the presence of
an ischemic area, we ligated collateral vessels in

Figure 6.3 Bone marrow aspiration in a swine model
of chronic ischemia.

dogs and implanted an extra ameroid constrictor
in pigs if the first marginal branch was bigger.
Subsequent surgical closure was performed in the
usual fashion, and the animals were closely
observed in the postanesthesia recovery period.
After surgery, the animals were treated with
antibiotics and analgesics and were followed up
for 4 weeks or more, depending on the protocol.
In another study, pigs underwent surgical
transepicardial injection with gene-encoding ade-
novirus vascular endothelial growth factor 121
(Ad.VEGF121), using 1x10' viral particles at six
sites. After 24 hours, the animals were sacrificed,
and their Ad.VEGF121 levels were found to be
comparable with those in the transendocardially
injected animals (p=0.62) (Figure 6.4).%° Therefore,
the open-chest approach is at least equivalent to
the transmyocardial technique in terms of accessi-
bility and is comparable in terms of outcomes.

Percutaneous approach

The percutaneous approach includes the intra-
coronary, retrograde (via the venous sinus), and
transendocardial routes. Percutaneous delivery is
less invasive and less complex than the surgical
approach, involving less postoperative care and
fewer complications. However, it may be less
effective for accessing the targeted area. Also,
it necessitates more specialized equipment so is
much more expensive.
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Figure 6.4 Stem cell injection in the anterior left
ventricular wall via a thoracotomy in a canine model.

Transendocardial injection:
mapping and injection
Targeting the endocardial wall is relatively
easy and may be one of the most widely used
methods of delivering genetic or angiogenic ther-
apy. Multiple methods use the transendocardial
approach to deliver a therapeutic substrate within
the cardiac muscle. However, only one method —
electromechanical mapping (EMM) with Biosense
NOGA (Biosense-Webster, Waterloo, Belgium) —
has a capacity for localizing the target area within
the left ventricle, permitting precise therapeutic
delivery. This method has been described in detail
elsewhere.’® Tt provides a three-dimensional
(3D) image of the left ventricle by using a low
magnetic field generated by three external
magnetic field emitters placed beneath the
operating table. Additional sensors are integrated
into electrophysiologic deflectable-tip catheters
(NogaStar; Biosense-Webster), one of which
serves as the reference catheter and the other as
the mapping catheter. The data acquired by the
sensor are sent to a processing unit, enabling
accurate real-time tracking of the catheter tip
within the left ventricular cavity with minimal
use of fluoroscopy.

To obtain a map in an animal model, we affix
a reference catheter to the animal’s back, then
introduce a mapping catheter into the left ven-
tricle under fluoroscopic guidance. While the

mapping catheter is moved over multiple left
ventricular endocardial sites, the system uses a
triangular algorithm to reconstruct the left ven-
tricular anatomy; the result is presented in real
time on a Silicon Graphics workstation (Silicon
Graphics, Inc., Mountain View, CA). Unipolar
and bipolar endocardial potentials are recorded
from the tip electrodes, and 3D electrical maps are
reconstructed by displaying the voltage poten-
tials on a graded color scale. From the mechanical
data, regional contractility is obtained by using
local endocardial shortening, calculated as the
distance of an index point from its neighbors
at end-diastole and end-systole (normalized to
end-diastole).* The EMM workstation displays
a unipolar voltage and a local shortening bulls-
eye side by side. This integration of electrical and
mechanical data yields a distinctive technique for
analyzing left ventricular function (Figure 6.5).%
On the basis of the resulting variables, we make
the final diagnosis of normal, ischemic, border-
line ischemic, or scar tissue. This method is
explained further in another chapter of this book.

Mapping parameters

Preclinical studies, using a nonfluoroscopic 3D
left ventricular mapping system, have revealed
a reduction in the endomyocardial voltage
potentials in nonviable and ischemic, nonin-
farcted myocardium. Since performing the first
experiments, we have known that a good corre-
lation exists between noninvasive indices of
viability as assessed by single- and dual-isotope
perfusion imaging, positron emission tomogra-
phy (PET), and 3D left ventricular mapping.*!+?
Those observations set the parameters for later
studies of electromechanically guided transendo-
cardial injections of angiogenic growth factors,
based on the presumption that reduced electrical
activity indicated viable territories with reduced
perfusion. Many studies have documented sig-
nificant differences in the mean endocardial
voltage amplitude between viable and infarcted
myocardium.*® Although some of these studies
have suggested that bipolar measurements are
superior,** unipolar voltage continues to be
widely used. In our canine and swine models, the
results have been similar to those of other
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Figure 6.5 Electromechanical map of a swine subjected to ameroid constrictor placement. The left panels depict the
three-dimensional reconstruction of the unipolar voltage map (viability) and its correspondent polar map. The right
panels depict the three-dimensional reconstruction of the linear local shortening map (LLS) (mechanical function) and
its correspondent polar map. Abnormal values are represented in red and normal values in purple. The voltage map
reveals a small area of inferior wall necrosis surrounded by a larger area of ischemia represented by the low LLS values
in the right panels. The black dots represent the points that were injected.

researchers, and confirm the rule that reduced
local endocardial shortening or electrical voltage
indicates alterations in perfusion or contractility.

Kornowski et al*” described a left ventricular
endocardial mapping study (involving unipolar
voltage, bipolar voltage, and local endocardial
shortening) in a canine model of acute occlu-
sion. Electromechanical function was assessed
in infarcted versus healthy myocardial regions
at baseline and at 24 hours and 3 weeks after

left LAD occlusion in both ischemic and non-
ischemic animals.” A significant reduction in
voltage potentials was noticed in the myocardial
infarction zone versus remote zones. Compared
with control subjects, canine models had sig-
nificantly impaired linear local shortening in
infarcted zones. In our experience with chronic
swine and canine models, we also have con-
cluded that it is possible to differentiate ischemic
from nonischemic tissue. In preclinical studies,
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catheter-based EMM provides real-time assess-
ment of myocardial function in the animal labo-
ratory, where other methods are seldom available
for this purpose.

Conclusions

Each of the above-described animal models of
myocardial ischemia has its own strengths and
limitations. In cell therapy, reproducible results
are directly related to the use of standardized
preclinical animal models. At this point, given
their anatomic similarity to humans, swine
should be the preferred species utilized in stem
cell research.
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chapter 7

Pathologic Assessment
in Experimental Models
of Stem Cell Therapy

Deborah Vela, L Maximilian Buja, and Silvio Litovsky

Introduction

Pathologic assessment plays a crucial role in
cardiac stem cell therapy research both in vitro
and in vivo. It allows researchers to quantify and
evaluate the safety and effectiveness of stem cell
transplantation in cardiac tissues. In this chapter,
which is intended mainly for the clinician and
clinical scientist, we will review the more com-
monly used tools of pathology as they apply to
stem cell therapy research, including myocardial
injury models, experimental stem cell types, and
techniques for pathologic assessment of tissues
that have undergone stem cell transplantation.

Animal Models

Much current knowledge of stem cells and their
therapeutic potential has been acquired through
in vitro studies. In vivo models were developed
to gain insight into how, and even if, trans-
planted stem cells would indeed engraft and
transdifferentiate into a specific cell type in a
specific organ and in a certain environment.
Whole-animal experimentation in the field of
cardiac stem cell therapy has involved small
(mouse and rat) and large (dog, pig, and sheep)
animal models. Smaller models — particularly the

mouse — offer the advantage of a great variety of
backgrounds and transgenic species (e.g., severe
combined immunodeficiency, nude, and green
fluorescent protein mice). The large animals
allow injury models and delivery routes that
more closely simulate actual clinical settings
(e.g., chronic ischemic injury and intracoronary
and transendocardial delivery). It is important to
note, however, that the coronary arteries of dogs,
unlike those of humans or pigs, are not terminal
arteries; instead, they provide a rich collateral
circulation. This should be kept in mind when
selecting and assessing myocardial ischemia
models.

Myocardial Injury Models

Although a few of the earlier cell engraftment
experiments were carried out in normal hearts,
models designed to replicate myocardial injury —
particularly ischemic injury — are now widely
used. These studies have given rise to the concept
that the microenvironment can induce the trans-
differentiation of engrafted cells.

Cryoinjury
Cryoinjury, also known as freeze-thaw injury,
is used mostly in small animal models.'? A
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Table 7.1 Phenotypic characteristics of stem cell types used for stem cell therapy

Cell type Positive for

Embryonic

Negative for

Oct-4, SSEA-1, SSEA-3, SSEA-4, TRA-1-60, TRA-1-80, —

Nanog, alkaline phosphatase, telomerase’s-5

Adult
Skeletal myoblasts

Sarcomeric myosin, desmin, myogenin, —

myoD, MRF4, c-Met"?*

Bone marrow stem cells:
Hematopoietic stem cells
Endothelial progenitor cells
Mesenchymal stem cells

Cardiac stem cells

metallic rod is first cooled (usually with liquid
nitrogen) and then placed directly on the ante-
rior surface of the heart (i.e., the left ventricle,
LV) for several seconds. The resulting lesion is
typically a disk-shaped region of coagulation
necrosis that extends into the myocardium but is
not transmural.

Acute ischemia

This form of injury is intended to closely repli-
cate an acute myocardial infarction. Coronary
artery occlusion (e.g., ligation) is performed on
one of the main coronary vessels [usually the left
anterior descending (LAD), although the left cir-
cumflex is sometimes used in pigs]. When using
canine models, ligation of collaterals is some-
times performed as well.

Chronic ischemia

This model applies mainly to large animals and
usually involves the placement of an ameroid
constrictor around one coronary artery. An
ameroid constrictor consists of an inner ring of
casein, a milk protein, surrounded by a stainless
steel sheath. Casein is a hygroscopic substance
that gradually swells as it slowly absorbs body
fluid. The stainless steel sheath forces the casein

c-Kit, GATA-4, MEF2C, Csx/Nkx 2.5%

c-Kit, Sca-1, CD45%>2681 Lin
VEGFR-2, CD34, CD133 (AC133)%283 —
SH2, SH3, SH4, Stro-1, CD44,
CD90 (Thy1)3284

Lin, CD34, CD45

Lin, CD34, CD45

to swell inward, eventually closing the ring and
obliterating the vessel it is placed upon. Ameroid
constrictors gradually close over 4-5 weeks. The
time to occlusion of the vessel depends on the
size of the vessel and constrictor and the rigidity
of the outer ring. Closure is most rapid during
the first 3-14 days after implantation; the rate of
closure declines thereafter.

Stem Cell Types Used in
Cardiovascular Research

The search for the ideal stem cell type to use in
restoring damaged cardiac tissue has involved
a variety of stem and progenitor cells. A detailed
description of each is beyond the scope of this
chapter. Nevertheless, a few highlights about
each type are briefly mentioned below, and their
main phenotypic markers are listed in Table 7.1.

Embryonic and fetal stem cells

Embryonic stem cells (ESCs) are derived from the
inner cell mass of the blastocyst. Of all stem cell
types, they have the greatest potential to become
cardiomyocytes.* Host paracrine signaling sup-
ports cardiac-specific differentiation in the cardiac
environment. Ethical and political considerations,
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however, make it unlikely that ESCs will be
used in the near future in humans. A number
of studies have shown the potential of ESCs for
cardiac regeneration in experimental animals.*®
Fetal and neonatal cardiomyocytes have been
successfully used since the mid 1990s.%-12

Adult stem cells

Skeletal myoblasts

Skeletal myoblasts (also known as satellite
cells)*'7 and bone marrow-derived cells are the
only stem cell types presently available for clini-
cal use in the USA. Several small clinical studies
of myoblast transplantation in patients with
heart disease have been published.'®! Myoblasts
are the only progenitor cells in the human body
that normally develop a contractile apparatus,
which makes them an attractive candidate to
restore contractile function in the heart. They are
also relatively resistant to ischemia. Myofibers
are essentially fast-twitch skeletal muscle, but
after transplantation and as wound healing
progresses, some of them develop a slow-twitch
phenotype similar to that of cardiac muscle.
Isolation and expansion of myoblasts is relatively
easy, and after 2-3 weeks of cell culture, they can
be transplanted in large numbers.?? It should
be remembered that markers evolve over time
after skeletal myoblast transplantation.?® How-
ever, despite these beneficial features, skeletal
myoblasts do not achieve electromechanical
coupling with cardiac myocytes in vivo.**

Bone marrow stem cells
The potential ability of hematopoietic stem cells
(HSCs) to transdifferentiate into a wide variety
of phenotypes, including cardiomyocytes, is a
matter of intense debate. While some groups*
have reported prominent regeneration of
infarcted myocardium, others have been unable
to reproduce these findings,?** despite using
largely similar cell populations and protocols.
Endothelial progenitor cells (EPCs) have been
shown to increase perfusion of ischemic
organs.?3° The potential of EPCs to transdiffer-
entiate into cardiac myocytes in vivo has not
been reported. However, one isolated report

noted the transdifferentiation of human EPCs
into functionally active cardiomyocytes in vitro
when cocultivated with rat cardiomyocytes.*!
Cell fusion was not seen between the cell types.

Mesenchymal stem cells (MSCs), also called mar-
row stromal cells, are actually adult mesenchymal
progenitor cells that can potentially give rise to a
variety of mesenchymal cell types (e.g., fibro-
blasts, muscle, bone, and adipose tissue).>* They
are being actively investigated at present as a
source of stem cells in the cardiology field.***
The results reported so far have been generally
supportive of the potential of these stem cells.
Increased vascularity appears to be a prominent
finding in most studies and is probably a signifi-
cant reason for the reported beneficial effect.
Differentiation into cardiomyocytes has also
been reported, but the relative importance of this
factor to the overall physiologic effect remains
unclear. The isolation and preparation of these
cells appears to be straightforward.?”-3

Cardiac stem cells

There is evidence that certain primitive cardiac
myocytes are capable of dividing in the normal
and pathologic human heart.*' Like MSCs, these
cells are CD34~ and CD45". Beltrami et al** have
shown that these cells support regeneration
after myocardial infarction in the rat. Why these
cells fail to regenerate the human myocardium
after injuries such as a myocardial infarction is
unknown. Research is focused on ways to boost
the magnitude of the regenerative response of
these endogenous cardiac stem cells.

Preparation and Labeling

The cell type selected for stem cell therapy
must be appropriately harvested, isolated, and
expanded before it can be labeled. Cell prepara-
tion procedures may involve the use of transdif-
ferentiation enhancers, such as 5-azacytidine**3#
or oxytocin (considered by some to be a stronger
inducer of cardiac differentiation than 5-azacyti-
dine).* Labeling procedures are of utmost impor-
tance to the experimental design because they
allow the fate of implanted stem cells to be
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tracked and monitored in order to confirm or
rule out cell engraftment and transdifferentia-
tion. There are several particularly useful labeling
procedures.

BrdU incorporation

The thymidine analogue 5-bromo-2’-deoxyuridine
(BrdU) is used to identify cells undergoing DNA
synthesis. Because newly synthesized DNA
thymidine is partly replaced by BrdU, BrdU can
serve as a proliferation marker. BrdU is added in
high concentrations to the cell culture."#

Fluorescence labeling

and dye marking

Vital fluorescent dyes are used to mark cells
temporarily. These markers can be divided into
nuclear and cytoplasmic dyes.

Nuclear dyes
A number of DNA-binding dyes can be used
to highlight the nucleus. These include
Hoechst 33342, Hoechst 33258, 4’,6-diamidino-
2-phenylindole (DAPI), mithramycin, propidium
iodide, 7-aminoactinomycin D, SYTOX green,
DRAQS, and TO-PRO-3 iodide. They share many
properties but vary in their excitation points.
The most popular of these nuclear dyes is DAPI,
an ultraviolet (UV)-excited fluorescent dye that
has been used as a cell marker since the 1980s.*
Its high affinity for double-stranded DNA makes it
an excellent nuclear labeling dye. It forms strong
electrostatic interactions with adenine-thymine-
rich regions of DNA. The fluorescence quantum
yield of the free dye is very low, but the binding
to DNA results in a highly fluorescent complex.
DAPI is nontoxic and does not alter the ultra-
structure of organelles. Its labeling efficiency is
almost 100%, leaving virtually no DAPI fluores-
cence in the culture medium when performing in
vitro experiments. Although DAPI is generally
considered a reliable cell marker,*®*° false-
negative results may potentially arise from DAPI
dilution in proliferating cells, and false-positive
results may arise if large numbers of marked cells
die and DAPI is taken up by other cells.*
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Cytoplasmic dyes

Fluorescent labels can be used to mark a variety
of cytoplasmic structures and components, such
as the cell membrane, organelles, and ions. The
cell membrane marker 1,1’-dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine perchlorate (Dil) is
one of the most popular. Cell membranes labeled
with Dil emit an orange-red fluorescence. This is
due to the insertion of the two long (C,,) hydro-
carbon chains of Dil into lipid bilayers. The pop-
ularity of this cross-linkable membrane dye is
mostly due to its photostability and low toxicity,
which allow long-term cell tracking both in vitro
and in vivo.*!

Genetic markers
Genetic markers of donor stem cells can be clas-
sified as endogenous (occurring naturally within
the cell) or exogenous (introduced into the cell).
Both types of genetic markers can signal the pres-
ence of a donor cell, but neither type can iden-
tify the type of cell into which the donor cell has
differentiated. Thus, secondary criteria, such as
morphology and colocalization with specific
markers, are needed to establish cell identity.*?
In some instances, donor cells that express a
nuclear marker gene under the control of a
cell type-specific promoter are used to improve
detection of cell differentiation.*®?”5* With this
method, donor cells will not express the marker
until they differentiate into the cell type of inter-
est. Although this generates less disputable data,
it does not reliably identify distinct phenotypes.>
Hence, determining donor cell localization still
requires colocalization with other cardiomyocyte
or vascular markers (Figure 7.1).

Endogenous markers

A useful endogenous marker is the Y chromosome.
In situ hybridization with Y-chromosome-specific
probes can be used to identify male cells after
engraftment in female recipients.**>* Visualiza-
tion of the Y chromosome on regular histologic
sections is straightforward. However, its useful-
ness as a marker is limited because it requires
bridging between genders and species and
because its histocompatibility antigen can elicit
immune reactions.?
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Figure 7.1 Strategy for in vitro selection of cardiomyocytes from differentiated embryonic stem cells (ESCs) via
expression of enhanced green fluorescent protein (EGFP) under control of the myosin light chain 2 ventricular (MLC-2v)
promoter. A cytomegalovirus (CMV) enhancer element is introduced 5’ to the promoter to increase fluorescence. Reproduced
from Nir SG, et al. Cardiovasc Res 2003; 58: 313-23% with permission from the European Society of Cardiology.

Exogenous markers

Transgene-based exogenous genetic markers are
versatile and widely used. So-called “active”
exogenous genetic markers are obtained by trans-
genic reporter gene expression and consist
mainly of two types: enzymatic (i.e., lacZ) and
fluorescent [i.e., green fluorescent protein (GFP)
and enhanced GFP (EGFP)]. So-called “passive”
markers, such as a known DNA sequence that is
inserted into the genome and can be detected by
in situ hybridization or Southern blot analysis,
are rarely used in the field.

B-Galactosidase (the enzyme encoded by the
lacZ gene of Escherichia coli) is widely used
because its expression is considered to have a
neutral effect on cell physiology. B-Galactosidase
is detected even in formalin-fixed, paraffin-
embedded tissue sections by binding with its
substrate X-gal, which is readily visible by its
blue color. Insertion of lacZ is accomplished in
many cell lines by gene trap insertion of lacZ
into the endogenous locus Rosa26.5

GFP, which was originally isolated from its
native host, the bioluminescent jellyfish

Aequorea victoria, has become over the last decade
one of the most widely used cell-tracking tools.
This calcium-activated photoprotein fluoresces
bright green when exposed to UV light. GFP has
a number of properties that make it extremely
useful as a biomarker and reporter gene. It is
extremely stable, and its fluorescent properties
are unaffected by relatively prolonged treat-
ment with many proteases (e.g., trypsin, chy-
motrypsin, and pancreatin).’>*¢ It is stable across
a broad range of pH values (5.5-12). GFP has no
physiologic effect on cell function and does not
require a substrate to fluoresce. Its genetic
expression allows it to be used as a noninvasive,
real-time, transiently or stably expressed bio-
reporter both in vitro and in vivo. Despite these
qualities, GFP has several limitations, including
low expression level, photosensitivity, weak
fluorescence, insolubility, and instability at high
temperatures (an important limitation in verte-
brate models). Many of these limitations have
been overcome by the creation of mutant forms
such as EGFP, which is more thermostable and
more fluorescent.
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Methods of Delivery

Routes of delivery are discussed in detail in other
chapters of this book. For the purpose of our
review, it is sufficient to point out that the method
of delivery can have a major effect on cell viabil-
ity. The delivery methods most commonly used
in in vivo experimental models are intravenous/
systemic, transmyocardial (via direct surgical
injection), intracoronary, and transendocardial
(via NOGA-mediated injection) (see Chapter 11).

Tools of Assessment

Planimetry and sonomicrometry
Planimetry, or the measurement of the area of
a plane figure by measuring its boundary line,
is used to quantify infarct size (see below).%”®
Planimetry can be accomplished in several ways.
Infarct boundaries can be traced on a sheet of
paper, cut out, and measured by hand. They can
also be traced and measured using analog
planimeters, which provide moderately accurate
results but require a fair amount of user skill. Most
laboratories use a computer to digitally acquire
and analyze tracings. Infarct tracings from dog or
pig hearts can be digitized directly, but those from
small animal hearts must be magnified. Because
subjectivity can be an issue when recording tra-
cings, a blinded investigator is recommended.

Sonomicrometry, or the ultrasonic measure-
ment of an area or volume by piezoelectric
crystals, is also used to quantify infarct size.>*
This approach has the advantage of allowing
direct in vivo collection of both physiologic data
(e.g., regional wall motion and segment shorten-
ing) and morphologic data (e.g., wall thickness
and ventricular geometry and volume) from the
heart in vivo. Crystal alignment (perpendicular
to the LV circumference) is important for acqui-
sition of accurate dimensional data.

Immunohistochemistry

This technique identifies cellular or tissue con-
stituents (e.g., antigens) by means of antigen—
antibody interactions. The site of antibody
binding can be identified either by direct antibody
labeling or, as is more often the case, by secondary
antibody labeling that intensifies the interaction.

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Light microscopy

Light microscopy involves examination of speci-
mens under visible light. Limitations as to what
can be seen are due less to magnification than
they are to resolution, illumination, and contrast.

Transmission electron microscopy
Transmission electron microscopy (TEM) involves
examination of specimens as an electron beam
is passed through them. This reveals more infor-
mation about the internal ultrastructure. The res-
olution of TEM is about 10000 times greater
than that of light microscopy. This allows resolu-
tion of structures as small as 3nm. The greatest
obstacle to examining biologic material by
TEM is the nonphysiologic conditions to which
specimens must be exposed. Specimens must
be dried, fixed, and sliced into sections thin
enough (50-100nm) to allow electrons to pass
through them; exposed to electron-opaque heavy
metal salts (e.g., osmium) to allow visualization;
and finally exposed to a high vacuum during
examination.

Fluorescence and

confocal microscopy

Both fluorescence and confocal microscopy are
based on the physical principle that fluorescent
molecules absorb light at one wavelength and
emit it at another, longer wavelength. A fluo-
rescence microscope is basically a conventional
light microscope that uses a much more intense
light to illuminate the sample. It is equipped
with special “filter cubes,” each of which allows
light of a particular wavelength to reach the
eyepiece.

In fluorescence microscopy, cells or tissues are
stained with fluorescent dye molecules. Fixed
cells are treated first with primary antibodies spe-
cific to proteins of interest and then with sec-
ondary antibodies conjugated with fluorescent
dyes. The dyes differ in excitation and emission
wavelength so that they can be excited indepen-
dently and observed in separate fluorescent chan-
nels (Figure 7.2a,b). Colocalization is revealed
by the overlapping of colors and is often demon-
strated when images captured at different
emission wavelengths are merged. In the most
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Figure 7.2 (a) Fluorescein 5™-isothiocyanate (FITC) staining of factor VIII (green) in the endothelium of a canine
myocardial vessel. (b) 1,1"-Dioctadecyl-3,3,3°,3 -tetramethylindocarbocyamine perchlorate (Dil) staining of
mesenchymal stem cells (red). (c) Colocalization of FITC-stained endothelial cells and Dil-stained mesenchymal
stem cells (yellow), indicating transformation of the stem cells into endothelial cells.

common scenario, an antibody detected by a
green emission colocalizes with an antibody
detected by a red emission; when the emissions
are merged, a yellow emission is seen (Figure
7.2¢). Practically all investigators in the field of
stem cell transplantation use this method to
identify donor stem cell markers and antigens in
mature cardiac myocytes and vascular structures.

The resolution of standard fluorescence micro-
scopy can be compromised by fluorescence from
outside the focal plane of interest, especially in
tissues made up of multiple cell layers. In this
regard, confocal microscopy (also referred to as
confocal scanning laser microscopy) offers sev-
eral advantages. Depth of field can be controlled,
and discrete areas of tissue virtually free of out-of-
focus fluorescence can be imaged. This reduces
the chance of artifacts. Confocal microscopy also
allows optical examination of serial sections from
thick specimens.

Pathologic Assessment

Gross examination

Thorough pathologic examination of specimens
from a heart that has received a stem cell trans-
plant cannot be overemphasized. Although
the major aim is to detect (or rule out) trans-
differentiation of the stem cells into mature
cardiac myocytes, capillaries, and larger vessels,

meticulous gross examination can also provide
invaluable information about the effect of the
stem cell therapy.

Hearts of animals subjected to experimental
interventions should be carefully weighed and
compared with appropriate controls. In the
context of acute ischemia models, higher experi-
mental weights suggest remodeling, a serious
complication of myocardial infarction. To obtain
more information from the gross specimen, the
heart must then be opened. This is usually done
by cutting the heart transversely, from apex to
base, into four or five slices (“breadloaf” tech-
nique). This allows for observation of the general
geometry of the ventricle, classification of
the infarct (e.g., transmural or subendocardial),
detection of compensatory hypertrophy, mea-
surement of LV wall thickness (thinning would
suggest remodeling), and detection of aneurysms.

Freeze-thaw injury (cryoinjury) is a useful
model in which to study myocardial repair.!
Freeze-thaw injury and myocardial infarction
both produce similar cellular patterns of coagula-
tion necrosis, inflammation, phagocytosis, gran-
ulation tissue formation, and scarring. It should
be noted, however, that infarcts and freeze—
thaw lesions differ in important ways. Infarcts
typically display irregular borders with viable
peninsulas of subepicardial myocardium along
penetrating vessels, whereas freeze-thaw lesions
typically consist of areas of necrosis in the
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subepicardium confluent with viable myocardium
in the subendocardium. Also, freeze-thaw lesions
are not transmural and therefore are not usually
associated with cardiac aneurysm formation.

Infarct size quantification

Quantification of infarct size is of paramount
importance in the pathologic assessment of stem
cell therapy, since a major goal of such therapy is
to reduce the size of the myocardial infarct. In
animal studies, infarct size is quantified by com-
paring tissue from treated and sham-treated
animals. Tetrazolium staining has emerged as
one of the most popular methods for early detec-
tion of myocardial infarction in a whole heart.
This technique relies on the ability of dehydro-
genase enzymes and cofactors in tissue to react
with tetrazolium salts to form a pigment. Two
forms of these salts are available: nitro blue tetra-
zolium, which does not cross cell membranes
and therefore can only be used with sectioned
tissue, and triphenyltetrazolium chloride (TTC),
which does cross cell membranes and can be
used both as a stain for sections and as a per-
fusate for the whole heart. Viable tissue should
turn dark blue upon nitro blue tetrazolium stain-
ing and deep red upon TTC staining.

When a heart is subjected to regional ischemia,
it becomes necessary to delineate the field of the
occluded artery. This field is often referred to as
the “risk zone” or “region at risk” of infarction.
The risk zone is commonly marked by infusing
a dye into the coronary tree while the coro-
nary branch of interest is occluded. A number
of dyes and particulate markers (e.g., radiola-
beled microspheres that can be detected later
radiographically, or fluorescent particles of zinc
or cadmium sulfate) have been used. However,
Evans blue dye is the most popular dye. An
infarcted heart perfused with TTC and Evans
blue dye and then sectioned would appear blue
in the nonrisk zone, red in areas of the risk zone
containing viable tissue, and white in areas of
the risk zone containing necrotic tissue.°!

When a heart has been subjected to global
ischemia, the entire heart constitutes the risk zone.
Stained sections are then either photographed or
assessed by planimetry (see above).

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

It should be noted that TTC is toxic and causes
tissues to contract. This may make accurate
quantification of infarct size difficult, especially
in smaller animal models. For example, in the
rabbit, infarct size varies as a function of the size
of the region at risk; however, no infarct occurs
in risk areas of less than 0.3 cm?. Thus, results of
rabbit experiments in which the risk zone is
smaller than 0.5 cm? are generally excluded.®> On
occasion, though, infarct size in small animal
models has been measured by determining the
number of lost cardiomyocytes.®

Gross quantification of infarct size is comple-
mented by light-microscopic evaluation of col-
lagen type I and III expression and healing.
Trichrome staining is helpful for collagen evalu-
ation because it differentiates areas of fibrosis
from areas of residual necrosis. Satisfactory heal-
ing is important in the prevention of dyskinesia.

When evaluating infarct size and healing, it is
also important to consider the type of injury
(acute or chronic), duration of ischemia, timing
and route of cell implantation, and length of
survival.

Microscopic assessment

Cell characterization
Important cellular morphologic features (e.g.,
orientation in relation to host cells, size, and
nuclear polymorphism?**%¥) can be discerned
by standard hematoxylin—eosin (H&E) staining
and light microscopy. These techniques can also
be used to confirm the absence of nonmuscular
and nonvascular cell types (e.g., chondrocytes,
osteocytes, adipocytes, and fibroblasts), which is
especially important when dealing with ESCs.
Important ultrastructural details (e.g., the typical
sarcomeric organization of myotubes, number
of mitochondria, number of atrial granules, and
presence of intercalated disks and gap junctions)
that help typify a cell can be identified by TEM.
However, TEM is infrequently used for this pur-
pose because it is costly and because only very
small tissue specimens can be studied.

For further characterization of engrafted cells,
immunostaining is necessary. Immunohisto-
chemistry plays a very important role in stem cell
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Table 7.2 Mature cell markers

Skeletal muscle
o-Actinin, desmin, fast skeletal myosin heavy chain (MHC), myosin light chain (MLC), M-cadherin, titin,
troponin T, troponin |, tropomyosin'*

Cardiac muscle

o-Sarcomeric actin, o-actinin, o-MHC, B-MHC, atrial natriuretic peptide (ANP), cardiac titin, desmin,
desmoplakin, lamin A/C, lamin B2, MLC-2a (atrial), MLC-2v (venticular), cardiac troponin T, cardiac
troponin |, connexin 43, N-cadherin, phospholamban, tropomyosin’-2>8

Vascular

o-Smooth muscle actin (a-SMA), desmin, vimentin, FIk-1, CD31, intercellular adhesion molecule 2 (ICAM-2),
VE-cadherin, vascular endothelial cell growth factor receptor 2 (VEGFR-2), von Willebrand factor (vWF), factor
VIIl, endothelial nitric oxide synthase (eNOS), E-selectin®'#2
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Figure 7.3 Immunofluorescence demonstrating the expression of cardiac-specific markers in cardiomyocytes derived
in vitro from a murine stem cell colony (GCRS8). The transcription factor myosin enhancer factor 2C (MEF2C) appears
green; the contractile protein a-actinin appears red. Stem cell nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI)
appear blue. The overlay image merges all three immunofluorescent stains. Reprinted from Hodgson DM et al. Am |

Physiol Heart Circ Physiol 2004;287:H471-9* with permission from the American Physiological Society.

therapy assessment. Each immunohistochemical
marker mentioned above can be detected by
labeling with a corresponding antibody. Struc-
tural proteins and unique phenotypic cellular
components can be detected by the same means.
Table 7.2 lists some common phenotypic mark-
ers of cell types found in the normal mature
heart and skeletal muscle.

Other targets of immunostaining are prolife-
ration and transcription factors. BrdU can be
administered in vivo. Positive staining for BrdU
confirms its uptake and demonstrates that active
DNA synthesis (i.e., cell proliferation) has taken

place. Ki-67 (also called MIB-1) is a nuclear
antigen naturally expressed in proliferating cells
but not quiescent ones. It is expressed in late G,
S, G,, and M phases but not in G,. Transcription
factors such as myocyte enhancer factor 2C
(MEF2C), cardiac-specific GATA-4, and Csx/Nkx
2.5 can also be immunostained (Figure 7.3). The
expression of all three of these factors is restricted
to the initial phase of myocyte differentiation.

Fusion between donor stem cells and recipient
mature differentiated cells is possible, but the
effect of this phenomenon in vivo is still
unclear.>-%
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Angiogenesis and capillary

density assessment

There is general consensus that most types of
cell therapy increase myocardial vascularity.”
Regardless of whether new blood vessels form de
novo from precursor cells (vasculogenesis) or new
capillaries sprout from preexisting vasculature
(angiogenesis or neoangiogenesis), two impor-
tant features of this new blood vessel growth
(neovascularization) need to be determined:
(a) the origin of its cellular components and
(b) their density.

To determine origin, a tissue section from the
area of interest (e.g., the infarct or peri-infarct
area) can be immunostained to highlight both
the label carried by the transplanted cells and
a distinctive phenotypic marker (Table 7.2).
Colocalization of these double stains will confirm
an origin in transplanted stem cells. If the trans-
planted cells have previously been labeled with a
fluorescent marker, then a fluorescent molecule
(e.g., fluorescein 5’-isothiocyanate (FITC)) will be
attached to the antibody that is highlighting the
typical phenotype marker, and colocalization will
yield a third color (e.g., green merged with red
becomes yellow) (Figure 7.2).

Quantification of new vessels (referred to as
capillary density assessment) can be done in
many ways, although they all involve immuno-
histochemical staining of a chosen vascular com-
ponent. Because most neovascularization occurs
through angiogenesis, a preferred method of
quantification involves the use of endothelial
cell marker factor VIII. In this semiquantitative
method, the results are usually expressed as
number of vessels per high-power field (HPF). In
reporting these results, the researcher should
specify how the counting was done [e.g., magni-
fication, inclusion criteria, and number of HPFs
examined (usually 5)].

Depending on the experimental design, quan-
tification of angiogenic factors [e.g., vascular
endothelial cell growth factor (VEGF), fibroblast
growth factor (FGF), and platelet-derived growth
factor (PDGF)] by reverse transcriptase poly-
merase chain reaction (RT-PCR) may yield
additional useful data.®”
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Combining tools and techniques

Using the tools and techniques described above,
researchers have gained important insights
into the processes of transdifferentiation, vascu-
logenesis, and neoangiogenesis that occur during
stem cell therapy. Several examples are reviewed
below.

Cultured ESCs are often transfected with GFP in
order to track them after transplantation.® Some
researchers have evaluated stem cells pathologi-
cally before transplanting them into recipient
ischemic hearts in order to confirm that the stem
cells have differentiated into electrically active
cardiomyocytes (i.e., cells with action potentials
similar to those of neonatal cardiomyocytes).
This strategy was used by Kofidis and colleagues’’
in studies where insulin-like growth factor (IGF)
was added to the ESC culture medium, and GFP*
cells were shown to colocalize with the adult
myocardial proteins connexin 43 and a-sarcomeric
actin. It was also used by Min et al® in order to
identify stem cells that had transdifferentiated
into a mature cardiomyocyte phenotype.

The tools for immunohistochemical evalua-
tion of cardiac stem cell therapy with ESCs or
adult cells have also been used to evaluate car-
diac therapy with fetal or neonatal cardiomy-
ocyte xenografts. Li et al'? studied the long-term
survival of rat neonatal cardiomyocytes that had
been transplanted into normal mouse hearts
after first being treated with CTLA4-Ig to block
the costimulatory pathway and with anti-CD40L
monoclonal antibody to transiently block CD40.
Immunohistochemical analysis confirmed the
long-term survival of the xenografted cardiac
myocytes and also identified a rare gap junction
between the xenografts and native myocytes.
This has raised interest in the possibility of
xenografting animal fetal or neonatal cells into
human hearts.

Immunofluorescence, PCR, and in situ hybri-
dization have been used to evaluate pathologi-
cally the effectiveness of therapy with myoblast
stem cells.”>”3 However, judicious selection of
antibodies (Table 7.1) is mandatory for such
examinations, since myoblast grafts gain some
markers of cardiac differentiation but not others,


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Pathologic Assessment in Experimental Models of Stem Cell Therapy 77

and especially since fusion between skeletal
and cardiac myocytes has been described.”>”* The
arrhythmogenic potential of skeletal myoblast
grafts, possibly a result of the poor electrical
connection with the surrounding myocardium,
is a matter of concern.”

Use of transgenic mice in which a cardiac-
specific protein drives expression of the B-
galactosidase reporter?”* or a fluorescent marker*
has been a major advance in the pathologic evalu-
ation of stem cell therapy. Murry et al*’ used hema-
topoietic stem cells from a transgenic mouse line in
which the cardiac-specific a-myosin heavy chain
(e-MHC) drives expression of a B-galactosidase
reporter, in order to monitor for differentiation
into cardiomyocytes after injection into the peri-
infarct area.” In that study, the lack of X-gal
(blue) staining in the fixed heart strongly sug-
gested that no stem cell differentiation had
occurred. Agbulut et al®* expanded on this tech-
nique to determine whether bone marrow cells
from transgenic mice expressing lacZ under the
control of either desmin or vimentin promoters
differentiated respectively into muscle or mes-
enchymal cells. Dil-mediated red fluorescence
colocalized focally with the green fluorescence of
FITC-conjugated anti-vinculin antibodies, MHC,
myosin binding protein C, and anti-caveolin 1la
antibodies, rendering a yellow fluorescence. A
mesenchymal cell phenotype was seen in the first
week after transplantation; a muscular cell phe-
notype appeared 2 weeks after transplantation.

In addition, an ingenious protocol has been
developed in which recipient hosts deficient in a
donor-derived marker are used to detect donor-
derived cells. Examples include the detection of
dystrophin in mdx-recipient mice and &-sarcogly-
can in d-sarcoglycan-null mice. Both conditions
induce progressive cardiomyopathy and muscu-
lar dystrophy in humans and mice. The latter
model was used by Lapidos et al,”> who trans-
planted pluripotent bone marrow-derived cells
from male mice into §-sarcoglycan-null female
mice. Despite successful engraftment, as demon-
strated by fluorescent in situ hybridization
(FISH) with a Y-chromosome-specific probe, no
significant sarcoglycan positivity was seen in

cardiomyocytes or skeletal myofibers, suggesting
that expression of this key protein was lost
during the engraftment process.

Lately, a large body of literature has focused on
the use of mesenchymal bone marrow-derived
stem cells. Wang et al’® obtained mesenchymal
progenitor cells from rats, labeled them with
DAP], and injected them into the myocardium of
infarcted isogenic rats. Four weeks later, donor
cells had the same histologic appearance as recip-
ient myocytes and expressed sarcomeric MHC.
Moreover, connexin 43 positivity demonstrated
electrical connections with the surrounding
myocardium. Davani et al”” used a largely similar
protocol. Thirty days after implantation, some
engrafted (DAPI') cells expressed a smooth
muscle or endothelial phenotype [o-smooth
muscle actin (a-SMH) or CD31, respectively].
Increased vascular density was seen in treated
animals as compared with controls.

Conclusions

Research has shown the potential of various
types of stem cells to engraft in the injured heart.
This chapter has provided a review of the use
of pathology techniques to document the extent
of myocardial damage and the evidence of stem
cell engraftment and transdifferentiation. Appli-
cation of these techniques is essential for any
studies aimed at further characterizing the role of
stem cells in myocardial regeneration.
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chapter 8

Cardiovascular Cell Therapy
Overview: Realistic Targets in 2006

Doris A Taylor and Harald C Ott

Introduction

Cell transplantation is the first therapy designed
to treat the underlying injury in heart failure'—
cardiomyocyte and vessel cell death—and bring
us closer to the ambitious goal of myocardial
regeneration. The first 15 years of preclinical and
early clinical research have left us with promis-
ing results, insights into using cells as a thera-
peutic tool, and an understanding of the
complexity of cell-based repair and regeneration.
Since 1998, when we first reported functional
repair after injection of autologous skeletal
myoblasts into the injured heart,? a variety of
cell types have been proposed for transplanta-
tion in different stages of cardiovascular disease.
The field has matured from an initial “out of the
box” idea to one of the most active areas of car-
diovascular research, yet many questions still
remain. Now it is time to define realistic targets
and to translate what we have learned.

Questions in the Field in 2006

As we move forward, several opportunities and
hurdles remain. It is now obvious that cell-based
cardiac and vascular repair is feasible, both early
and later in the disease process. In fact, cell ther-
apy may offer an unparalleled opportunity for
improvement to millions of individuals living
with cardiovascular disease. However, many ques-
tions about the technology remain. The mecha-
nisms associated with cardiovascular repair
remain unclear. Whether a best cell type, delivery

method, or route of administration exists is
unknown. Whether cell-based disease prevention
is feasible is still unanswerable. And the potential
for combined cell- and gene-based approaches
remains largely unexplored.

Now is the time to delve deeply into these
questions, even as we cautiously proceed clini-
cally. Only by understanding the underlying
mechanisms associated with repair will we be able
to decrease unanticipated clinical effects, to
choose the right cell for the right patient, and thus
to potentially fulfill the promise of the most excit-
ing opportunity yet to treat cardiovascular disease.
As we do so, we must avoid uncontrolled, poorly
planned studies, and until we understand the
potential of cell therapy, we must limit “too good
to be true” promises. Only by addressing unan-
swered questions, carefully limiting our promises,
and rigorously performing preclinical and clinical
studies can we provide the surest opportunity for
safely moving the field forward.

The Goal: Regeneration
vs Repair

Cardiac regeneration is our ultimate goal —
literally regenerating contractile cardiac muscle,
functional vasculature, and electrical conductance
in a fibrous, dilated, and underperfused scar
(Figure 8.1a). However, full regeneration is not cur-
rently possible and not likely to occur in the near
future. Yet, in 2006, we face a growing population
of patients, with limited options, who require that
we formulate intermediate goals and develop
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Figure 8.1 (a) Targets for cell-based cardiac repair. We have to first, stabilize and recompensate the injured heart;
second, reverse-remodel to improve left ventricular geometry; third, increase perfusion to allow, fourth, the replacement
of lost cardiomyocytes. (b) Proposed mechanisms of currently tested cell therapies. Different mechanisms of function
have been attributed to different tested cell types. Scar stabilization and reverse remodeling, angiogenesis, and ultimately
myogenesis will all require certain cell properties. CSC, cardiac-derived stem cell; EPC, endothelial progenitor cell;

ESC, embryonic stem cell; MNC, mononuclear cell; MSC, mesenchymal stem cell; UCBC, umbilical cord blood cell;
VPC, vascular progenitor cell; *myogenesis.
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usable therapeutic tools. What can be truly claimed
as a realistic goal of cell therapy is cardiac and vas-
cular repair—restoring mechanical function and perfu-
sion to the dilated and decompensated heart (Figure
8.1b), even in the absence of regeneration.

To date, the reported clinical studies (Table 8.1)
have focused on being “first in man” and thus
primarily have served as feasibility attempts to
promote this exciting field. Developing stepwise
approaches to make critical decisions about trial
design and patient treatment should be our cur-
rent goal. This will necessarily involve developing
criteria for several important choices that define
each study: cell type, route of cell delivery, whether
to use growth factors instead of (or in addition to)
cells, whether cells can serve as vectors for genes,
and which patient population should be included.
The data now beginning to emerge should allow
more informed decisions and should be considered
as each new study is initiated.

Choosing a cell type: the implications
The most prevalent question in 2006 is the
choice of cell type, which immediately forces us
to acknowledge the heterogeneity of the patient
populations facing cardiovascular disease. In
addition, it requires that we acknowledge that
cells have different inherent properties and likely
different potential benefits and risks. Thus, the
choice of cell type may ultimately depend greatly
on the injury to be treated (Table 8.2) and on the
routes of administration available.

Angiogenesis vs Myogenesis

In conditions where chronic ischemia prevails, or
where reperfusion is the primary objective, the
angiogenic potential of the cells may be of high
priority. Under these conditions, bone marrow-
or blood-derived mononuclear cells,* endothe-
lial® or wvascular® progenitor cells, marrow
angioblasts,” or blood-derived multipotent adult
progenitor cells® may be better choices than myo-
genic precursors. In patients where additional
restoration of contractile function is the clinical
goal—such as those with end-stage ischemic
heart failure or those early post infarction, when
blood flow has been restored but cardiocytes
have died—delivering cells with contractile
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potential seems a more reasonable approach.
Under these conditions, naturally myogenic cells
(e.g., skeletal myoblasts, cardiocytes, or any
progenitor cell driven down a muscle lineage)
appear to be a better first choice. However, con-
tractile potential is not the only consideration;
the local cardiac milieu must also be considered.
For example, in poorly perfused myocardium,
transplanted cardiomyocytes perish,” whereas
myoblasts and undifferentiated bone marrow
cells appear to survive in higher numbers. Thus,
cardiocytes are not an option unless coadminis-
tration of angiogenic cells or surgical and/or
interventional revascularization is considered. To
complete the assessment, in the decompensated,
hypertrophied heart, cells that are able to stabi-
lize scar would likely be of benefit.
Mesenchymal bone marrow cells, fibroblasts,
and skeletal myoblasts (all mesoderm-derived
progenitors) improve diastolic function and
reduce wall stress,'® whereas bone marrow
mononuclear cells, peripheral blood or bone
marrow endothelial progenitor cells, and umbili-
cal cord blood cells have not demonstrated this
potential to date. Thus, in attempts to prevent
negative remodeling, any mesodermal progeni-
tor could be considered, whereas once severe
dilatation has occurred, only cell types capable
of reverse remodeling (e.g., myoblasts) may be of
ultimate benefit. These theoretical considera-
tions are just that, however. Ultimate proof of
any cell superiority will require side-by-side com-
parisons of cells in similar disease states.

Systole vs diastole

Initial preclinical comparisons of cells used to
treat the ischemic failing heart (in rabbits) are
summarized in Figure 8.2. Early comparisons of
systolic parameters (regional stroke work) suggest
that directly injected myoblasts offer the greatest
positive improvement, followed by bone marrow
stromal cells, and then by mononuclear cells—all
of which are superior to fibroblast or sham treat-
ment. Interestingly, in all cells evaluated, includ-
ing fibroblasts, diastolic compliance improved
several weeks prior to any improvement in
systolic function (data not shown), but an
improvement in compliance did not necessarily
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Table 8.2 Targets for cell-based cardiac repair in 2006

Clinical target Cell type Delivery Timing
Heart failure Reverse remodel LV SKMB, MSC, SMC Epicardial, Late (>1 month
. endocardial, and up to 10 years
Improve LV perfusion ~ MSC, MNC, EPC, L
transcoronary, after initial injury)

VPC, cells+GF
or transvenous

Improve LV function SKMB, CSC, MSC,
cells+GF

Acute myocardial ~ Minimize acute MNC, EPC Intracoronary, Early (<2 weeks
infarction myocardial loss transcoronary, or  after initial injury)
) transvenous
Improve LV perfusion MSC, MNC, EPC, VPC
Improve LV function MSC, CSC

CSC, cardiac-derived stem cell; EPC, endothelial progenitor cell; GF, growth factors; LV, left ventricle; MNC,
mononuclear cell; MSC, mesenchymal stem cell; SKMB, skeletal myoblast; SMC, smooth muscle cell; VPC,
vascular progenitor cell.
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Figure 8.2  Relative comparison of autologous cell types in restoring systolic function to the injured remodeled failing
heart. The relative change in regional stroke work is illustrated before and after treatment in rabbits that received
approximately 3 x 107 autologous cells 4-6 weeks after 1.cm cryoinjury of the left ventricle. Sham (vehicle)- and dermal
fibroblast (FB)-treated animals showed a worsening of regional stroke work over the treatment period. Bone marrow
mononuclear cells (BM-MNC), stromal cells (mesenchymal stem cells, MSC), and skeletal myoblasts (SKMB) increasingly
improved regional stroke work. Histologic analysis of the treated animals showed increased angiogenesis in the

MNC-, MSC-, and SKMB-treated groups compared with the sham- and FB-treated groups. Myogenesis as evidenced by
combined sarcomeric myosin, actin, and desmin staining was demonstrated only in the SKMB and MSC groups.

translate into a systolic benefit. These data type decision process. Comprehensively dis-
suggest that cell transplantation may offer new  cussing and comparing the advantages and disad-
hope in treating diastolic dysfunction!” and vantages of each cell type is beyond the scope of
further suggest that consideration of the func- this chapter; however, more in-depth discussions
tional goal should be a component of the cell have recently been published.'*!
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Choosing a Delivery Method

With the rapid move of cell-based cardiac repair
to clinical application, defining an optimal deliv-
ery method becomes a second important task.
Facing the heterogeneous patient population suf-
fering from cardiovascular disease again requires
different delivery routes to be considered. Many
early studies relied on precise surgical delivery of
cells to allow direct visualization of the injured
region.'*'® The clear drawback of open-chest sur-
gical delivery is the need for a largely invasive
procedure that limits the potential patient
population due to the perioperative risk. Recent
attempts to minimize invasiveness by develop-
ing thoracoscopic techniques'” and robotically
assisted cell transplantation'® may be promising
options for patients with greatly reduced left
ventricular function. Alternatively, percutaneous
cell delivery has emerged"” and has been used
clinically to deliver cells endoventricularly,?*?!
transvenously,? or directly into the coronary
arterial or venous circulation.”® Again, specific
cell characteristics influence the route of admin-
istration. Larger cells, including most mesoder-
mal progenitors, likely impose the risk of cellular
embolization after intracoronary injection.!®?*
Furthermore, after intravenous administration,
the majority of these larger cells may be lost
either to lung or to spleen and thus not be avail-
able for direct cardiac repair. However, this is
applicable not only to larger cell types; with any
cell after systemic delivery, homing becomes an
important issue. If the homing signal is not
sufficient—as is likely the case with chronic
disease—the majority of progenitor cells are
extracted in the lung, spleen,?? or elsewhere
(perhaps tumors) where a homing signal does
exist. Thus, ultimately, both the clinical situa-
tion and cell type will direct the choice of deliv-
ery method. An acute injury may allow systemic
cell administration of progenitor cells that can
home from the periphery to the target lesion;
the chronic setting of a remodeled, failing heart
may call for very targeted direct injection. In
summary, as cell-based cardiac repair moves to
clinical application, each cell type is associated
with both positive and negative outcomes. And
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although several generic cell delivery issues
have arisen, the majority of cell-safety issues
appear to be cell type-specific. Generic issues
primarily revolve around cell size and route of
administration.

Cells: the Negative

Specific negative outcomes have been associated
with specific cells. A serious deleterious outcome
to date associated primarily with myoblasts is the
development of cardiac electrical instability for
what appears to be a transient period after cell
delivery. These early reports of electrical instabil-
ity in patients after receipt of autologous skeletal
myoblasts have raised serious concerns about the
safety of these cells as a treatment in the injured
heart. Patients who received myoblasts in the
earliest clinical studies®'*” were extremely ill with
an expected high potential for adverse electrical
events. In fact, many of the patients included in
the early trials met the MADIT-II criteria, which
were presented after those trials began and
suggested that all patients who met the criteria
be treated with automatic implantable car-
dioverter—defibrillators (AICDs). As a result, in
more recent clinical studies, many investigators
have enrolled only patients who have received
AICDs and/or low dose anti-arrhythmic agents
prophylactically. This has reduced the reported
incidence of adverse events significantly. In the
MAGIC trial, as reported at the American Heart
Association meeting in November 2004, the inci-
dence of electrical instability in patients post
myoblast delivery was 10%, which is lower than
the initial 40% reported by the same group.
Whether this is due to better selection of patients
in the second study, coadministration of anti-
arthythmic agents, or an improved cell safety
profile remains to be determined. Our group has
shown that the location of cell injection may
affect the electrical impact of the cells.?®
Furthermore, Dib et al* have not reported an
increased incidence of electrical instability after
myoblast administration, nor have Chachques
et al* in preclinical studies. However, these
investigators observed differing percentages of
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myoblasts in the final product, differing doses,
and differing delivery methods. Understanding
whether this reported safety difference truly
reflects the cell preparation, the dosage, the
delivery, or some as-yet undefined issue is crucial
to fully understanding the risk-benefit ratio of
skeletal myoblasts for cardiac repair. Clearly, this
is an area where collaborative approaches involv-
ing side-by-side comparisons of a supposedly
similar product could greatly benefit the field.
As it stands, randomized controlled trials under-
way at present are our only way to address these
safety concerns and prove efficacy.

To develop a well-defined therapeutic tool,
we need to understand the mechanism of
endogenous and exogenous cell-based repair.
Within the last 10 years, a myriad of preclinical
and first-in-man clinical studies have suggested
that cell therapy has a positive effect on cardiac
and vascular repair.®*' In most studies, the tested
cell types were found to be effective—even in the
absence of evidence of robust cell engraftment.
This unexpected outcome shows how little we
actually understand at present about the under-
lying mechanism(s) of cell-mediated repair. We
attribute much repair to direct participation of
the transplanted cells in angiogenesis or myoge-
nesis; but in truth, despite promising clinical
outcomes, relatively few clinical data exist to
support this contention. Instead, underlying
neurohumoral changes altering wall stress,
recruitment of endogenous stem/progenitor
cells, rescue of injured cardiocytes, and limited
degrees of angiogenesis and myogenesis are likely
involved. Direct cell-cell interaction,®* fusion of
progenitor cells with cardiomyocytes,** transdif-
ferentiation of progenitor cells,* and dedifferen-
tiation of cardiomyocytes®® have all also been
discussed as potential mediators of the observed
outcomes. The degree to which progenitor cells
engraft in the injured heart, contribute to perfu-
sion, and actively contract will not be discernible
until noninvasive cell tracking becomes feasible.
The current focus is on the development of mag-
netic resonance imaging (MRI)*¢3” and positron
emission tomography imaging of labeled cells as
preclinical tools. Unfortunately, no long-term
clinically applicable tools currently exist.
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Cells vs Growth Factors

Inherent in the idea of autologous cell therapy is
the acceptance that autologous cells, if adminis-
tered at the right dose into the correct location,
are capable of repair. In other words, endogenous
repair should be feasible if the appropriate
endogenous cells can be mobilized to the site of
injury. This suggests that disease, then, is a failure
of endogenous progenitor cell-mediated repair.
This idea has led to the use of granulocyte colony-
stimulating factor (G-CSF)*?* and granulocyte-
macrophage (GM)-CSF for mobilization of
endogenous progenitor cells for cardiac repair,
either as an adjunct to, or a substitute for, deliv-
ering exogenous cells. Unfortunately, this broad-
based cell mobilization approach has forced us to
face several areas where our knowledge is lacking.
First, in patients who, after an acute myocardial
infarction, underwent stenting and received G-
CSE a high incidence of in-stent restenosis was
noted, suggesting that mobilized cells homed not
just to the desired site at the ischemic cardiac
lesion but also to an undesired site within the vas-
cular bed.*® More recently, Hill et al** reported
that patients treated with G-CSF to promote
myocardial revascularization and relief of
ischemia, showed elevated levels of C-reactive
protein; in 2 out of 16 patients, serious adverse
events (non-ST-segment-elevation myocardial
infarction and death) occurred. Taken together,
these unanticipated outcomes illustrate the
potential risks of cell therapy: approaches where
we cannot control the cell number, delivery loca-
tion, or cell type.

The Future: Prevention and
Early Treatment

The ultimate knowledge gained about cell-based
repair should shed new light on the development
and progression of cardiovascular disease and
enable us to formulate even earlier targets for cell
therapy. For example, cell-based restoration of
vessel patency and/or regeneration of functional
vasculature before ischemic injury occurs could
provide a new arena for cell transplantation.
Recent data suggest that atherosclerosis may
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progress in part due to a decreased endogenous
repair potential and a decrease in progenitor cell
numbers.®*® Repeated intravenous injection of
bone marrow from young ApoE-null mice pre-
vented further progression of atherosclerotic
lesions in aging ApoE-null mice. Injected cells
differentiated into endothelial cells and
engrafted in atherosclerotic lesions of recipient
animals. Comparison of bone marrow cell fluo-
rescence-activated cell sorting (FACS) profiles
showed a specific depletion of intermediate vas-
cular progenitor cells (CD31*CD45%), without
parallel changes in more primitive stem cells
(Sca-1*, c-Kit*, or CD34") or mature vascular cells
(VEGEFR-2%). This depletion most likely accounted
for the age-related loss of vascular repair capac-
ity. More recent preliminary data from our
group, suggesting that atherosclerotic changes
are to some extent reversible, give hope that
cell-mediated vascular repair may be an achiev-
able goal in the prevention of ischemic heart dis-
ease. In a recent analysis, investigators modeled
the potential health effects of bone marrow-
derived endothelial progenitor cell therapy using
data from the 1950-1996 follow-up of the
Framingham Heart Study. To model cardiovascu-
lar disease mortality, progenitor cell therapy was
applied at age 30, with the effect assumed to be a
10-year delay in atherosclerosis progression.
According to this study, progenitor cell therapy
might increase the life expectancy in the popula-
tion as much as would the complete elimination
of cancer (in females, an additional 3.67 vs 3.37
years; in males, an additional 5.94 vs 2.86 years,
respectively).*!

Summary

In summary, cell-based cardiovascular repair offers
unprecedented potential to treat the underlying
injuries associated with cardiovascular disease and
ultimately perhaps to reverse the disease process.
However, achieving the promise of this field
demands that, while we recognize its potential, we
also recognize our limits. Choosing the right cell,
at the right time, for the right patient must
become a scientific discipline. Conducting clinical
trials that let us make those choices is critical.
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Learning from our predecessors in the gene
therapy field is crucial. By doing so, we will have
our first real opportunity to repair the injured
human heart and thus improve the lives of
millions worldwide.
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chapter 9

Overview of the Clinical
Applications of Stem Cells
in Ischemic Heart Disease

Shaun R Opie and Nabil Dib

Introduction

Myocardial infarction is a leading cause of
mortality in the USA, accounting for approxi-
mately 600 deaths per day.! Nearly 865000 new
and recurrent cases are diagnosed every year, and
this number is expected to increase as the baby
boomer population ages. Myocardial infarction
results in damaged myocardium caused by occlu-
sion of the coronary arteries from thrombus or
from atherosclerotic plaque buildup. It can ulti-
mately lead to congestive heart failure, as a result
of the remodeling, which compromises survival
and quality of life. With the exception of heart
transplantation, which is limited by a severe
shortage of donors and issues related to rejection,
the currently available therapies for coronary
artery disease, medication and revascularization,
are unable to replace damaged or diseased tissue.

Renewed interest in regenerating diseased
tissue by stem cell transplantation has arisen as
a result of the development of sophisticated cell
culture techniques and the identification of mol-
ecular pathways that direct stem cell differentia-
tion into specific cell types. Stem cells have two
fundamental properties: the ability to self-renew,
so that a replenishable source of cells is continu-
ally available for cultivation, and the ability to
differentiate into at least one alternative cell
type. The concept behind stem cell therapy is
that healthy cells can be isolated from one part

of the body and be implanted into a damaged
region for the purpose of tissue repair.
Myocardial infarction is particularly amenable to
stem cell therapy, since, following myocardial
injury, very few of the remaining cardiac
myocytes enter the mitotic cycle. As a result,
replacement of dead or necrotic cells does not
occur at a clinically acceptable rate. Additionally,
myogenic precursors exist throughout the skele-
tal musculature, are relatively easy to procure,
and can be physically implanted into damaged
heart tissue.

Congestive Heart Failure and
Left Ventricular Dysfunction

A myocardial infarction is usually the result of
atherosclerotic plaque rupture and thrombus for-
mation in the coronary vessels, blocking essen-
tial blood flow to the myocardium. In the
absence of coronary blood flow, cardiomy-
ocytes die, and the ability of the heart to con-
tract becomes impaired. Consequently the
reduced ventricular ejection fraction can ulti-
mately lead to congestive heart failure. The
pathophysiology that follows an infarction is
well described and occurs in overlapping phases
over several weeks, months, and even years.
Initially, there is a massive loss of cardiac
myocytes due to acute, severe ischemia. Within
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the healing infarct region, cells secrete pro-
inflammatory cytokines that recruit macrophages
and leukocytes. Over several weeks, ischemia-
resistant fibroblasts eventually replace the dead
myocytes, leading to areas of fibrosis that do not
contribute to heart function. In an attempt to
compensate for the decrease in heart function,
the ventricular tissue undergoes pathophysio-
logic changes such as cardiomyocyte hypertro-
phy and matrix changes, to increase the output
stroke volume in a process called remodeling.
However, none of the compensatory mecha-
nisms regenerates contractile tissue or prevents
remodeling.

Cell Types and Culture Process
for Myocardial Repair

Various precursor cells have been proposed for
myocardial regeneration, including embryonic
stem cells, bone marrow mesenchymal cells,
peripheral blood stem cells, cardiac myocytes,
and skeletal muscle stem cells.” The cell type best
suited for this purpose is not known, but, given
the complexity of the heart structure and the
diversity of cell types, the most appropriate cell
will likely be determined by the clinical sub-
strate. In part, this is because each cell type has
its own specific requirements for survival and
proliferation, and the final cell phenotype is
likely to be different among cells. Cardiomyo-
cytes are difficult to obtain in sufficient numbers
for implantation purposes, and a ventricular
biopsy is an impractical solution. The use of
embryonic stem cells has considerable ethical
implications that are likely to remain unresolved
for the near future. For the purposes of this chap-
ter, we will focus on the cell types that are most
likely to be clinical options in the future:
myoblasts, bone marrow stem cells, and periph-
eral blood stem cells.

Autologous skeletal myoblasts

Myoblasts, also called muscle satellite cells,
are small mononuclear cells located between
the basal lamina and the sarcolemma on the
periphery of the mature skeletal muscle fiber.?
Following muscle injury, myoblasts are activated
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by biochemical signals to initiate active division
and differentiate into fusion competent cells.
An example of a myoblast culture and of fusion
is shown in Figure 9.1. Myotube formation
occurs by a process in which a group of individ-
ual myoblasts aggregate through cell membrane
fusion to form a single large multinucleated cell.
The myotubes are the basic building blocks
of skeletal muscle, and when several myotubes
align in the same direction, they become func-
tional myofibers.

The basic outline for myoblast isolation and
growth is as follows. Under strict sterile condi-
tions, using local anesthesia, a biopsy specimen
between 0.5 and 5 g is obtained from the quadri-
ceps muscle. The specimen is placed in a glucose-
containing medium and immediately transported
to a tissue culture facility. Once inside a pre-
irradiated laminar flow hood stocked with sup-
plies, the container holding the biopsy specimen
is opened and the muscle sample removed. With
sterile scissors or scalpels, the biopsy is cut into
small (approximately 1 mm?) pieces. These pieces
are placed into an enzymatic solution, often con-
sisting of trypsin and collagenase, that will digest
extracellular matrix and connective tissue in
order to release individual cells. After the diges-
tive process is complete, the enzymes are inacti-
vated, and the cells are extensively washed to
remove red blood cells and debris. The cells are
then resuspended in a rich medium containing
growth factors and necessary nutrients and are
seeded onto a cell culture dish. The cells are
transferred to a 37°C incubator and grown in
high humidity until they reach approximately
70-80% confluency. Myoblast cultures must be
carefully monitored and split before reaching
confluency, as otherwise they have a tendency
to convert into fibroblasts that are not of thera-
peutic benefit. It will take 4-6 weeks to grow 500
million cells.

Bone marrow-derived cells

Bone marrow stem cells (BMSCs) have received
considerable attention since researchers first
observed that they can selectively differentiate
into myoblasts and endothelial progenitor cells
and regenerate infarcted myocardium.*¢ Both the
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Figure 9.1

Myoblast growth and morphologic characteristics after preplating: (a) at 3 days; (b) at 5 days;

(c) at 7 days. (d) Myoblast fusion is induced by switching from a medium with a high serum concentration to one with
a low serum concentration. Arrows indicate aggregates of nuclei inside a large myotube. (a, d, 10 x Magnification;

b, ¢, 4 x magnification).

mesenchymal fraction and the hematopoietic
fraction contain endothelial progenitor cells able
to differentiate into endothelial cells and con-
tribute to neovascularization by forming nascent
blood vessels.*

The basic outline for BMSC isolation is as
follows. Typically, the bone marrow cells are
mobilized prior to isolation by the administration
of granulocyte colony-stimulating factor (G-CSF)
per standard clinical protocol. Mobilization
increases the overall yield of cells thought to
have the characteristic differentiation require-
ments. BMSCs are collected by taking an aspi-
rate from the iliac crest of the patient under
local anesthesia. Alternatively, if direct injec-
tions are to be performed, bone marrow can be
isolated from the sternal cavity when a surgeon
gains direct access to the mediastinum. Bone
marrow is composed of a heterogeneous mixture
of cell types, of which only a small proportion

is thought to be myogenic or angiogenic
precursors.”? The mononuclear subfraction can
be isolated by Ficoll density centrifugation and
filtered through a 100-um nylon mesh to remove
cell aggregates or bone spicules. Cells are washed
several times in phosphate-buffered saline (PBS)
and can either be reinjected directly or expanded
in an endothelial cell-specific culture medium.
Although BMSCs are promising candidates for
cell transplantation, the invasiveness of bone
marrow collection may ultimately limit its clinical
application.

Peripheral blood-derived cells

Bone marrow produces many different cell types
that are released into the blood stream after matu-
ration. From peripheral blood, Asahara et al'® iso-
lated an endothelial progenitor cell with properties
identical to those isolated from bone marrow. The
identification of endothelial precursor cells from
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peripheral blood may abrogate the necessity of
iliac crest bone marrow aspiration. Although the
yield of cells is lower from peripheral blood than
from bone marrow isolation, mobilization of
these cells by cytokine therapy increases their
yield to a level similar to that of BMSCs."!

The cell type chosen for transplantation will
likely depend on the disease and desired clinical
effect. Bone marrow cells or peripheral blood
endothelial progenitor cells may be best suited
for acute coronary syndromes and ischemic dis-
ease, since they are able to induce angiogenesis
or directly participate in the formation of a
nascent vascular network. Myoblasts may be
best suited for myocardial infarction and
chronic heart failure, in which regeneration of
contractile tissue is desired. For either cell type,
procurement of autologous cells with reimplan-
tation is the preferred treatment choice, since
immunosuppression is not required to prevent
graft rejection. This requires that an individual-
ized batch of cells be cultured for each trans-
plant recipient, a process that is expensive and
necessitates sophisticated good-manufacturing-
practice (GMP) cell culture facilities staffed with
highly trained individuals. Commercial devel-
opers of cell therapy are likely to prefer an allo-
geneic approach, because large numbers of cells
can be grown and stored for “off-the-shelf” use.
This approach appears to require at least short-
term immunosuppressive therapy.

Clinical Trials of Cell
Transplantation for
Myocardial Infarction

At present, neither autologous skeletal myoblast
nor bone marrow stem cell transplantation for
cardiac tissue regeneration is approved by the
US Food and Drug Administration (FDA). Since
the cells used in transplantation are classified as
investigational new drugs (INDs), US institu-
tions conducting this type of human research
must apply to the FDA and receive permission
prior to treating any patients. This investigative
process is time-consuming and expensive and
demands rigorous scientific evaluation from
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both the investigator and the FDA in order to
assure patient safety.

A summary of the reported phase I and phase
IT human cell transplantation clinical trials is
given in Table 9.1.7-%122% Although the selec-
tion requirements differ among institutions, in
general, the inclusion criteria require a reduced
left ventricular ejection fraction (LVEF <35%),
ventricular wall hypokinesis or akinesis, and
nonviable infarct-induced scar tissue. Most pro-
tocols were designed as small, nonrandomized
trials to show the safety and feasibility, rather
than the efficacy, of cell transplantation.

Three cell types have been examined: auto-
logous skeletal myoblasts, bone marrow mes-
enchymal cells, and peripheral blood stem cells.
It is remarkable that, despite different delivery
methods, cell types, culturing protocols, and
investigators, all centers have reported at least
one positive functional benefit, the majority
describing multiple, global benefits. Although
some of the studies included adverse events,
none of these could be directly attributed to cell
transplantation. Taken together, these data sug-
gest that cell transplantation, regardless of the
cell type, is relatively safe and may benefit heart
function. However, a randomized trial will be
required to determine improvement of cardiac
performance.

Methods of Cell Delivery

Direct epicardial injection during open-chest
bypass surgery was first used to transplant stem
cells into the damaged myocardium.* The main
advantage of this approach is that the surgeon
can visually confirm the region of myocardial
infarction, due to its appearance and contractile
characteristics, and can target the injections
appropriately. However, since a significant num-
ber of the patients who could potentially benefit
from cell transplantation are unable to tolerate
anesthesia or surgery, a less invasive method is
highly desirable. In an effort to include these
patients, catheter-based delivery technology has
been incorporated into stem cell protocols.
Angiographically guided catheter infusion of
cells and plasmid DNA into the coronary arteries
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Figure 9.2  Endoventricular cell delivery. Time-sequence graphical reconstruction of the left ventricle by NOGA
mapping. As the mapping process proceeds (left to right), coordinate readings are taken and the image is updated in real
time. A complete mapped ventricle is on the right. The color scale bar indicates voltage. On the final image (right), red
areas at the apex of the ventricle have low voltage and demarcate the region of myocardial infarction. Black dots
identify the locations of the myoblasts that were injected in the region of myocardial infarction using the MyoStar catheter.

has been achieved and requires only a cardiac
catheterization laboratory, with no need for
additional training or equipment.”” There are
insufficient data to determine whether bioreten-
tion of the cells is limited to proximal branches
of the coronary vessels or whether systemic dif-
fusion can occur. Also, the possibility that
microinfarcts or microstrokes might be created
through capillary blockage is of concern and
warrants further investigation.

The ideal endovascular approach would allow
precise catheter deployment into diseased tissue,
with high viability and retention of the delivered
cells. The technique must be safe, reproducible,
economical, and relatively easy to perform and
must meet regulatory standards. Currently, no
system fulfills these requirements. A new genera-
tion of catheters with innovative features that
enable endocardial injections is currently await-
ing FDA approval. Several catheters for use in the
USA include the MyoCath (Bioheart, Inc., Santa
Rosa, CA), the TransAccess MicroLume Delivery
System (Transvascular, Menlo Park, CA), the
Stiletto (Boston-Scientific, Inc., Natick, MA), and
the Myostar (Biosense-Webster-Cordis, Diamond
Bar, CA). These catheters have in common a
7-9 French coaxial sheath, a small-gauge needle

on the distal end, and a syringe adaptor on the
proximal end.

The Biosense-Webster-Cordis (BWC) system
has been used successfully by many investigators
in the preclinical setting to examine the electro-
mechanical properties of the heart in large
animal models. Additionally, a small number of
investigational research protocols have been
granted permission for human use. The BWC sys-
tem consists of a locator pad having three coils
that emit a low-energy magnetic field; a station-
ary reference catheter with a magnetic field sen-
sor; separate mapping and injection catheters
with a magnetic field sensor; and a computer
processor. When the mapping catheter is in con-
tact with the endocardium, two electrodes on the
distal tip permit measurement of a voltage across
a short segment of endocardium. The system is
also able to determine the position of the
catheter tip in three-dimensional space, so that
data taken during these measurements can gen-
erate in real time a three-dimensional color-
coded voltage map reconstruction of the left
ventricle (LV) that clearly demarcates the area of
myocardial infarction (Figure 9.2). When the LV
map is complete, the mapping catheter is
exchanged for a modified mapping catheter. This
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Figure 9.3  Biosense-Webster MyoStarTM catheter. (a) The set-up includes a PTFE-coated nitinol catheter, a handle
on the proximal end for catheter manipulation, and a second handle on the distal end for needle advancement and
retraction. The second handle is attached to a Leur Lock adapter with two syringes. (b) The operator can “steer” the tip
of the catheter to navigate in the left ventricle, a requirement for taking electromechanical voltage readings and for safe
navigation through the vasculature and ventricle. (c, d) Injection needle advancement and retraction.

hollow, steerable catheter has a 27-gauge nitinol
needle on the distal tip that can be advanced or
retracted by the operator, as well as a three-way
Luer Lock adapter on the proximal end so that
tuberculin syringes can be fitted to load samples
into the lumen of the needle (Figure 9.3). Using
the computer-generated image as a roadmap, the
operator can perform endocardial injections in
real time and mark their position marked
throughout the procedure (Figure 9.2).
Endoventricular injection catheters have
a commendable safety record. There are few
reports in the literature of myocardial rupture
from overly aggressive catheter manipulation or
from injection. Rare instances of sustained ven-
tricular tachycardia occur but are primarily
related to catheter manipulation in patients with
a previous myocardial infarction and severely

reduced left ventricular function. Premature
ventricular contractions (PVCs) and other short
(<10s) arrhythmias are relatively common due to
physical stimulation of the endocardium during
mapping or injection. These usually resolve
quickly without the need for cardiac defibrilla-
tion. Endoventricular injection carries the risk of
pericardial effusion or cell leakage back into the
circulatory system. Postmortem visualization of
marker gene expression in noninjected normal
tissue suggests that complete retention is
unlikely to occur during the injection process.
The consequence of leakage may be as simple as
cell loss or as serious as distal embolization.
Quantitative studies regarding the bioretention
and biodistribution of injected substances will
need to be performed to better understand these
issues.


http://www.stemcell8.cn

Monitoring Cell Delivery,
Transplant Survival, and
Biologic Effects

Determining the fate of the transplanted cells
will be vital to understanding the success and
efficacy of cell transplantation. One of the most
significant obstacles to stem cell therapy for
myocardial regeneration is the rapid disappear-
ance of cells following transplantation. Although
data from human trials have directly demon-
strated that myoblasts are not damaged by
injection and engraft successfully, semiquanti-
tative studies suggest that at 17.5 months post
transplantation, less than 1% of transplanted
myoblasts survive and differentiate into myosin-
expressing myotubes.!*2°2¢ Unfortunately, simi-
lar cell survival studies have not yet been
reported for bone marrow or peripheral blood
stem cells.

Although obtaining a biopsy is the most direct
method to demonstrate cell engraftment and to
determine the differentiation status of the trans-
planted cells, patients are generally unwilling to
undergo an invasive procedure for information
that will not provide them any functional benefit.
Accordingly, improved imaging methods able to
evaluate cell transplants that are noninvasive and
nontoxic have been assigned high priority status
with both clinicians and scientific funding agen-
cies in the USA. At this time, the imaging modal-
ities available are used to assess ventricular
function, ventricular volume and dimensions,
myocardial perfusion, and myocardial metabo-
lism. Noninvasive methods currently used to
image heart function and viability include
echocardiography, radiofluoroscopy, cineangiog-
raphy, magnetic resonance imaging (MRI), single
photon emission computed tomography (SPECT),
and positron emission tomography (PET). The
choice of imaging is dependent on multiple
factors, including resolution, patient safety, ease,
time required, and cost.

Echocardiography is relatively inexpensive,
can be performed with ease, and provides struc-
tural and real-time wall movement assessment
of heart and directional blood flow. However, its
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resolution is low because it relies on low-energy
sound waves to penetrate tissue. Echocardiography
has been used to direct catheter movement, and
can also be used to demonstrate the increase in wall
thickness after cell injection.?® Radiofluoroscopy
and cineangiography equipment is standard in all
cardiac catheterization laboratories, and these
methods are used to guide catheters safely
throughout the arterial vasculature. They provide
similar information about ventricular wall
motion and the ventricular ejection fraction at
a higher resolution. They have been used for
catheter guidance, but, like echocardiography,
have not gained widespread clinical acceptance
for facilitating percutaneous endoventricular
injections.?”*8

Advances in MRI technology have resulted in
improved image acquisition and display times,
excellent tissue contrast, and radiation-free proce-
dures. MRI provides the highest-resolution images
available and also yields clear anatomic landmarks
that are independent of the observer. The image
resolution is dependent on the magnetic field
strength and the image acquisition time, greater
T values and longer exposure times providing
higher resolution. Although MRI cannot provide
the same real-time analysis of ventricular wall
motion and ejection fraction as echocardiography,
it has been used to guide endoventricular injec-
tions.?? The densities of injected cells and of the
surrounding myocardium are similar, so it can be
difficult to distinguish between transplant and
normal tissue. Paramagnetic contrast agents may
help determine the location of an injection.** The
development of a nontoxic, biocompatible, FDA-
approved, exogenous contrast agent that is not
adsorbed or metabolized would be extremely
beneficial to cell transplantation. The major
limitation of MRI is that many of the patients who
require myoblasts have an automated implantable
cardioverter defibrillator (AICD) and a pacemaker.

Quantitative scintigraphic assessment with
SPECT and PET relies upon the cellular uptake of
a specific radioactive tracer and is able to analyze
the metabolic activity and perfusion of heart
muscle in addition to supplying functional data
about the ejection fraction, wall motion, and
wall thickening.?® The ability to analyze the
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Figure 9.4 Quantitative positron emission tomography (PET) and single photon emission computed tomography (SPECT)
scanning. Serial PET and SPECT scan images of the ventricular walls (vertical long-axis view) in a CABG patient receiving
myoblast transplantation. SPECT (a, b) and PET (c, d) images were obtained at baseline (a, ¢c) and 6 months (b, d)
following skeletal myoblast transplantation. Improved viability is seen by the increased yellow/orange regions.

metabolism enables discrimination between
ischemic, infarcted, and hibernating myocardium
while analyzing perfusion (Figure 9.4). Because
these imaging modalities are able to indirectly
assess the survival of transplanted cells and also
provide functional data, the large majority of
published trials have included one of these. In
the majority of human studies of transplantation
of myoblasts or bone marrow stem cells, SPECT
or PET has shown increased viability and/or
perfusion in regions of the myocardium that
have received cells.”?15-17222% This finding is of
crucial significance to the clinical potential of this
therapy.

The isotope tracers commonly used for nuclear
imaging include ['"®F]fluorodeoxyglucose (FDG)
for PET and thallium-201 and technetium-99m-
sestamibi for SPECT. They are taken up intracel-
lularly by specific transporters or receptors on
the exterior of the cell. Pretreating cells with a
labeled tracer during the final stage of expansion
might assist immediate post-transplantation
imaging and tracking of the distribution of
radiolabeled cells in vivo until the tracer decays.
An alternative approach would be to genetically
engineer a batch of cells to express a novel recep-
tor or metabolic process that other cells in the

heart do not possess. Selective tracer uptake by
the “marker gene” would facilitate viability
assessments of the transplanted cells and has the
potential for daughter cell labeling and long-
term tracking.

Obstacles to Successful
Cell Transplantation

Although cell transplantation has received
tremendous scientific and media attention
lately, many questions remain about what is nec-
essary for long-term survival and function. The
pathophysiologic changes that occur within the
infarct region are temporally regulated and
complex. The known regulators include cyto-
kine release, leukocyte activation and associated
inflammatory responses, tissue apoptosis and
necrosis, and cell infiltration. No studies have
systematically examined the most appropriate
time for either bone marrow or myoblast trans-
plantation. In acute cases, success is most likely
if the transplantation is performed after the
inflammatory process subsides but prior to scar
tissue formation. From a clinical perspective, it
would be beneficial to be able to include patients
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with old myocardial scarring for whom there are
no other options.

Few quantitative studies have directly exam-
ined the survival of cells transplanted into the
myocardium. Preclinical studies suggest that the
magnitude of myocardial regeneration is related
to the cell dose. Although it is presumed that
successful engraftment will benefit the patient,
a theoretical concern is aberrant differentiation
into a detrimental cell type. This is more likely
to be the case for bone marrow stem cells,
which have shown the ability to differentiate
into adipocytes, osteocytes, and chondrocytes.*?
Recent reports in conflict with previous data
suggest that bone marrow progenitor cells may
not acquire a cardiac phenotype but may instead
adopt a mature hematopoietic phenotype.®3
These data suggest that in addition to the local
tissue environment, regulators of cell differentia-
tion exist that could affect the eventual pheno-
type and survival of delivered stem cells.

Cardiac muscle expresses gap junction proteins
that facilitate the rapid conduction of electrical
stimuli required for efficient myocardial con-
traction. Whether stem cell transplants remain
electrically insulated from the surrounding myo-
cardium or whether the gap junction protein con-
nexin 43 is expressed at biologically significant
levels remains the subject of scientific debate.

Conclusions

Stem cell transplantation has the potential to
provide an alternative therapeutic option to
patients with myocardial infarction and conges-
tive heart failure. The type of cell best suited for
transplantation has not yet been determined;
however, several candidates have emerged, each
with its own biologic characteristics that may
apply to the specific need of the individual
patient. Although surgical delivery was first used
to transplant cells, engineering advances in
catheter technologies will provide a safer, rela-
tively noninvasive method to deliver the cell
product. Improved imaging techniques and
additional cellular and biochemical knowledge
will be crucial to providing a better under-
standing of the clinical outcome following
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transplantation. Although many questions still
remain unanswered about cell transplantation
for myocardial infarction, the convergence of
cell processing, bioengineering, and clinical
medicine offers the hope of new therapies to
treat this disease.
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chapter 10

Patients with End-Stage
Ischemic Heart Failure:

a Growing Target Population
for Cardiac Stem Cell Therapy

Pilar Jimenez-Quevedo, Ricardo Sanz, and Javier Lopez

Introduction

About 22% of men and 46% of women with
myocardial infarctions will be disabled by con-
gestive heart failure (CHF) within 6 years after
the infarction.! Currently, 4.6 million Americans
have CHF, and 550000 new cases are added
annually.? This is the only type of cardiovascular
disease whose prevalence, incidence, and mortal-
ity have generally increased over the past 25
years. With the aging of the Western population
and the decline in mortality related to other types
of cardiovascular disease, CHF can be expected to
take an even greater toll on public health.

This chapter concentrates on patients with
end-stage CHF who are not candidates for stan-
dard therapies, and it discusses the alternative
strategies that have been developed during the
last few decades.

“No-Option” Patients

Percutaneous coronary intervention (PCI) and
coronary artery bypass grafting (CABG) are
effective at relieving symptoms and improving
outcomes in patients with CAD. Despite advances
in medical treatment and revascularization, some
patients with symptomatic CAD are no longer

candidates for percutaneous or surgical revas-
cularization. These “no-option” patients may
account for up to 12% of those referred for diag-
nostic catheterization.® Their number is growing,
mainly because life expectancy is increasing, even
in patients with advanced disease. Many of these
patients have already undergone multiple PCIs
or previous surgical revascularization, and thus are
not candidates for additional procedures. Other
conditions that result in “no-option” status include
diffuse CAD (Figure 10.1), small distal vessels,
recurrent in-stent restenosis, chronic total occlu-
sion (Figure 10.2), and comorbidities that preclude
any conventional revascularization technique.
However, “no-option” patients are a heteroge-
neous group. Myocardial viability identifies two
different clinical and prognostic patterns in this
population. The first group includes patients
with a substantial amount of viable myocardium,
in whom angina is the predominant symptom.
In these patients, improved myocardial perfusion
may relieve symptoms, improve the left ventric-
ular ejection fraction (LVEF), reverse ventricular
remodeling,* and increase survival.® Conversely,
the second group includes patients with limited
or no myocardial viability, in whom heart failure
symptoms predominate. This group has a poorer
response to increased myocardial perfusion.®
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Figure 10.1 Coronary angiography showing the coronary anatomy of a patient without the option for myocardial
revascularization with surgery or angioplasty. (a) Left coronary tree, with occluded left anterior descending (LAD)
and circumflex arteries. (b) Occlusion of the mid segment of the right coronary artery. (c) The left internal mammary
artery graft to the LAD is patent, but the distal part of the native LAD is diffusely diseased and occluded. (d) Left

ventriculogram analysis showing an ejection fraction of 39%.

Establishing the “no-option” status requires
a multidisciplinary approach, which should
include cardiologists and cardiac surgeons. It
is important to ensure that all conventional med-
ical therapies are applied at the maximally tol-
erated dose. These therapies include antianginal

agents (B-blockers, calcium-channel blockers,
and nitrates), antiplatelet agents, angiotensin-
converting enzyme (ACE) inhibitors, statins, and
diuretics. In addition, the patient’s lifestyle must
be modified, and secondary causes of angina
such as anemia and uncontrolled hypertension
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Unfavorable

b Favorable

Tapered stump

Stump absent

Functional occlusion Total occlusion

Pre- or post-branch occlusion Occlusion at side branch

S
S

Bridging collaterals absent Bridging collaterals present

Figure 10.2  (a) Chronic total occlusion of the mid segment of the right coronary artery. (b) Anatomic patterns
predicting success of percutaneous treatment of a chronic total occlusion. Adapted from Freed M. Chronic total occlusion.
In: Freed M, Grineds C, Safian R (eds). The New Manual of Interventional Cardiology, Birmingham, MI: Physician’s

Press, 1996.

must be excluded. Despite optimal conventional
therapy, many patients continue to have not
only severe symptoms that limit their quality of
life but also a poor long-term clinical outcome
with an increased incidence of myocardial infarc-
tion and mortality.”

Adaptation After Myocardial
Ischemia: Development of
Collateral Circulation

When vascular obstruction in either circulatory
system is so extensive that direct revasculariza-
tion cannot be undertaken successfully, the heart
spontaneously develops new collateral blood
vessels to supply the ischemic area. The severity
of residual ischemia will largely depend on the
ability to create these new vessels.®

The coronary collateral circulation is an anas-
tomotic vascular network that interconnects
the three major epicardial coronary arteries and
plays a protective role in the different clinical pre-
sentations of ischemic heart disease (Figure 10.3).
Thus, in patients with a myocardial infarction,
collaterals limit infarct size, preserve viability,
and reduce long-term mortality;’'* in stable
coronary artery disease,'® they are associated with
fewer cases of angina. Collaterals protect against
perioperative myocardial infarction and ischemia
during off-pump cardiac surgery and decrease the
rate of adverse events after PCI."

Previous human studies have shown that
newly developing collaterals become visible on
angiograms within a maximum of 10 days after
persistent acute occlusion.’® However, the exact
timing of collateral development in humans
remains uncertain, as the collateral status before
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Figure 10.3  Collateral circulation in a patient with chronic total occlusion. (a) Chronic total occlusion at the mid
segment of the right coronary artery. (b) Collateral circulation from the left anterior descending artery (arrow).

a coronary occlusion occurs is not known.
In studies of an animal model of hind-limb
occlusion,'® collateral circulation started within
24 hours, becoming almost complete after 1 week.
Other studies have shown that full functional
maturation takes 8-12 weeks.”'18

Two methods have been described for assess-
ing collateral circulation in humans:

® [n the quantitative method, which is the only
direct approach to collateral assessment, flow
velocity and pressure are measured distal to an
occlusion. Collateral function is quantified by
calculating a collateral flow index on the basis
of pressure recordings' or Doppler recordings.

® [n the nonquantitative method, which uses
angiography and is based on the Rentrop
Classification (Table 10.1) a threshold value > 1
indicates the presence of collateral circula-
tion.?® Although the quantitative method is an
approximation of collateral functions, it has a
higher spatial resolution than does the non-
quantitative method.*!

Understanding how collateral blood vessels
form has been one of the most challenging
objectives of the past decade. Unraveling these
mechanisms would offer therapeutic options for
ameliorating or perhaps even curing today’s lead-
ing causes of mortality. Growth of collateral
vessels involves two different processes -

Table 10.1 The Rentrop Classification®

Grade Definition

0 No visible filling of any collateral
channel

1 Filling of the side branches of the
occluded artery; no dye reaches
the epicardial segment

Partial filling of the epicardial vessel
3 Complete filling of the epicardial

vessel by collateral vessels

“Adapted from Rentrop KP et al. ] Am Coll Cardiol
1985;5: 587-92% with permission from the
American College of Cardiology Foundation.

angiogenesis and arteriogenesis — designed to
supply blood flow in subtended tissues in the
presence of arterial occlusion (Table 10.2). In
arteriogenesis, a preexisting arteriole of the
resistance-vessel class matures into an artery of
the conductance-vessel class, whereas, in angio-
genesis, new capillaries arise from a preexisting
capillary.?

The development of collaterals after sudden or
slowly progressing stenosis of coronary arteries
depends on the endothelium and inflammatory
cells, which lead to the interaction of locally
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Table 10.2 Differences between angiogenesis and arteriogenesis

Angiogenesis

Source
Trigger
Increases blood flow maximally
Compensates for an occluded artery No

Preexisting capillaries
Ischemia
1.5- to 1.7-fold increase

Arteriogenesis

Preexisting arterioles
Shear stress

10- to 20-fold increase
Yes

Table 10.3 Alternative medical treatment in “no-option” patients

Drug

Partial inhibitor of fatty acid oxidation

Mechanism of action

Inhibits fatty acid metabolism and promotes glycolysis, making the

heart more energy-efficient

Potassium-channel activator
Endothelin receptor blocker
Ivabradine

Testosterone

Thrombolytic therapy

Dilates arteries and veins

Causes vasodilatation

Inhibits a specific sinus node pacemaker, thus reducing the heart rate
Causes coronary vasodilatation and increases blood hemoglobin levels
Dissolves thrombus and improves blood viscosity, increasing

coronary blood flow

Adenosine
Heparin

generated growth factors and cytokines.?*?*
In addition, recent studies have shown that nor-
mal adults have a small number of circulating
endothelial progenitor cells in their peripheral
blood. In response to cytokine stimulation and
an ischemic insult, these cells mobilize from bone
marrow, home to the ischemic tissue, and con-
tribute to neovascularization and angiogenesis.
On the other hand, factors that may negatively
affect the angiogenesis process include advanced
age,® the presence of diabetes mellitus,>2" and
impaired renal function.?®

New Strategies for Teatment

Nonconventional pharmacotherapy

A diverse group of drugs with documented
anti-ischemic effects may potentially play a
role as alternative medical treatments in

Causes vasodilatation
May accelerate collateral vessel formation

“no-option” patients. These drugs include meta-
bolic myocardial modulators,*-3¢ potassium-
channel activators,®” endothelin receptor
blockers,**% ivabradine,*’ testosterone,*** intra-
venous thrombolytic agents, adenosine, and
heparin (Table 10.3). To date, however, there has
been no evidence that they benefit the “no-
option” population, and certain safety issues
need to be resolved before they can be consid-
ered for standard therapy.

Transmyocardial laser revascularization
Transmyocardial laser revascularization (TMLR)
uses laser ablation to create transmural channels
in the ischemic myocardium in order to restore
myocardial perfusion. The physiologic premise
behind the application of TMLR is based on the
work of investigators who were seeking to emu-
late the reptilian circulation in the mammalian
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heart by creating conduits for blood to flow from
the ventricular cavity into the myocardium.

The mechanism of action of TMLR is still
uncertain. The laser may destroy sympathetic
nerve endings, thus resulting in a form of sympa-
thectomy,* it may improve myocardial perfusion
secondary to angiogenesis,* or it may simply
have a placebo effect. At present, two types of
lasers are being evaluated in the treatment
of refractory angina: the carbon dioxide (CO,)
and the holmium:yttrium aluminium garnet
(Ho:YAG) lasers. Animal experiments have
shown that both lasers produce histologic effects
after 6 weeks but that thermoacoustic damage is
greater with the Ho:YAG device.®

Several randomized trials evaluating surgical
TMLR in “no-option” versus medically treated
patients have shown symptomatic improvement
after TMLR. In the first study, Schofield et al*
randomly assigned 188 patients to either TMLR
or medical treatment. At 1 year, the TMLR
patients had better angina scores and less need for
anti-anginal medications but no improvement in
exercise capacity. Frazier et al*’ randomized 192
patients to receive either TMLR or medical ther-
apy. At 12 months, the TMLR group had a signif-
icant improvement in angina class, quality-of-life
scores, and cardiac perfusion, as assessed by
single-photon emission computed tomography
(SPECT). Similarly, Burkhoff et al*® reported better
total exercise tolerance and quality of life at 1 year
but no intergroup differences in myocardial per-
fusion or ejection fraction. Only one trial has
shown that TMLR has survival benefits. Allen
et al*” demonstrated that patients randomized to
undergo TMLR versus medical treatment had a
significantly increased Kaplan-Meier survival
rate. Interestingly, however, neither group had an
improvement in myocardial perfusion. Finally, a
meta-analysis of seven randomized trials, involv-
ing TMLR in 1053 patients, showed that TMLR
significantly improved the angina class but not
the survival rate.® In all of these trials, post-TMLR
complications were almost always cardiac, and
included myocardial infarction, left ventricular
failure, atrial fibrillation, and ventricular arrhyth-
mias. The perioperative mortality rate has ranged
from 3% to 5% in most reports, but rates as high
as 12% have been described.

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Recently, percutaneous TMLR has been advo-
cated to reduce the perioperative mortality of
surgical TMLR. The results after percutaneous
TMLR are similar to those seen in open-chest
studies.’!

In conclusion, TMLR causes clinical improve-
ment but does not increase survival. Moreover,
it is impossible to judge how large a role the
placebo effect plays, as symptomatic benefits
do not always correlate with objective findings
(improved LVEF or myocardial perfusion). There-
fore, measurable physiologic benefits will have
to be demonstrated, beyond any placebo effect,
before TMLR can become an established option
for treating coronary artery disease.

Enhanced external counterpulsation

Enhanced external counterpulsation (EECP) uses
three sets of cuffs to compress the vascular beds
of the leg and thigh in a sequential manner
timed to the patient’s electrocardiogram (ECG).
The cuffs are wrapped around the patient’s legs
and, using compressed air, sequential pressure
(300 mmHg) is applied from the lower legs to the
lower and upper thighs during early diastole to
propel blood back to the heart. This technique
increases the mean arterial blood pressure, the
retrograde aortic blood flow during diastole caus-
ing diastolic augmentation,’> and coronary
perfusion.” In a multicenter randomized con-
trolled trial (MUST-EECP),** 139 patients with
angina and documented ischemia on treadmill
testing were randomized to receive 35 hours of
active counterpulsation (300mmHg of cuff
pressure) or inactive counterpulsation (75 mmHg
of cuff pressure) for 4-7 weeks. The active group
had a significant decrease in angina episodes and
nitroglycerin usage. Moreover, the time to>1mm
ST-segment depression also increased in the
active group compared with the inactive group.
Other registries have shown the same results:
most of the patients (including diabetic patients)
treated with EECP have experienced a significant
reduction in angina and improvement in quality
of life*5¢ that have persisted for more than
2 years.>”"® Despite reports of clinical improve-
ment, more clinical data are required before
EECP can be recommended as standard therapy.*
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Neurostimulation

Neurostimulation methods attempt to palliate
angina by interrupting or modulating the afferent
neural signals through which pain is perceived.
There are two modalities of neurostimulation:
transcutaneous electrical nerve stimulation
(TENS) and spinal cord stimulation (SCS).

Based on the “gate-control theory,” TENS pro-
vides transcutaneous stimulation at large, high-
frequency, non-nociceptive myelinated type A
fibers. It also inhibits the neural impulse through
smaller unmyelinated type C fibers, reducing the
activation of central pain receptors. In addition,
TENS reduces sympathetic discharge, leading to a
decrease in the cardiac workload and myocardial
oxygen demand.® In studies with TENS,
increased exercise capacity and reduced ischemia
have been noted on the exercise ECG, along with
decreased angina and reduced nitrate use.°!

In SCS, the epidural space is punctured at the
level of the 4th or 6th thoracic vertebra, and an
electrode is introduced to the level of the T,-T,
dorsal epidural space. An electrode stimulator is
then placed subcutaneously in the upper left side
of the abdomen. Stimulation of this electrode
suppresses the capacity of intrinsic cardiac sym-
pathetic neurons to generate activity during
myocardial ischemia, thereby decreasing pain®
and redistributing myocardial blood flow from
nonischemic to ischemic areas.®® Initial studies
documented a reduction in angina, an increase
in exercise capacity, and a reduction in the
degree of ST-segment depression at a given work-
load.** Later, Hautvast et al®® showed decreased
ischemic ECG changes during ambulatory 48-
hour monitoring in patients with refractory
angina. Greco et al®® reported a significant
decrease in New York Heart Association (NYHA)
functional class without any effect on mortality.
Spinal cord stimulation does not induce adverse
effects in patients with transient ischemia,®” who
retain their capacity to sense angina during an
increased workload.®® This method prevents hos-
pital admissions without leading to silent infarc-
tions and also reduces the mean duration of
hospitalization.®

The only randomized trial of SCS, the Electrical
Stimulation versus Coronary Bypass Surgery
(ESBY) trial,”® showed that SCS is equivalent to
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CABG in terms of symptom relief. However,
the CABG group had a better exercise capacity
and less ST-segment depression at maximum
and comparable workloads. It also had a higher
6-month mortality and more cerebrovascular
events. Therefore, the researchers concluded that
SCS is an alternative to CABG in patients at high
operative risk.

In summary, symptoms and ischemia seem to
improve with either TENS or SCS, but the SCS data
are more convincing. On the other hand, neither
of these methods has any effect on survival,
myocardial infarction, left ventricular function, or
the need for repeat revascularization. Concerns
about neurostimulation include the invasive
nature of SCS and cutaneous side effects of TENS,
as well as a strong placebo effect.”! In fact, the 2002
American College of Cardiology/ American Heart
Association guidelines on the treatment of
chronic stable angina® state that more data are
needed about intermediate and long-term out-
comes before neurostimulation can be accepted as
a standard treatment for refractory angina.

Percutaneous in situ coronary

venous arterialization

These approaches supply blood to the ischemic
myocardium retrogradely through the venous
system. Percutaneous in situ coronary venous
arterialization (PICVA) redirects arterial blood
flow from the occluded artery into an adjacent
coronary vein, thereby arterializing the vein and
retroperfusing the ischemic myocardium. Percu-
taneous in situ coronary artery bypass (PICAB)
is a variant of PICVA in which arterial blood
flow is redirected from a diseased artery to an
adjacent coronary vein, and is then rerouted
back to the original artery, to a position beyond
the lesion.”"”? Although still at an experimental
stage, these technologies currently offer a feasible
alternative for “no-option” patients with refrac-
tory angina and may have great potential for the
future.

Gene therapy

To treat refractory angina, gene transfer tech-
nology with growth factors has been proposed
to induce angiogenesis and arteriogenesis.
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The following substances have been shown
to stimulate these processes: vascular endo-
thelial growth factor (VEGF), fibroblast growth
factor (FGF), platelet-derived growth factor
(PDGF), platelet-activating factor (PAF), angio-
proteins, cytokines such as interleukins, master
switch genes, hypoxia-inducible factor 1o (HIF-
loy), and nitric oxide (NO).

By increasing the rate of endothelial cell pro-
liferation, VEGF improves myocardial perfusion
and the angina functional class. This growth
factor has been used intramuscularly as plasmid-
encoded VEGF and with adenoviral vectors. All
patients have reported symptomatic improve-
ment with no evidence of systemic or cardiac
toxicity.”>7

FGF also increases the rate of endothelial
cell proliferation. Basic FGF (bFGF), delivered
in sustained-release microcapsules, improved
patient perception of angina.”® Recombinant
FGE studied via the intracoronary and intra-
venous routes, improved SPECT perfusion abnor-
malities.”” The first randomized, double-blinded,
placebo-controlled trial of gene therapy was per-
formed with intracoronary delivery of recombi-
nant adenovirus 5 FGF-4.”® The treatment group
had a greater improvement in exercise dura-
tion than did the placebo group, but the latter
group had a marked improvement from baseline,
demonstrating an important placebo effect.

Because of the lack of randomized trials, the
true efficacy of gene therapy cannot be defini-
tively evaluated. Researchers still do not know
whether the improvements in myocardial perfu-
sion can be attributed to angiogenesis.”! In addi-
tion, the safest, most effective delivery strategy for
inducing angiogenesis in ischemic myocardium is
uncertain and needs further study.”? Potential
complications include aberrant vascular prolife-
ration, increased vascular permeability leading
to edema, triggering of unrecognized neoplasms,
proatherogenic effects, and induction of immune
or inflammatory responses.”?

Stem Cell Therapy

Stem cell transplantation is a promising area for
the treatment of end-stage heart disease.” Several
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cell types have been suggested as potential sources
for tissue grafts, including skeletal myoblasts,
fibroblasts, endothelial progenitor cells, smooth
muscle cells, mesenchymal cells, and embryonic
cells. Increasing evidence from preclinical and
clinical studies suggests that cell therapy may
improve myocardial perfusion and LVEFE.

Human hearts have a minimal regenerative
capacity after traumas such as a myocardial
infarction. Therefore, so far, therapy for end-stage
ischemic cardiomyopathy has been based on the
improvement of myocardial perfusion. Now, with
the advent of stem cell therapy and the possibility
of cardiac regeneration, the “no-option” concept
should be extended to include patients with
end-stage heart failure, myocardial nonviability,
and nonischemic cardiomyopathy who are not
candidates for cardiac transplantation.
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chapter 11

Stem Cell Delivery Modalities

Guilherme V Silva, Emerson C Perin, Amanda C Heinl-Green,

Jonathan Clague, and Eric W Alton

Introduction

Recent advances in the understanding of stem cell
biology have underscored the great clinical poten-
tial of cardiac stem cell therapy. The discovery that
human adults retain the capacity for cardiac repair
and vasculogenesis has broadened the horizon for
the treatment of ischemic heart disease. However,
the challenges facing cardiac stem cell therapy are
multiple: What is the ideal stem cell? How many
cells should be given? And, specific to the present
discussion, how should those cells be given?

The current understanding of stem cell biology
and kinetics gives us important clues as to how we
should deliver stem cells. Obviously, the efficacy
of therapeutic stem cells will depend in part on
their successful delivery. Stem cells have been
delivered indirectly through peripheral and coro-
nary veins (transvascular delivery) and coronary
arteries (intracoronary delivery). Alternatively,
they have been delivered directly by way of
intramyocardial injections via surgical, transendo-
cardial, or transvenous approaches. Another
potential delivery strategy is mobilization of stem
cells from the bone marrow by means of cytokine
therapy with or without peripheral harvesting.
This chapter will address the most commonly uti-
lized cell delivery strategies and the experimental
and clinical evidence in support of each one.

Stem Cell Delivery:
The Ideal Method

The main objective of any cell delivery modality
is to achieve the ideal concentration of viable

stem cells needed for repairing the myocardial
region of interest. To that end, the ideal modal-
ity should have the following characteristics:

m Safety. Any cell delivery modality should have
minimal procedure-related complications. The
incidence of those complications should be
well studied, and potential measures for avoid-
ing unnecessary procedure-related morbidity
should be implemented.

B Ease of use and cost. The ideal cell delivery
modality should employ technology that can
be easily understood and performed by practi-
tioners. In addition, its cost-benefit ratio
should be within range of the ratios for other,
more traditional therapies for ischemic heart
disease.

B Widespread clinical utility. The ideal cell deliv-
ery modality should be applicable across a
wide range of clinical scenarios (e.g., chronic
and acute myocardial ischemia, systolic and
diastolic ischemic heart failure).

m Targeting. Cell delivery strategies must take
into account different clinical settings and
local milieus, since stem cells are believed
to perform differently in response to different
local signals. Therefore, placing stem cells
precisely in an adequate cardiac environment
should influence outcomes.

B Product retention. Notwithstanding the impor-
tance of local signaling, the cardiac environ-
ment may also help determine the extent of
cell retention. The ideal delivery strategy
should result in high rates of stem cell reten-
tion in the targeted myocardial segments.
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Stem Cell Mobilization

After an acute myocardial infarction (AMI),
mobilization of progenitor cells from the bone
marrow has been shown to occur in humans, sug-
gesting a “natural” attempt at cardiac repair.' In
theory, therapeutic mobilization of bone marrow
progenitor cells after an AMI would amplify the
existing healing response. Because of its simplic-
ity, mobilization of stem cells is an attractive
delivery strategy.>* This approach would not only
obviate the need for invasive harvesting or deliv-
ery procedures but also take advantage of the
clinical procedures already established for the use
of progenitor cell-mobilizing granulocyte colony-
stimulating factor (G-CSF) in treating hemato-
logic disorders. However, safety concerns
associated with “off-label” applications of G-CSF
have been raised, given the possibility of adverse
events in a different patient population and
the theoretical possibility of tumorigenesis. In
the recent MAGIC trial from South Korea,* an
increased restenosis rate was thought to be
related to the increased availability of inflamma-
tory cells to recently injured but healing coronary
arteries at stented sites. This finding is not sur-
prising, since coronary artery disease, to a certain
extent, is known to be a consequence of localized
inflammation. It also highlights one of the poten-
tial drawbacks of stem cell mobilization—namely,
the creation of a proinflammatory state that
promotes the progression of atherosclerosis.

Transvascular Cell Delivery

Peripheral (intravenous) infusion

Peripheral (intravenous) infusion of stem cells
as performed in bone marrow transplantation
would be a very convenient—not to mention
simple, widely available, and inexpensive—way
of delivering therapeutic stem cells to myocardial
targets. A study in a mouse model has confirmed
that bone marrow cells infused into the periph-
eral circulation do indeed home in on peri-
infarct areas.? However, the number of cells that
reach the affected area is very small, and the
technique would be most applicable only after
an AMI, as it would rely on physiologic homing
signals alone. Moreover, since peripherally
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infused stem cells home in on acutely infarcted
areas only when injected within a few days
after an AMI, this delivery strategy would be
much less suitable for treating chronic myocar-
dial ischemia.

The major drawback to using an intravenous
route of cell delivery is the possibility that the
therapeutic cells could become trapped in the
microvasculature of the lungs, liver, and lym-
phoid tissues. This theoretical limitation of sys-
temic transvenous delivery of stem cells has been
confirmed experimentally. In a study by Toma
et al,> human mesenchymal stem cells (MSCs)
were injected into the left ventricular (LV) cavity
of experimental mice; 4 days later, an estimated
0.44% of the injected cells remained in the
myocardium, and the rest of the cells had local-
ized to the spleen, liver, and lungs. Other studies
using the systemic delivery approach have pro-
duced similar results, with very low local cell
retention rates (<5%).®” Thus, the transvenous
delivery route appears unlikely to achieve the
local cell concentration needed to produce a
significant therapeutic benefit.

Retrograde coronary venous delivery

Although probably the least well studied vessels
in the myocardial anatomy, the coronary sinus
and coronary venous network have historically
been used for a variety of therapeutic purposes
and offer the advantage of a percutaneous
approach. Retrograde synchronized diastolic
coronary perfusion via the myocardial capillaries
has been used to oxygenate acutely ischemic
myocardium in patients with AMIs and unstable
angina, patients in cardiogenic shock, and
patients undergoing high-risk percutaneous
transluminal coronary angioplasty (PTCA).®
However, because of the complexity of this tech-
nique, it has never come into widespread clinical
use. Pharmacologic agents such as antiarrhyth-
mic drugs and fibrinolytic agents’ have been
delivered via the coronary sinus in cases when
the arterial system was severely restricted.
Cardiac surgeons have also used the coronary
venous system to administer cardioplegic solu-
tion during surgical procedures.’”® Compared
with coronary arterial delivery, coronary venous
delivery allows substantially more contact time,
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which in turn enhances regional delivery, tissue
binding, and the myocardial concentration of
the therapeutic product being delivered.'! It also
can be performed in “no-option” patients who
have total coronary artery occlusions. This makes
it a promising delivery route for cell therapy.

Coronary venous delivery techniques
Two methodologies have been described for the
delivery of products via the coronary venous
system. Low-pressure delivery aims to increase
the amount of time that the therapeutic product
is in contact with the vessels without disrupting
the venous endothelium.'"® High-pressure deliv-
ery aims to create a biologic reservoir of product
by disrupting the tight endothelial junctions of
the venocapillary vasculature and mechanically
driving cells across them into the myocardial
interstitium.'*'® Both techniques involve cathe-
terization of the subclavian or femoral artery,
cannulation of the coronary sinus, and cannula-
tion of a subselective coronary vein.

A number of studies of coronary venous deliv-
ery have been undertaken in porcine models.
Early feasibility studies indicated that total occlu-
sion of coronary veins for up to 30 minutes does
not result in myocardial ischemia, arrhythmias,
chest pain, or systolic dysfunction.' Injections
of diatrizoate or Evans blue dye into the anterior
intraventricular vein resulted in staining of the
anterior LV wall, apex, and intraventricular sep-
tum. Dye injection into the posterior intraven-
tricular vein resulted in staining of the inferior
LV wall, posterior septum, and posterior walls of
the left and right ventricles. Four minutes after
dye injection, 50% of the maximal signal clear-
ance had occurred; 30 minutes after injection,
20% of the initial signal intensity was still pre-
sent. It is unlikely that these time courses and
percentages also apply to cell retention.

Boekstegers and co-workers'! have conducted a
number of studies in porcine models of ischemia.
In one, they demonstrated that adenoviral gene
transfer via pressure-regulated retrograde coro-
nary venous delivery to ischemic tissues led to
increased transfection efficiency when compared
with antegrade intracoronary delivery; in the
absence of ischemia, there was no difference.
In a chronic myocardial ischemia model, they

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Stem Cell Delivery Modalities 179

found that retrograde, as opposed to antegrade,
infusion of basic fibroblast growth factor (bFGF,
also known as FGF-2) significantly improved
regional perfusion and myocardial function.®
Hou et al®® used a high-pressure retrograde coro-
nary venous approach to deliver a plasmid encod-
ing developmentally regulated endothelial
locus- 1 (Del-1) in a porcine model. This resulted
in efficient widespread regional distribution of
Del-1. Fearon et al'’ compared the delivery of
bFGF via high-pressure retrograde venous and
intracoronary routes in a porcine model of
chronic myocardial ischemia. They found that
significantly more bFGF was retained in the LV
after retrograde venous delivery.

All of these porcine studies are inherently
limited by the fact that the porcine coronary
venous system differs substantially from the
human system.'® The main tributary of the
porcine coronary sinus, the left azygos vein,
is not present in humans. In addition, porcine
coronary vessels tend to be larger in caliber, more
collateralized, and less tortuous. Thus, the catheter
systems designed for effective stem cell delivery in
pigs may not be appropriate for clinical use in
humans.

Although the data from large animal (i.e.,
porcine) studies appear to support the use of
retrograde coronary venous delivery, no con-
trolled clinical trials have yet been undertaken.
Murad-Netto et al'?> published the first case report
of autologous bone marrow CD34" cell infusion
via the coronary veins in a patient 14 days after
an AMI. No complications were noted, and the
patient was discharged 48 hours after treatment.

A group at the National Heart and Lung
Institute and at the Royal Brompton Hospital in
London is undertaking a randomized placebo-
controlled trial of retrograde coronary venous
delivery of bone marrow mononuclear cells in
patients with ischemic heart failure not amenable
to conventional revascularization techniques
(E Alton, personal communication). This will be
preceded by a pilot study in which a subpopula-
tion of cells will be labeled with indium-111 so
that their distribution and time course of resi-
dence in the myocardium can be assessed.

A number of key variables associated with
this technique need to be addressed. The optimal
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delivery pressure, volume, and infusion time are
yet to be defined. At present, high-pressure deliv-
ery, which aims to cause endothelial disruption
and thus allow interstitial delivery without rup-
turing the epicardial veins or dissecting the coro-
nary sinus, relies on manual control reinforced
by fluoroscopic feedback from myocardial blush-
ing. Also, it remains to be established whether
biologic activity will be greater within a small
area containing a high concentration of cells or
within a larger area containing a lower or an
equal concentration of cells. As a consequence,
the number of veins to be targeted has not been
established. Technical difficulties associated
with cannulating tortuous coronary sinus tribu-
taries may also mean that certain areas of the
myocardium may not be accessible. Despite
these drawbacks, the retrograde venous route is
promising.

Intracoronary Delivery

Intracoronary infusion has been the most
popular mode of stem cell delivery in the clinical
setting, especially after an AMI. Intracoronary
stem cell delivery 4-9 days after an AMI has a
good clinical safety profile (Table 11.1)."°* The
technique is similar to that used for coronary
angioplasty, which involves over-the-wire posi-
tioning of an angioplasty balloon in a coronary
artery (Figure 11.1). Coronary blood flow is
stopped for approximately 2-4 minutes while the
stem cells are infused under pressure. This maxi-
mizes their contact with the microcirculation of
the infarct-related artery, thereby increasing their
homing time. Again, this delivery technique
would be suitable only in the setting of acute
ischemia, when adhesion molecules and cytokine
signaling are temporarily upregulated. The size of
the cells infused into a coronary artery may have
possible deleterious implications. Larger cells such
as MSCs or myoblasts may occlude the microcir-
culation. Vulliet et al*® described the occurrence of
AMIs and subacute myocardial microinfarctions
after intracoronary arterial injection of bone
marrow MSCs in dogs. These findings were
particularly worrisome because they were
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obtained in healthy dogs with normal epicardial
coronary arteries. Microcirculatory plugging is
believed to have caused the microinfarctions.
These results are concordant with our own find-
ings concerning MSC intracoronary infusion in a
canine model of acute ischemia (unpublished
data) (Figure 11.2). In an experimental study of
AMIs in which we directly compared intracoro-
nary infusion and transendocardial injection of
MSCs,?” the only significant improvement in
function (LV dimensions and ejection fraction,
LVEF) occurred in the transendocardial injection
group. In addition, as demonstrated by colocal-
ization of the nuclear markers DAPI and Dil,
therapeutically administered stem cells became
part of vascular structures along the border
zone of the infarct only in the transendocardial
injection group. Beyond cell size, other poten-
tially important factors to consider are the rate of
stem cell infusion and the concentration of such
cells, especially in patients who have suffered a
recent myocardial injury. Unfortunately, even
though the intracoronary delivery route is widely
used, there is no strong experimental evidence for
its safety or efficacy compared with that of other
delivery approaches (see below).

The intracoronary delivery route does have
the advantages of being simple, easy to use,
and inexpensive. However, once the epicardial
coronary arteries of patients with ischemic
heart disease have become either severely
stenosed or totally occluded, the use of this
route might be limited. This is especially
important to remember when patients have
chronic ischemic heart failure, who will likely
have undergone several previous revasculariza-
tion procedures and have extensively diseased
coronary arteries. These concerns notwith-
standing, and, in light of the clinical experience
so far, the intracoronary route remains the
preferred route for therapeutic stem cell deliv-
ery in AMI.

Intramyocardial Injection

Intramyocardial injection has been performed in
the clinical setting of chronic myocardial ischemia.
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Table 11.1 Trials of intracoronary cell therapy in patients with acute myocardial

infarctions (AMIs)

Therapeutic effects

No. of Days
Study patients Cell type Dose after AMI  Improvement No change
Nonrandomized
Strauer 10 treated ABMMNC  2.8+2.2x107 5-9 Regional wall motion®  Global LVEF®
et al** 10 controls® Perfusion® LVEDV?
L Infarct size
TOPCARE- 29 ABMMNC  ABMMNC  2.1+0.8x108 5+2 Regional wall motion®  LVEDV?
AM|'9:20.23 30 CPC CPC 1.6+£1.2x107 Global LVEF?
11 controls? L Infarct size®
Coronary flow?
Fernandez- 20 treated ABMMNC  7.8+4.1x107 14+6 Regional wall motion®  LVEDV?
Avilés et al??> 13 controls® Global LVEF?
Randomized
BOOST* 30 treated NC 25£0.9x10"°  6+1 Regional wall motion ~ LVEDV
30 controls Global LVEF Infarct size
Chen et al’’ 34 treated MsC 4.8+6.0x10"° 18 Regional wall motion
35 controls Global LVEF
L Infarct size
L LVEDV

Values shown are mean *standard deviation.
“Nonrandomized control groups.
bEffects reported only within cell therapy groups.

ABMMNC, autologous bone marrow-derived mononuclear cell; BOOST, Bone Marrow Transfer to Enhance ST

Elevation Infarct Regeneration; CPC, circulating blood-derived progenitor cell; LVEDV, left ventricular end-diastolic

volume; LVEF, left ventricular ejection fraction; MSC, mesenchymal stem cell; NC, bone marrow-derived nucleated

cell; TOPCARE, Transplantation of Progenitor Cells and Regeneration Enhancement; |, decreased.
Adapted from Wollert KC, Drexler H. Clinical applications of stem cells for the heart. Circ Res 2005;96:151-63,

with permission from Lippincott Williams & Wilkins.

It is the preferred delivery route in patients with
chronic total occlusion of coronary arteries and in
patients with chronic conditions (e.g., congestive
heart failure) that involve weaker homing signals.
In theory, intramyocardial injection should be the
most suitable route for delivering larger cells such
as skeletal myoblasts and MSCs, which are prone
to microvascular “plugging.” Intramyocardial
injection can be performed via transepicardial,
transendocardial, or transcoronary venous routes.

Transepicardial injection

Transepicardial injection of stem cells has been
performed during open surgical revascularization
procedures to deliver the cells to infarct border
zones or areas of infarcted or scarred myocardium.
Because a sternotomy is required, this approach is
highly invasive and associated with surgical mor-
bidity. However, in the setting of a planned open
heart procedure, the ancillary delivery of cell
therapy in this fashion can be easily justified.
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Infarcted zone

Figure 11.1 Technique for cardiac stem cell transplantation in patients with myocardial infarctions. (a) Balloon
catheterization of the infarct-related artery (left anterior descending, LAD) above the infarct border zone, followed
by high-pressure infusion of stem cells into the artery. (b) Migration of stem cells (red dots) into the infarcted zone,
possibly via infarct-related blood vessels (arrows). (c) Migration of cells into both the infarcted and border zones via
existing blood flow within the infarcted zone. Reproduced from Strauer BE Circulation 2002;106:1913-18% with

permission from Lippincott Williams and Wilkins.

Interestingly, not all areas of the myocardium
(e.g., the interventricular septum) can be reached
via a direct external approach.

The main advantages of direct surgical injection
are its proven safety in several preclinical and
human trials®®3* and its ease of use. However, it is
costly and relies only on external inspection of the
myocardium for optimal targeting. The surgeon
can choose to inject stem cells into the border zone
of an infarcted area or scar tissue on the basis of
visual assessment, but such assessment may be lim-
ited. In addition, the safety of direct surgical injec-
tion in patients with a recent AMI has not been
evaluated in clinical trials. Nevertheless, direct sur-
gical injection might certainly have a role in the
future of stem cell therapy. One can easily envision
the cardiac surgeon, during coronary artery bypass
grafting surgery, bypassing all areas which it is
technically feasible to bypass and then concomi-
tantly injecting stem cells into those areas contain-
ing totally occluded epicardial coronary arteries.

Transendocardial injection
Transendocardial injection is performed via a per-
cutaneous femoral approach. An injection-needle

catheter is advanced in retrograde fashion across
the aortic valve and positioned against the endo-
cardial surface. Stem cells are then injected directly
into targeted areas of the LV wall. Three catheter
systems are currently available for transendo-
cardial cell delivery: the Stilleto (Boston Scientific,
Natick, MA), the BioCardia (BioCardia, South
San Francisco, CA), and the Myostar (Biosense-
Webster, Diamond Bar, CA) (Figure 11.3).

In the clinical arena, the Stilleto is used under
visual fluoroscopic guidance. A drawback inher-
ent to this approach is the bidimensional orien-
tation of the catheter. Even when biplane
fluoroscopy is employed, there is still an inherent
lack of pre cision associated with this method.
Another drawback is the inability to characterize
the underlying or target myocardium. This lack
of precision and targeting may or may not be
important, depending on the therapy being
delivered. Cell therapy may be more dependent
on the microenvironment than is gene therapy,
and the results of injecting therapeutic cells
inadvertently into healthy tissue may produce
as-yet unknown differential effects. Nevertheless,
this technology may be promising when used in
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Figure 11.2  Photomicrograph of myocardium after
intracoronary mesenchymal infusion (hematoxylin— eosin).
Note the plugged arterioles (arrows).

association with imaging technologies such as
magnetic resonance imaging (MRI) or when tar-
geting of myocardial therapy is not necessary. To
this end, in preclinical experiments, the Stilleto
catheter has been coupled with real-time cardiac
MRI, which permits online assessment of full-
thickness myocardium and perfusion. Although
still investigational and not currently practical in
terms of clinical application, the simultaneous
use of MRI offers three-dimensional spatial orien-
tation. Few preclinical studies have been per-
formed, and no safety data from human studies
have been assessed.** Theoretically, the use of
MRI also provides a unique opportunity to track
the intramyocardial retention of therapeutic cells
after direct injection. This will, however, require
the labeling of cells with iron particles that can
be detected in the beating heart.

The BioCardia delivery system uses a catheter
whose deflectable tip includes a helical needle
for infusion. Initial preclinical and clinical expe-
rience with this system has provided prelimi-
nary evidence of its safety and feasibility.?”*® The
BioCardia catheter does not offer any additional
navigational or targeting capability beyond
fluoroscopy. More extensive preclinical experi-
ence with this catheter is needed before human
trials can begin.
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The Myostar injection catheter takes advan-
tage of nonfluoroscopic magnetic guidance.*
Injections are targeted with the help of a
three-dimensional LV “shell,” or NOGA electro-
mechanical map (EMM), representing the endo-
cardial surface of the left ventricle (Figure 11.4).
The shell is constructed by acquiring a series of
points at multiple locations on the endocardial
surface, which are gated to a surface electrocar-
diogram; the shell then serves as a virtual envi-
ronment in which an icon representing the
catheter tip can be navigated in real time.
Ultralow magnetic fields (10°-10~° T) are gener-
ated by a triangular magnetic pad positioned
beneath the patient. The magnetic fields inter-
sect with a sensor just proximal to the deflectable
tip of a 7 Fr mapping catheter, which helps deter-
mine the real-time location and orientation of
the catheter tip inside the left ventricle.

The NOGA system algorithmically calculates
and analyzes the movement of the catheter tip
or the location of an endocardial point through-
out 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 auto-
matically. The mapping catheter also incorpo-
rates 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
mechanical map. Fach data point has an LLS
value and a voltage value. When the map is
complete, all the data points are integrated by the
NOGA workstation and displayed thereon. The
points are presented in a three-dimensional
color-coded reconstruction of the endocardial
surface, as well as in 9- and 12-segment bull’s-eye
views that show average values for the LLS and
voltage data in each myocardial segment (Figure
11.5). These maps can be spatially manipulated
in real time on a Silicon Graphics workstation
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Figure 11.3  Left: The NOGA Myostar® injection catheter, with the needle in the extended position. Right: Injection
catheter advanced into the left ventricle through the aortic valve. The catheter tip is placed against the endocardial
surface (insert) with the needle extended into the myocardium and delivering stem cells.

(Mountain View, CA). The three-dimensional
representations acquired during the cardiac cycle
can also be used to calculate the LV volume and
LVEE

Thus, the EMM provides a three-dimensional
platform on which the catheter can navigate the
LV and be oriented for transendocardial injections,
as well as a diagnostic platform on which ischemic
areas (i.e., those with low LLS and preserved unipo-
lar voltage, UniV) can be distinguished from areas
of infarct (i.e., those with 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. The operator thus has the ability to target
therapy to viable tissue (desirable in situations of
chronic ischemia, where neoangiogenesis may
play an important role) or nonviable tissue (where
the target of cell therapy may be an area of scar tis-
sue). Because of the patchy nature of myocardial
involvement in human ischemic heart disease, the

ability to distinguish underlying tissue characteris-
tics is important when delivering stem cells.

The EMM technology has been widely tested in
both animals and humans and has an excellent
safety profile.*'~*® Kornowski et al** have studied
the dynamics of transendocardial delivery using
different needle extensions to inject 0.1ml of
methylene blue dye as a tracer in pigs. A total of
152 injections were performed, with needle
extensions varying from 3 to 4mm in length.
Two myocardial regions were injected per animal,
and injection sites were located after the animals
were sacrificed acutely. Staining extended to a
depth of 7.1£2.1mm (range 2-11mm) and to
a width of 2.3£1.8mm (range 1-9mm). In
2.6% of cases (4 of 152), the injected dye stained
the epicardial surface, suggesting pericardial
extravasation; more importantly, three of those
four injections were made in the apical area. No
animal deaths, no instances of pericardial effu-
sion or tamponade, and no episodes of sustained


http://www.stemcell8.cn

15.00mV

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

Stem Cell Delivery Modalities 125

» 1-prednjection|> 98 Tip

1.00 em

Figure 11.4  Electromechanical mapping of the left ventricle performed with the NOGA® XP platform in an acute
model of myocardial ischemia in a sheep (antero-apical myocardial infarction). Left: Unipolar voltage mapping (mV).
The red area at the apex represents the infarcted myocardium Right: Linear local shortening mapping (%) confirms

impaired contractility at the apical infarct.

ventricular arrhythmia were associated with the
transendocardial injections.

Transendocardial stem cell delivery guided
by EMM has not been tested in the post-AMI
setting in humans. However, in our experience at
the Texas Heart Institute with a canine model of
acute ischemia,?” the safety profile of this deliv-
ery technique has been excellent, with no docu-
mented instances of injection-related pericardial
effusion or malignant arrhythmia. Further assess-
ment of the safety of transendocardial cell injec-
tion after AMI is warranted.

At the Texas Heart Institute, we have performed
over 1000 preclinical myocardial injections with
this system. This large preclinical experience
has translated well into clinical trials. However,
it is very important to note that the clinical safety
profile of transendocardial delivery so far has
entailed precise preinjection measurements of nee-
dle extension and a maximal needle-to-wall ratio.

We have pioneered the delivery of autolo-
gous mononuclear bone marrow cells to targeted
viable or ischemic zones via the EMM-guided
transendocardial route in patients with end-stage
heart failure.***” Other investigators have used
the transendocardial route to target the delivery

of skeletal myoblasts.*° In light of (a) the need
for stem cell targeting, (b) the need in some cases
to inject cells into areas other than those sup-
plied by patent coronary arteries, and (c) the
current clinical experience, it is likely that the
transendocardial route will become the first
choice for cell delivery in treating patients with
chronic myocardial ischemia.

Transcoronary venous direct injection

Transcoronary venous injection is performed
with a catheter system that is placed percuta-
neously into the coronary sinus. Initial studies
in swine models have confirmed the feasibility
and safety of this approach.’® This delivery
method has also been used to deliver skeletal
myoblasts to scarred myocardium in cardiomy-
opathy patients.*® It utilizes intravascular ultra-
sound guidance, thus enabling the operator to
extend a catheter and needle away from the
pericardial space and coronary artery into the
adjacent myocardium. To date, human feasibil-
ity studies have had a good safety profile.
Unlike the transendocardial approach, in which
cells are injected perpendicularly into the LV
wall, the transcoronary venous approach
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Figure 11.5 Three-dimensional color-coded map of the endocardial surface, with bull's-eye views showing mean
linear local shortening (LLS) and voltage values in each myocardial segment. From Leite RS, Silva GV, Dohman HFR,
et al. Comparison of left ventricular electromechanical mapping with left ventricular angiography: defining practical
standards for the analysis of NOGA maps. Tex Heart Inst ] 2003;30:19-26, with permission.

allows parallel cell injection, which will likely
result in greater cell retention. The limitations
of this technique are similar to those men-
tioned above with regard to coronary venous
tortuosity and lack of site-specific targeting, as
well as the fact that this is one of the most
technically challenging percutaneous delivery
modes available.

Conclusions

Stem cell delivery remains a major challenge
in the development of cardiac stem cell therapy
strategies. Technology is advancing at a fast pace,
and newer imaging and automated software may
soon make some of the above-described delivery
techniques archaic. The incorporation of Micro-
electronic Mechanical Systems (MEMS) and nan-
otechnology will likely take much of the focus
away from stem cell therapy delivery methods
and allow for simpler and more intuitive inter-
faces for the clinical application of stem cell ther-
apy in humans.
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chapter 12

Understanding the Basics of
Clinical Imaging for Assessing
Stem Cell Therapy in the Heart

Marco A Costa and Theodore A Bass

Introduction

Our understanding of stem cell biology has
advanced considerably in the past few years. Cell
transplantation has been proposed as a strategy
to promote both neovascularization and cardiac
tissue replacement.’”'® There is increasing evi-
dence that cell transplantation may improve
the perfusion and contractile function of the
ischemic myocardium. Whether this is achieved
by replacing necrotic cardiomyocytes with new
functional cells, by increasing the number of
contractile elements in remnant viable cells, by
improving myocardial perfusion as a result of
local angiogenesis, or by a combination of these
mechanisms remains to be elucidated.
Endpoints of cell therapy studies should
determine the clinical effectiveness of such an
approach, demonstrate an absence of adverse
side effects such as development of atherosclero-
sis or cancer, and provide a mechanistic assess-
ment of the therapeutic effect.! Documentation
of in vivo angiogenesis is possible in experimen-
tal models by the use of high-resolution intra-
vital microscopy techniques,'! but such methods
cannot be applied in humans. Early clinical
experiments have utilized currently available, yet
minimally validated, imaging modalities such as
angiography, nonfluoroscopic electromechanical
mapping, nuclear imaging [single photon emis-
sion computed tomography (SPECT) and positron

emission tomography (PET)], echocardiography,
or cardiac magnetic resonance imaging (MRI)
(Table 12.1). However, these sophisticated imag-
ing modalities still lack the spatial resolution of
microscopy-based imaging applied in experimen-
tal models.'”> The resolution of MRI is about
500 um, while that of PET and echocardiography
is in the millimeters range.

Stem cell tracking is hampered by the lack of
an imaging modality sensitive enough to detect
a single cell or even groups of cells. Molecular
labeling of transplanted cells or the use of con-
trast agents, which have not yet been approved
for clinical application, considerably improves
the ability of these imaging modalities to directly
assess angiogenesis in experimental studies.!*'®
However, cellular labeling may lead to genetic
mutations. In addition, dilution of the agent
during cell division may decrease imaging detec-
tion."* In this chapter, we will discuss the value
of currently available imaging modalities as
surrogate endpoints for clinical trials involving
cell transplantation therapy.

Angiography

The technique of coronary angiography, the gold
standard method to define severity of atheroscle-
rosis disease, is based on X-ray cine acquisition of
the vascular lumen silhouette during passage of
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Table 12.1 Value of imaging techniques to assess myocardial properties

Technique Viability
PET:

FDG ++

3NH, +
SPECT:

201 Tl et

#mTc ++
Echocardiography:

Rest 3

Stress i

Contrast Inv
MRI:

Rest 3

Stress i

Contrast i
Angiography +
EM mapping Inv

Function

Rest Stress Perfusion
Inv Inv -

- - ++
- - ++
- - ++
++ —_ —_

- - Inv
o+ - -
- - Inv
++ 0 0
Inv Inv -

PET, positron emission tomography; FDG, ['®FIfluorodeoxyglucose; MRI, magnetic resonance imaging;

EM, electromechanical.

0, no value; +, some value but not first choice; ++, can be used as primary imaging modality; Inv, investigational.
Adapted from Underwood SR, et al. Eur Heart ] 2004;25:815-36* by permission of the European Society of

Cardiology.

iodine contrast. Coronary angiography and
cardiac catheterization protocols are integral
parts of stratification pathways for patients with
congestive heart failure (CHF). Angiography pro-
vides valuable information regarding the etiol-
ogy of CHF and the extension of coronary artery
disease (CAD), which is essential for screening
patients for cell transplant therapy, although no
temporal or causal relationship can be obtained
in the catheterization laboratory (Figure 12.1).
The simplicity and worldwide availability of this
imaging modality make it attractive for clinical
trials. However, the invasive nature of angiogra-
phy and its associated risks, albeit small, limit its
application for serial follow-up assessments.
Angiography may be useful in identifying
new collateral growth.'!” However, coronary

angiography is a planar imaging modality and
does not have the minimum spatial resolution
(approximately 100um) to visualize and deter-
mine the development of microvessels (<50 um).
Lack of standardization for volume, speed, and
pressure of contrast injection, routinely per-
formed manually, limits the proper quantification
of collateral vasculature. In addition, distinction
between preexisting and newly formed collaterals
represents a challenge.

Gorge et al'® initially observed the correlation
between a dense blush on tomographic angio-
grams and the presence of numerous small
vessels in response to ischemia in a porcine
heart. Subsequently, the Zwolle Myocardial
Infarction Study Group proposed a blush grading
system to determine microvascular perfusion,
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Figure 12.1 Example of quantitative coronary
angiography (QCA) of the left circumflex coronary artery
showing 34% stenosis. Measurements are performed in
at least two orthogonal projections. QCA can be
performed in multiple vessels from a single angiogram
and compared with serial matched images.

which was found to be an important predictor of
clinical outcomes after acute myocardial infarc-
tion."” A similar prognostic value for the blush
score was observed by others.? The blush score is
defined as follows:

Score

0 Minimal or no blush in the affected
myocardium. Indicates lack of myocardial
perfusion.

1 Contrast enters slowly but fails to exit the
microvasculature for >30s, suggesting
severely impaired microvascular perfusion.

2 Delayed entry and exit of dye from the
microvasculature, with persistence of dye
for >3 cardiac cycles of the washout phase.

3 Normal microvascular perfusion—the blush
clears normally and is either absent or only
mildly/moderately persistent after three
cardiac cycles of the washout phase.

Quantification of myocardial capillary “blush,”
with or without digital subtraction," is some-
what subjective but can be easily performed in
most clinical angiograms. However, the accuracy
and reproducibility of this method are affected
by variability in image acquisition protocols,
including projections, volume of contrast injec-
tion, and duration of ciné recording.

Adventitial neovascularization has been shown
to play arole in the formation of atherosclerotic
plaques.’*** Angiogenic promoters such as vas-
cular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), and granulocyte
colony-stimulating factor (G-CSF), applied alone
or in combination with cell transplantation, have
been associated with the development of neo-
intimal hyperplasia or coronary disease in exper-
imental and clinical studies, particularly when
associated with coronary injury (i.e., angioplasty
or stenting).?>%¢ Thus, quantification of coronary
atherosclerosis progression by serial quantitative
coronary angiography represents an indispens-
able safety endpoint in angiogenesis clinical
trials. Ideally, intravascular ultrasound (IVUS)
assessment should be performed to determine
the plaque burden and late changes in vessel wall
morphology in the treated coronary territory.

Finally, the global and regional ejection frac-
tion and regional wall motion of the infarcted
zone can be assessed during cardiac catheteriza-
tion by left ventriculography, which has played
an important role in determining treatment
effectiveness in early clinical trials of cell therapy.

Nonfluoroscopic
Electromechanical Mapping

Left ventricular electromechanical mapping uses a
nonfluoroscopic catheter navigation (NOGA)
system with three-dimensional real-time recon-
struction of the endocardial surface and pro-
vides simultaneous information on electrical and
motion properties of the myocardium. NOGA
allows the detection of myocardial viability online
in the catheterization laboratory,?” based on elec-
trical activity (unipolar voltage potentials) and
local endocardial shortening (Figure 12.2). Low
unipolar voltage (<7 mV) has shown good correla-
tion with nuclear and MRI imaging techniques to
detect nonviable myocardium.?-*° This technique
is reproducible (Figure 12.2) and has been utilized
for guidance of intramyocardial injection of bone
marrow-derived cells or gene therapy,**-* as well
as monitoring of therapeutic effects* in multiple
angiogenesis trials. New catheter design and user-
friendly software are expected to decrease the
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Figure 12.2  Electromechanical mapping at two different time points (a, c and b, d, respectively) in the same heart,
illustrating the reproducibility of the method. Both maps show the apical wall with very low linear local shortening (a, b)
and low maximum unipolar voltage (c, d), indicating nonviable, infarcted myocardium.

mapping time dramatically. A more detailed
discussion of NOGA technology and techniques
is given in Chapter 11.

Echocardiography

Echocardiographic examination has been an
integral part of most angiogenesis protocols,
because of its portability, availability, cost-
effectiveness, and ability to provide quantifica-
tion of global and regional wall motion, cardiac

function, and systolic and diastolic volumes of
cardiac chambers.* Advanced echocardiographic
techniques with intravenous injection of con-
trast agents (microbubbles) as red cell tracers
during ultrasound imaging provide the ability
to quantify infarct size and interrogate the
microcirculation. The tissue concentration of
bubbles within the myocardium can be deter-
mined by videodensitometry.**35 The ultrasound
beam destroys the microbubbles, and intermit-
tent images are obtained during continuous
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Figure 12.3  Schematic illustration of the basics of
myocardium contrast ultrasound image acquisition.
Images are acquired intermittently because the
ultrasound beam destroys the bubbles. At time t=0,
no microbubbles are present. E represents the elevation
(thickness) of the ultrasound beam. The first image, at
t=t,, detects some microbubbles in the myocardium —
the longer the delay, the more bubbles replenish the
beam, until it is completely filled, at t=t,. The initial
slope of the curve, B, represents the blood velocity, and
the height of the plateau (maximum intensity),

A, represents the blood volume. From Wei K, et al.
Circulation 1998;97:473-83% by permission of
Lippincott Williams & Wilkins.

microbubble infusion. The time and intensity of
replenishment of the ultrasound beam have been
suggested to represent capillary red cell velocity
(Figure 12.3).36%7

The use of myocardial contrast echocardio-
graphy as an angiogenesis endpoint has been
proposed.®®* One study used second-generation
microbubbles composed of a phospholipid bilayer
shell and perfluoropropane with a mean size
of 2.5um, which were injected intravenously
(100 ul/min) in a chronic ischemic porcine model
of autologous bone marrow cell transplantation.

Contrast intensity was measured at two different
phases: when the region of interest was filled by
contrast and when 80% of the contrast was
destroyed by a series of ultrasound beams. A
myocardial contrast index derived from these
measurements correlated well with capillary
density measured by histology (r=0.92). Both
histology and contrast echocardiography were
able to demonstrate increased capillary forma-
tion 1 month after cell transplantation.* The
possibility of intracoronary injection of contrast
also provided a reliable perfusion index with
good predictive value for ventricular remodeling
post myocardial infarction.”4
Echocardiography also has the potential to
image single cells loaded with ultrasmall contrast
agents. However, the acoustic shadow generated
by the contrast agents closest to the ultrasound
beam and the potential for contrast dilution
secondary to cell division or transfer of contrast
molecules to other cell types impose consider-
able limitations on this imaging approach. In
general, the application of echocardiography in
clinical trials is limited by poor visualization of
some anatomic sites, suboptimal spatial resolu-
tion, and high operator dependence, particularly
when more advanced techniques are used.

Nuclear Imaging

Radioactive agents such as thallium-201 (*°'Tl),
technetium-99m-labeled 2-methoxy-2-methyl-
propylisonitrile (*™Tc-sestamibi), ['*N]Jammonia
and ['®F]fluorodeoxyglucose (FDG) have been
routinely used as tracers of myocardial blood
flow distribution, regional ventricular function,
and cellular metabolism.*"** SPECT is a routine
nuclear imaging technique** and has been applied
in most angiogenesis clinical protocols.*® Semi-
quantitative SPECT imaging analyses have shown
good sensitivity and specificity to determine
regional myocardial blood flow and absolute
ventricular volumes, ejection fraction, and wall
motion thickening. Despite concerns about its
poor spatial resolution, SPECT imaging has been
able to detect improvement in myocardial blood
flow in patients undergoing angiogenic gene or
protein therapy.***> The potassium analog *°'Tl is
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Figure 12.4  Accuracy of nuclear and
echocardiographic techniques to predict viable
myocardium: data from a recent meta-analysis. The
rectangles are centered on the weighted means, and
the sizes of the rectangles indicate 95% confidence
intervals. From Underwood SR, et al. Eur Heart

J 2004,;25:815-36* by permission of the European
Society of Cardiology.

actively transported into viable myocytes. The
kinetics of uptake and exchange of 2°'Tl with the
systemic reservoir and, most importantly, its
redistribution provide a measure of myocardial
viability. This SPECT technique has shown sensi-
tivities of up to 88% but a low specificity (49%)
(Figure 12.4).%

Improved detection of regional blood flow can
be achieved by PET using ['*N]Jammonia. This
is a perfusion tracer that is avidly extracted and
retained in viable myocytes by incorporation
into glutamine.*’ This tracer, combined with
FDG, which is mainly a cell viability marker,
provides the most sensitive PET technique (88%
in a pooled analysis)*® to determine myocardial
viability*” (Figure 12.4). Nonviable myocardium
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has a concordantly reduced uptake of both
[*N]ammonia and FDG, whereas a perfusion-
metabolism mismatch is characteristic of viable
myocardium. Because myocardial recovery repre-
sents one of the ultimate goals of cell transplant
therapy, recent studies have utilized PET to
demonstrate improved myocardial viability
following cell transplantation.® However, angio-
genesis clinical trials may require precise border
detection for quantitative measurements and
differentiation between endocardial and epicar-
dial perfusion, which is not possible with most
available scintigraphic techniques, including
PET, because of their poor spatial resolution.
The use of radioligands targeted at membrane
receptors uniquely expressed on tumor blood
vessels represents a promising use of nuclear
imaging to directly determine angiogenesis
in vivo. Immunoscintigraphy has been able to
detect *“™Tc-labeled anti-CD105 monoclonal
antibody in tumor endothelial cells of patients
with renal cell carcinoma.*® CD105 (endoglin)
is a protein that serves as a modulator of trans-
forming growth factor B (TGF-B) signaling and is
abundantly expressed on angiogenic endothelial
cells. Increased expression of o,f, integrin has
also been observed in angiogenic vessels. A radio-
labeled indium-111-labeled quinolone ('MIn-
RP748) for o3, integrin has been used to detect
angiogenesis in experimental models.™ Similarly,
MRI paramagnetic contrast agents using mono-
clonal antibodies targeted to endothelial o,
integrin has been able to depict angiogenesis.*’
Finally, nuclear imaging can be utilized to track
the biodistribution of injected endothelial pro-
genitor cells. '""In-oxine (with a physical half-life
of 2.8 days, y-ray energies of 171 keV and 245 keV,
and activity 37 MBqg/ml) radiolabeled cells were
detected predominantly in the liver and spleen
within 96 hours after intravenous injection,
while only 1-2% could be detected in the hearts
of experimental rat models.** Although this study
demonstrated preserved cell viability or function
after radiolabeling in vitro, others have found
impaired proliferation and differentiation of
hematopoietic cells after "In-oxine labeling.!
Further, leakage of '''In from labeled cells and
cellular viability in vivo remains a matter of
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Figure 12.5 (a) These image slices of the entire heart from base to apex illustrate the high resolution of cine

MRI. (b) Contour detection of the endocardial and epicardial borders for quantitative measurements. Each slice can

be divided into 5 regions representing different heart walls (thick white lines; i.e., anterior, lateral, and inferior walls,
septum, etc). In addition, measurements are performed in 100 sections of the cross-sectional slices of the heart (thin
lines). (c, d) Graphical display of the wall motion (c) and thickness (d) of each of the sections (100 data points
arranged by slice number along the horizontal axis). In (d) the upper line displays the thickness at end-diastole and the

lower line the thickness at end-systole.

concern for the application of radiolabeling in
clinical studies. The amounts of radioactive agents
required to generate a detectable signal of angio-
genesis in vivo likely exceed human toxic levels.

Magnetic Resonance Imaging

The field of cardiac MRI is maturing rapidly.
Although cardiac MRI is less well established
than the imaging technologies discussed above,
it is likely to become the preferred imaging
modality for clinical trials of cell therapy because
of its ability to provide a comprehensive assess-
ment of cardiac function, metabolism, and per-
fusion in a single, radiation-free examination.>>>3
MRI has a spatial resolution of 1.5x2x8mm,
which is much higher than that of SPECT
(10x10x10mm). The resolution of MRI can
reach 200um using high-field magnets (=3T)
to increase the signal-to-noise ratio and reduce
scanning time. Clinical 3T MRI scanners have

now become available.®® The limitations of
MRI include its temporal resolution (20 and
50ms) and the need for breath-holding with
some acquisition sequences. It is a relative contra-
indication for claustrophobic patients and those
with pacemakers and implantable cardioverter—
defibrillators (ICDs), which represent an impor-
tant element of the contemporary therapeutic
paradigm for patients with more advanced CHF.

MRI is excellent to assess ventricular volumes,
ejection fraction, myocardial mass, and regional
wall motion (Figure 12.5).*” Cine MRI provides
better endocardial border definition than other
methods, facilitating the detection of subtle
changes in endocardial and transmural wall
motion. High reproducibility, which is essential
for longitudinal studies, has been demonstrated,
with <5% variability between two observers for
measurements of ejection fraction and end-
diastolic and end-systolic volumes.*> A myocar-
dial wall thickness of <5.5mm, as measured by
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Figure 12.6  First-pass gadolinium perfusion MRI images at rest (a) and during adenosine-induced stress (b). Slices
of the base, mid ventricle, and apex display a perfusion defect (arrows) in the apical area at rest, which is expanded
during stress involving the mid section of the ventricle (septum). (c) Typical signal intensity (SI)-over-time curves, both
at rest (blue, raw data; red, fitted data) and under stress (thick red, raw data; green, fitted data). The first set of curves
were derived from the left ventricular cavity and used for calibration of the gadolinium signal intensity. A fit
(deconvolution) of the SI curves was used to provide the true myocardial perfusion flow and reserve. The bar chart
depicts the difference between at-rest and stressed mean myocardial blood flow for each wall of the myocardium

(8 divisions, similar to Figure 12.5). RV, right ventricle; LV, left ventricle. Courtesy of N Wilke and Alu Suiciac.

MRI, has significantly reduced FDG uptake and Contrast-enhanced MRI using gadolinium-
has been proposed as a parameter to determine  based contrast agents has been used to evaluate
myocardial viability.’® Thus, improved wall thick-  myocardial perfusion patterns and to quantify
ening has been used as an effectiveness endpoint  infarct size (Figure 12.6).%%% Gadolinium is
of transmyocardial laser revascularization.®’ primarily an extracellular agent and does not pass
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through normal cardiac myocyte membranes.
Unlike intact myocardium, infarcted regions
demonstrate significant hyperenhancement late
after contrast administration. This phenomenon
occurs in both acute and chronic infarction. The
mechanism of delayed hyperenhancement in
infarcted myocardium is not fully understood but
appears to be related to interstitial edema and
prolonged contrast washout.®® The accuracy of
high-resolution contrast-enhanced MRI to assess
infarcted myocardium has shown very strong
correlations with histology (r=0.94-0.99)%.62
and other clinical parameters of location and
extent of myocardial infarction.®® Serial contrast-
enhanced MRI demonstrated a 20% decrease
in late hyperenhancement volume at 4 months
after intramyocardial injection of bone marrow or
circulating progenitor cells in the TOPCARE-AMI
study.®

Assessment of microvascular perfusion is essen-
tial to determine angiogenic effectiveness. The
passage of gadolinium through the myocardium
can be plotted as signal intensity versus time
(Figure 12.6), which allows assessment of
myocardial perfusion by appearance of first pass
of contrast and washout rates on MRI. However,
MRI measures contrast arrival not only at the
capillaries but also at the interstitium. The supe-
rior spatial resolution of MRI allows regional
quantification of transmural flow gradients and
changes in subendocardial perfusion. Both rela-
tive and absolute blood flow can be quanti-
fied with good precision and reproducibility
by first-pass MRI perfusion at rest and during
hyperemia.®® The inverse mean transit time
calculated from the signal intensity-time curve
shows a linear correlation with the absolute myo-
cardial blood flow derived from radiolabeled
microsphere data.” Quantitative first-pass MRI
perfusion has shown improved regional myocar-
dial perfusion after transmyocardial laser revas-
cularization.®® In addition, the myocardial
perfusion reserve (MPR) can be estimated from
the ratio of absolute myocardial blood flow
during vasodilatation and at baseline, in units
identical to those used for invasive measurements
with labeled microspheres. A deconvolution tech-
nique to fit the time-intensity curves and provide
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an adjusted or “true” myocardial blood flow
measurement has been validated® and exten-
sively utilized by Wilke et al®®”7% at the Cardio-
vascular Imaging Core Laboratories, University of
Florida Shands-Jacksonville. Serial MRI assess-
ments of both myocardial function and perfu-
sion are currently being used at the Texas Heart
Institute, Houston, to determine the effectiveness
of adult bone marrow cell transplantation in
patients with severe cardiomyopathy.
Techniques using antibody-conjugated para-
magnetic contrast agents to directly map angio-
genesis in vivo have been developed in various
laboratories. The use of superparamagnetic ion
oxide (SPIO)-labeled progenitor cells has been
proposed as a means of tracking transplanted cells.
Electron microscopy showed uptake of the iron
oxide particles, with their encasement within
membrane-bound organelles.”! Cell viability and
proliferation were not affected in SPIO-labeled
cells, and these labeled cells could be detected by
high-resolution MRL.7! The US Food and Drug
Administration (FDA) has approved SPIO formu-
lations for clinical use, although not in the con-
text of mesenchymal cell labeling. There have
been other reports of in vivo 1.5T MRI of mes-
enchymal cells labeled with iron fluorophore
particles, which did not alter the cellular prolif-
eration and differentiation capacity. MRI was
able to detect as few as 105 labeled cells at the
injection sites.'® Challenges associated with cel-
lular labeling (discussed above) and the lack of
clinically approved contrast agents will likely
delay the application of such techniques in clin-
ical trials. Weber et al’?> have exploited the mag-
netic properties of the antibody-coated beads
that are commonly used for isolation of progen-
itor cells in clinical protocols to directly image
intramyocardially injected cells using 8.5 and 3T
MRI scanners in a preliminary ex vivo experi-
ment. Myocardium containing CD34" cells was
identified as a low-intensity region on T2-
weighted images, which correlated well with flu-
orescence microscopy. This relatively simple
approach is appealing because it does not require
changes in the procedure for progenitor cell
isolation and can be applied to freshly isolated
cells. However, the feasibility of in vivo cellular
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imaging using clinically available MRI scanners
has yet to be demonstrated.

Conclusions

In summary, contemporary clinical trials testing
cell transplant therapy could certainly benefit
from a multimodality imaging approach, because
currently there is no single imaging technique
that can provide all of the information necessary
to monitor this multifaceted therapy. The lack
of comparative studies and standardization of
most imaging techniques further complicates the
selection of proper endpoints in angiogenesis
clinical trials. In response to the need for a true
double-blinded large angiogenesis study, clinical
research protocols should incorporate objective,
quantitative data assessments performed by inde-
pendent analysts unaware of the treatment
assignments, as subtle changes in myocardial
function or perfusion may be overlooked by inex-
perienced or biased image interpreters.
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Introduction

Many of the therapies available today, including
thrombolysis and urgent revascularization, have
significantly improved the prognosis of patients
with acute myocardial infarction (AMI).!-
However, currently fewer than 50% of patients
with ST-segment elevation acute coronary
syndrome, which involves ongoing myocardial
necrosis, achieve adequate epicardial and micro-
vascular reperfusion before irreversible damage to
the supplied myocardial tissue occurs.* Moreover,
neither medications nor procedures have so far
shown any efficacy in increasing the resistance of
the jeopardized myocardium to severe ischemia
or in replacing necrosed myocardium with func-
tional contractile tissue.® As a result, a high pro-
portion of survivors of myocardial infarction are
still at risk of developing heart failure due to left
ventricular (LV) remodeling, a process character-
ized by mechanical expansion of the scarred,
infarcted wall followed by progressive LV dilata-
tion and dysfunction.®

Since the main underlying cause of post-
infarction LV remodeling and dysfunction is
irreversible damage to the infarcted wall,” the
development of treatments aimed at regenerat-
ing its muscular and vascular components is now
considered a major therapeutic challenge. The

rationale for such an approach includes recent
evidence demonstrating the remarkable ability
of adult stem cells to produce differentiated
cells from embryologically unrelated tissues,® as
well as convincing data supporting the fact that
the heart has a potent intrinsic regenerative
capacity.’ In fact, contrary to traditional thought,
evidence has recently demonstrated the exis-
tence of cardiac stem cells able to regenerate
myocytes and vasculature after aging or
damage.'®'? In addition, recent data from investi-
gations carried out in sex-mismatched heart
transplant patients strongly suggest that dividing
cardiac stem cells are myocytes derived from an
extracardiac origin,"*!'* such as bone marrow.'*
On this basis, the hypothesis that the natural
capability of the mammalian heart to regenerate
infarcted myocardium can be reinforced has
led to several investigations suggesting that adult
stem cell-based therapies could prevent postin-
farction LV remodeling." In particular, bone mar-
row-derived stem cells delivered locally, or
mobilized by means of systemic administration of
stimulating factors (e.g., cytokines), have been
shown to home to the necrotic tissue, engraft in
the border zone of the infarct, replicate, induce
both myogenesis and angiogenesis, reduce the
infarct size, and ameliorate cardiac function and
survival after an acute myocardial infarction
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(AMI) in mice and pigs."*" In general, these
observations have been interpreted as being due
to metaplastic transformation of bone marrow-
derived stem cells into myocytes and vascular
cells (transdifferentiation). However, the mecha-
nism through which bone marrow-derived stem
cells benefit postinfarction LV remodeling is con-
troversial, and other views include the proposal
of cell fusion or a paracrine effect as the actual
mechanism of tissue repair.***' In addition, con-
cerns regarding the risk of myocardial damage
and progression of restenotic and “de novo” coro-
nary lesions after postinfarction stem cell therapy
have recently arisen.?*-2°

In spite of these doubts and concerns, the
capability of adult stem cells to prevent postin-
farction LV remodeling has been investigated in
humans. In this chapter, we summarize the avail-
able evidence regarding the application of this
therapy in patients with an ST-segment elevation
AMI (STEMI), describe the type of cells and deliv-
ery methods already used, and discuss the safety
and the efficacy of such an approach. In addi-
tion, we also speculate on the value of current
clinical data for gaining an insight into the
mechanism of stem cell-based cardiac repair and
designing future clinical trials.

Stem Cell Delivery in

Patients with STEMI:

Timing and Method for
Transplantation and Follow-Up

Before describing how to transplant stem cells
in patients with STEMI, it must be pointed out
that the procedure of choice in this setting is
far from being settled. Theoretically, there are
several potential routes of stem cell delivery for
this purpose (Figure 13.1): direct intramyocar-
dial injection through the epicardium during
open-chest cardiac surgery,>-° catheter-based
direct intramyocardial injection of the cells
through the endocardium guided by fluo-
roscopy and/or electromechanical mapping,*'-*
intracoronary administration of the cells,>*35-38
and “mobilization” of the bone marrow using
pharmacologic agents able to stimulate the
proliferation of stem cells inside the bone
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marrow and their liberation into the peripheral
circulation.*** Other routes under investiga-
tion are peripheral intravenous infusion of the
cells and the transvenous approach through the
coronary venous system. However, in spite of
these theoretical possibilities, pharmacologic
bone marrow mobilization and percutaneous
catheter-based intracoronary infusion have
so far been the only routes used for stem
cell administration in patients with a recent
myocardial infarction.

Hematopoietic cellular growth factors are
glycoprotein hormones that regulate hemato-
poietic stem cell proliferation and differentiation.
Recruitment of hematopoietic stem and progeni-
tor cells from the bone marrow to the peripheral
blood following the administration of growth
factors is a process termed mobilization, which
mimics the enhancement of the physiologic
release of stem cells from the bone marrow in
response to stress signals during tissue injury.
Granulocyte colony-stimulating factor (G-CSF)
belongs to this group of agents and has been
shown to ameliorate the postinfarction LV out-
come in animals.”” Although the administration
of G-CSF before bare stent-based repair of the
infarct-related artery could induce more in-stent
restenosis than expected,? preliminary clinical
data show that the early subcutaneous adminis-
tration of this agent (5-10ug/kg/day during 4
days) in patients with a recent myocardial infarc-
tion is well tolerated and seems to prevent LV
remodeling.?*

Currently, intracoronary administration of
hematopoietic progenitors represents the best
tried method for stem cell therapy in patients
with STEMI. The procedure described in this
chapter has been empirically designed and is
based upon our experience and that of oth-
ers.>38 It is clear that the procedure described
here will change in the future as new experi-
mental and clinical evidence emerges. Basically,
the procedure can be divided into three stages:
(1) the standard care of a patient with an AMI;
(2) the extraction and management of stem cells;
and (3) the infusion of stem cells. Although the
standard optimal management of a patient with
STEMI is beyond the scope of this chapter, it
should be stressed that a percutaneous coronary
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2. Autologous hematopoietic stem cell transplantation

Isolation of hematopoietic cells

Peripheral blood stem cell apheresis

Aspiration of bone marrow stem cells from ilium

Route of administration

———» (i) Percutaneous intracoronary injection
M\

—

Figure 13.1 Stem cell delivery in patients with an ST-segment elevation acute myocardial infarction (STEMI). Three types
of stem cells have been used in cell regeneration studies: bone marrow-derived progenitor cells (harvested directly from the
marrow), peripheral blood-derived progenitor cells (mobilized from the bone marrow using granulocyte colony-stimulating
factor, (G-CSF), and skeletal myoblasts. In patients with STEMI, only the bone marrow- or peripheral blood-derived
progenitor cells have been used. To date, only the percutaneous catheter-based intracoronary route of administration (i) has
been employed in these patients. However, other means of administration are possible (including routes that have already
been used in patients with ischemic cardiomyopathy, as well as approaches that are still under preclinical investigation):
catheter-based direct intramyocardial injection through the endocardium under fluoroscopic and/or electromechanical
mapping guidance (ii); a transvenous approach through the coronary venous system (iii); direct intramyocardial injection
through the endocardium during coronary bypass surgery (iv); and infusion intravenously into the peripheral circulation (v).
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intervention in the culprit artery must be under-
taken to ensure vascular access for the stem cells
to be infused. Regarding the stem cell transplant
procedure itself, the timing of percutaneous
revascularization therapy (primary, facilitated, or
delayed) makes no difference, provided that the
culprit artery is opened wide.

Stem cells can be obtained from bone marrow.
In this case, bone marrow is aspirated from the
iliac crest under local anesthesia with an aspira-
tion needle: 5ml are obtained in every puncture,
and the procedure is repeated until 50 ml of bone
marrow has been obtained. The bone marrow
is then filtered, and mononuclear cells are iso-
lated by means of Ficoll density ultrafiltration.
Then the erythrocytes are lysed with water.
A small sample should be collected for typing.
At this time, the cells can be injected®* or can
be cultivated overnight before being infused
into the coronary artery.***” It is not yet known
whether all mononuclear cells or a specific sub-
population of previously selected cells should
be given. The four clinical studies available uti-
lized an unselected approach because several
different fractions of mononuclear bone marrow
cells may differentiate into myocytes and vessels.
Therefore, not only hematopoietic and mes-
enchymal stem cells but also other mononuclear
cells are infused into the necrotic area.?*3*

Circulating progenitor cells can also serve as
a source of stem cells.*® In this case, peripheral
venous blood (250 ml) is collected, mononuclear
cells are purified and cultured ex vivo for 3 days,
and these cells are then reinfused into the target
artery. For intracoronary delivery of the cells,
an over-the-wire angioplasty balloon is used.
After being positioned in the previously stented
infarct-related coronary segment, the balloon is
inflated at 2-4 atm of pressure until a complete
block of blood flow is achieved, to allow pro-
longed contact between the stem cells and the
microcirculation and to avoid retrograde flow of
the cells. Then the guidewire is withdrawn,
and the central lumen of the balloon is used to
infuse the cells. Intracoronary infusion of the
cell suspension is carried out, manually or
with a pump, periods of occlusion-infusion
(2-3 minutes) and reperfusion (1-3 minutes)
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being alternated until the total dose has been
given (Figure 13.2).

The timing of infusion of the stem cells is
an unresolved issue. Theoretically, infusion
could be performed as early as immediately after
percutaneous coronary intervention, with a
short delay to allow for bone marrow extraction
and manipulation, or as late as 15-30 days after
the acute phase. Although little evidence is avail-
able in this regard, there are some experimental
data worth taking into account. An injection of
fetal cardiomyocytes after 4 weeks of permanent
coronary artery ligation in rats failed to reverse
LV dilatation, suggesting that infusion at that
time could have been too late to have any impact
on cardiac remodeling.* One animal study was
aimed at determining the optimum time for
cardiomyocyte transplantation to enhance
myocardial function after LV injury.*' Rat hearts
were cryoinjured, and fetal cardiomyocytes were
transplanted immediately, at 2 weeks, and at
4 weeks. Histologic studies performed in the
sacrificed animals showed that the inflamma-
tory reaction was greatest during the first week
and that scar size expanded at 4-8 weeks.
Cardiomyocytes transplanted immediately after
cryoinjury were not found at 8 weeks, and scar
size and ventricular function were similar in con-
trol hearts. In contrast, cardiomyocytes trans-
planted at 2 and 4 weeks formed cardiac tissue
within the scar, limited scar expansion, and led
to better ventricular function than in control
patients. The investigators concluded that car-
diomyocyte transplantation was most successful
after the inflammatory reaction had resolved but
before scar expansion. In the clinical setting, it
could be assumed that transplantation of stem
cells too early or too late might result in their
taking part in the inflammatory reaction or in
the scar formation process, respectively, instead
of forming functional myocytes or vessels.
Clinical studies have infused stem cells 4-7 days
after onset of pain.**38

Follow-up of patients undergoing this treat-
ment is of great importance. Two aspects have to
be considered: safety and assessment of efficacy.
Regarding safety, myocardial injury secondary
to the procedure must be ruled out. Therefore,
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electrocardiographic (ECG) and myocardial
injury markers have to be periodically obtained
within 24 hours after stem cell transplantation.
Moreover, although arrhythmias have not been
reported with bone marrow- or peripheral blood-
derived stem cells, ECG monitoring for 24-48
hours is mandatory, as is ECG Holter monitoring
at least 1 and 6 months after discharge.

Figure 13.2  Percutaneous intracoronary transplantation of bone marrow-derived stem cells. For intracoronary delivery
of the cells, an over-the-wire angioplasty balloon catheter oversized by 0.5 mm is used (a, b). After positioning at the
site of the former infarct-related coronary occlusion where the stent has been implanted, the balloon is inflated at low
pressure (2—4 atm) to block blood flow (b). Then the guidewire is removed, and the bone marrow-derived stem cell
suspension is infused through the internal lumen of the balloon under stop-flow conditions (c). The stem cells are
infused with a pump at 1-2 ml/min, periods of 3 minutes of inflation and cell infusion alternating with 1 minute of
de-inflation and reperfusion until the total dose of cells has been given to the patient. The integrity of the coronary
artery used for transplantation and blood flow perfusion in the supplied myocardial area are checked after the procedure (d).

The following parameters can be used to assess
efficacy: global and regional function, viability,
infarct size, thickness and thickening of the
infarcted wall, contractile reserve, perfusion, and
coronary reserve. Global and regional function
can be calculated with angiography, echocardio-
graphy, and magnetic resonance imaging (MRI).
In our opinion, MRI is the technique of choice
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for these patients. It is noninvasive has high
temporal and spatial resolution, thus high repro-
ducibility. Furthermore, exposure to ionizing
radiation is avoided. Finally, given its tomo-
graphic nature, MRI is more accurate than
echocardiography or cine angiography in assess-
ing remodeling, because it does not make
assumptions regarding ventricular geometry.
This is crucial in distorted postinfarction ventri-
cles. When assessing regional function, the wall
motion score index must be calculated.*
Viability is another parameter to be measured:
this can be done with low-dose dobutamine
echocardiography, scintigraphic techniques, or
MRI using late hyperenhancement sequences
following gadolinium administration. MRI also
allows an accurate measurement of infarct size.
Several investigations have demonstrated that
thickness and thickening of the infarcted wall
calculated by MRI or echocardiography corre-
late well with viability.**** Contractile reserve,
defined as the potential of the myocardium to
increase its contractility after inotropic stimula-
tion, can be assessed by echocardiographic or
MRI monitoring of the response of the ventricle
to dobutamine administration at low doses (from
5 to 10 or 20 ug/kg/min). Positron emission tomog-
raphy (PET) and scintigraphic techniques permit
an accurate estimate of myocardial perfusion.
Lastly, coronary flow reserve and fractional flow
reserve are measured in the infarct and in a non-
infarct reference vessel by using an intracoronary
Doppler or thermodilution wire and infusion of
adenosine through the guiding catheter.*®

To demonstrate any benefit of stem cell trans-
plantation, a basal and a follow-up study must be
compared. To rule out myocardial stunning,
which could lead to confusing results, this follow-
up examination should not be performed until at
least 3 months after the acute event.

A proposed algorithm for intracoronary stem
cell transplantation and follow-up in patients
with STEMI is shown in Figure 13.3.

Results of Clinical Studies

The evidence that stem cells can reconstitute
necrotic myocardium and improve cardiac func-
tion in animals has led to the initiation of clinical

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

studies, which have been focused mainly on
addressing the feasibility and the safety of this
therapy. The main differences between these
studies lie in the type of cell employed and the
type of patient. Most patients suffered from
ischemic heart disease at different stages. The
methods of measurement differed, as it is not yet
certain what is the best system in these settings.
The principal endpoint was to assess whether
stem cell transplantation improved LV function.
In cell regeneration studies, three types of stem
cells have been used: bone marrow-derived pro-
genitor cells (harvested directly from the mar-
row), peripheral blood-derived progenitor cells
(mobilized with G-CSF) and skeletal myoblasts.
However, in patients with STEMI, only bone
marrow- and peripheral blood-derived progeni-
tor cells have been used (Table 13.1).

Assmus et al* randomly allocated 20 patients
with reperfused STEMI to receive intracoronary
infusion of either bone marrow-derived (9 patients)
or peripheral blood-derived (11 patients) progen-
itor cells into the infarct-related artery 4.3+1.5
days after STEMI. There were no differences in
any measured parameter between the two groups
of progenitor cells. Transplantation of progenitor
cells was associated with a significant increase in
the global LV ejection fraction (LVEF), improved
regional wall motion in the infarct zone, and a
profoundly reduced LV end-systolic volume
(LVESV) at 4 months of follow-up. Coronary
blood flow reserve was increased in the infarct-
related artery. Quantitative ['®F]fluorodeoxyglu-
cose (FDG)-PET revealed an increase in myocardial
viability in the infarct zone.

Strauer et al*® transplanted 10 patients with
autologous bone marrow-derived mononuclear
stem cells into 10 patient via a balloon catheter
placed into the infarct-related artery during bal-
loon dilatation 5-9 days after an AMI. After 3
months of follow-up, the infarct region had
decreased significantly and showed significant
improvement in the stroke volume index, LVESV,
and contractility and myocardial perfusion.

Kang et al** studied the evolution of 11 patients
with reperfused STEMI who were randomly
allocated to conventional therapy (1 patient),
intracoronary transplantation of peripheral
blood-derived progenitor cells after bone marrow
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Connexin 43

‘ Figure 13.4  Culture of human mononuclear bone marrow-derived cells on cryoinjured mouse heart slices. Bone
marrow-derived cells (stained in red with Dil) integrate into cardiac tissue (a) and express connexin 43 (green, b).

mobilization with G-CSF (7 patients), or mobi-
lization alone (3 patients). Importantly, in this
study the patient allocated to conventional
therapy underwent bare stent-based repair of the
infarct-related artery 4 days after randomization.
Similarly, the patients treated with G-CSF alone
or in combination with intracoronary infusion
of peripheral blood-derived progenitor cells
underwent stenting after being treated with
G-CSF during 4 days. At 6 months of follow-up,
myocardial perfusion and LVEF improved signif-
icantly in the patients who received cell infu-
sion. However, enrollment was stopped because
those patients randomized to G-CSF alone or in
combination with progenitor cell transplanta-
tion before stenting had an unexpectedly high
rate of in-stent restenosis.

Fernandez-Avilés et al*’ used bone marrow
mononuclear cells from 20 patients with STEMI
to assess both the cells’ myocardial regenerative
capability in vitro and their effect on postinfarc-
tion LV remodeling. Human bone marrow-
derived stem cells grafted into cryoinjured mice
heart slices acquired a cardiomyocyte pheno-
type and expressed cardiac proteins after 1 week
(Figure 13.4). In the clinical trial, an average of
78 £41x10° bone marrow mononuclear cells per
patient were transplanted via the intracoronary
route 13.5+5.5 days after infarction, with no
adverse effects on microvascular function or
myocardial injury. No major cardiac events
occurred at up to 11£5 months. At 6 months,
MRI showed a decrease in the LVESV, an
improvement in regional and global LV function,
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Figure 13.5 (a, b) Improvement in angiographic left ventricular outcome in a patient undergoing cell therapy, with
clear reductions in end-diastolic and end-systolic volumes, as well as complete normalization of anterior left ventricular
systolic wall motion at 6 months. (c, d) In the same patient, the low-dose dobutamine echocardiogram and positron-
emission tomogram (PET) 6 months after cell transplantation show marked improvements in anterior and apical
contractility and in metabolism, respectively, suggesting recovery of viability not seen in the baseline studies.

and increased thickness of the infarcted wall,
while the coronary restenosis rate was only 15%.
Angiographic follow-up confirmed the benefit
on the LV outcome (Figure 13.5). Concordantly,
PET and low-dose dobutamine stress echocardio-
graphy showed recovery of viability in the
infarcted wall (Figure 13.5). No changes were
found in a nonrandomized contemporary con-
trol group. Thus, according to these findings,
intracoronary transplantation of autologous
bone marrow-derived stem cells after an AMI is
feasible and safe in the short and mid term, pre-
vents LV remodeling, leads to significant recov-
ery of cardiac function, and seems to regenerate
myocardial tissue.

Wollert et al*® included 60 patients who had
had a myocardial infarction and had undergone
primary angioplasty. They allocated patients ran-
domly to receive standard therapy (30 patients)

versus intracoronary infusion of unselected bone
marrow progenitor cells (30 patients). Bone
marrow cell transplantation was performed
under a protocol similar to that used by Strauer
et al,”® and all patients were evaluated by MRI,
with a basal study 3.5 days after primary
angioplasty and another at 6 months. There was
a significant improvement in LVEF within the
cell therapy group. It is important to point out
that this improvement concerned all groups
of patients, especially those reperfused late. An
electrophysiological study was carried out for
exhaustive arrhythmia analysis at 6 months: no
malignant arrhythmias were induced.

Kuethe et al* analyzed cardiac function and
perfusion in 5 patients with AMIs, who were
treated only with G-CSF in addition to a standard
therapeutic regimen. After 3 months of follow-up,
the global LVEF (determined by radionuclide
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ventriculography) increased significantly; the wall
motion score and the wall perfusion score (deter-
mined by electrocardiographically gated single
photon emission computed tomography, SPECT)
decreased, indicating a significant improvement
in myocardial function and perfusion. No severe
side effects of G-CSF treatment or malignant
arrhythmias were observed.

Stem Cell Therapy for
AMI in Perspective

Much excitement has surrounded recent break-
throughs in the field of adult stem cell research
and their implications for cell therapy in patients
with acute ischemic heart disease. However,
further proofs of the efficacy and safety of this
therapy for AMI are necessary.

Available clinical data show that in patients
with recent STEMI, intracoronary transplan-
tation of autologous bone marrow-derived
stem cells is a feasible and safe procedure that
seems to diminish significantly the extent of
LV remodeling and to promote a significant
recovery of both global and segmental cardiac
function. Moreover, although the mechanism of
this putative beneficial effect remains to be elu-
cidated, data from animal studies and from our
parallel clinical and in vitro experiments
strongly suggest that bone marrow cell therapy
for STEMI might regenerate contractile myocar-
dial tissue. Therefore, altogether, these results
demonstrate a favorable risk-benefit ratio for
early intracoronary administration of hematopoi-
etic progenitors in patients with AMIs, which
opens the way to the development of random-
ized large-scale clinical trials in this area. These
trials should be compatible with simultaneous
mechanistic clinical and basic research aimed at
addressing some crucial questions that are still
unsettled.

® How do adult stem cells contribute to repair
in the setting of an AMI? At least six different
mechanisms might be proposed: transdifferen-
tiation, dedifferentiation, transdetermination,
cell fusion, true pluripotent stem cell behavior,
and the production of trophic factors. It
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is likely that our current knowledge of cell
markers is inadequate to define cell popula-
tions accurately, so it is possible that cells with
true multipotency may have contaminated
experiments previously reported as examples
of transdifferentiation.

B What is the ideal source of adult stem cells in
patients with an AMI? Bone marrow stem cells
seem to be simple to use, cheap, and appar-
ently widely applicable.

® What is the best route of administration?
So far, only percutaneous intracoronary deliv-
ery and mobilization of stem cells with G-CSF
have been tested.

® When should cell transplantation be
performed? Experimental studies suggest that
stem cell transplantation is most successful
after the inflammatory reaction has resolved
but before scar expansion.

B How many times should cell transplantation
be performed? Several clinical studies have
demonstrated that stem cells can improve car-
diac function in patients with an old myocar-
dial infarction: therefore, compared with single
autologous stem cell transplantation in the
acute phase, successive transplantations may
improve the benefit of this therapy.

We are optimistic that stem cell transplanta-
tion is likely to be of future benefit to all patients
with AMIs and that new tools (e.g., MRI) will
help to refine patient selection and lead to a bet-
ter assessment of results. Finally, lessons from the
past suggest that in this field, close collaboration
between clinical and nonclinical scientists is of
the utmost importance.

References

1. British Heart Foundation. Coronary Heart Disease
Statistics. BHF Statistics Database, 2002: www.bhf.
org.uk.

2. Reddy KS. Global perspective on cardiovascular
disease. In: Yusuf S, Cairns JA, Camm A]J, Fallen
EL, Gersh BJ (eds). Evidence-based Cardiology,
2nd, edn. BM] Books, London, 2003:91-102.

3. Antman EM, Van de Werf F. Pharmacoinvasive
therapy. The future of treatment for ST-elevation
myocardial infarction. Circulation 2004;109:
2480-6.


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

10.

11.

12.

13.

14.

1S.

16.

17.

Eagle KA, Goodman SG, Avezum A, Budaj A,
Sullivan CM, Lopez-Sendon J. GRACE Investiga-
tors. Practice variation and missed opportunities
for reperfusion in ST-segment-elevation myocar-
dial infarction: findings from the Global Registry
of Acute Coronary Events (GRACE). Lancet 2002;
359:373-7.

Ryan TJ, Antman EM, Brooks NH, et al. 1999
update: ACC/AHA guidelines for the management
of patients with acute myocardial infarction: Execu-
tive summary and recommendations: a report of
the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines
(Committee on Management of Acute Myocardial
Infarction). Circulation 1999;100:1016-30.

Pfeffer MA, Braunwald E. Ventricular remodel-
ing after myocardial infarction: experimental
observations and clinical implications. Circulation
1990;81:1161-72.

Bolognese L, Carrabba N, Parodi G, et al. Impact of
microvascular dysfunction on left ventricular
remodeling and long-term clinical outcome after
primary coronary angioplasty for acute myocar-
dial infarction. Circulation 2004;109:1121-6.
Tosh D, Slack JMW. How cells change their
phenotype. Nat Rev Mol Cell Biol 2002;3:187-94.
Beltrami AP, Barlucchi L, Torella D, et al. Adult
cardiac stem cells are multipotent and support
myocardial regeneration. Cell 2003;114:763-76.
Beltrami AP, Urbanek K, Kajstura J, et al. Evidence
that human cardiac myocytes divide after myocar-
dial infarction. N Engl ] Med 2001;344:1750-7.
Anversa P, Nadal-Ginard B. Myocyte renewal and
ventricular remodeling. Nature 2002;415:240-3.
Nadal-Ginard B, Kajstura J, Leri A, Anversa P.
Myocyte death, growth, and regeneration in car-
diac hypertrophy and failure. Circ Res 2003;92:
139-50.

Quaini F, Urbanek K, Beltrami AP, et al. Chimerism
of the transplanted heart. N Engl J] Med 2002;
346:5-13.

Thiele J, Varus E, Wickenhauser C, Kvasnicka HM,
Metz KA, Beelen DW. Regeneration of heart muscle
tissue: quantification of chimeric cardiomyocytes
and endothelial cells following transplantation.
Histol Histopathol 2004;19:201-9.

Deb A, Wang S, Skelding KA, Miller D, Simper D,
Caplice NM. Bone marrow-derived cardiomy-
ocytes are present in adult human heart: a study of
gender-mismatched bone marrow transplantation
patients. Circulation 2003;107:1247-9.

Orlic D, Kajstura J, Chimenti S, et al. Bone marrow
cells regenerate infarcted myocardium. Nature
2001;410:701-5.

Orlic D, Kajstura J, Chimenti S, et al. Mobilized
bone marrow cells repair the infarcted heart,
improving function and survival. Proc Natl Acad
Sci USA 2001;98:10344-9.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Clinical Utilization of Stem Cell Therapy in AMI 153

Mangi AA, Noiseux N, Kong K, et al. Mesenchymal
stem cells modified with Akt prevent remodeling
and restore performance of infarcted hearts. Nat
Med 2003;9:1195-201.

Tomita S, Mickle DA, Weisel RD, et al. Improved
heart function with myogenesis and angiogenesis
after autologous porcine bone marrow stromal cell
transplantation. ] Thorac Cardiovasc Surg 2002;
123:1132-40.

Balsam LB, Wagers AJ, Christensen JL, Kofidis T,
Weissman IL, Robbins RC. Haematopoietic stem
cells adopt mature haematopoietic fates in
ischaemic myocardium. Nature 2004;428:668-73.
Murry CE, Soonpaa MH, Reinecke H, et al.
Haematopoietic stem cells do not transdifferenti-
ate into cardiac myocytes in myocardial infarcts.
Nature 2004;428:664-8.

Vulliet PR, Greeley M, Halloran M, MacDonald A,
Kittelson MD. Intra-coronary arterial injection of
mesenchymal stromal cells and microinfarction in
dogs. Lancet 2004;363:783-4.

Silvestre JS, Gojova A, Brun V, et al. Trans-
plantation of bone marrow-derived mononuclear
cells in ischemic apolipoprotein E-knockout mice
accelerates atherosclerosis without altering plaque
composition. Circulation 2003;108:2839-42.
Kang HJ, Kim HS, Zhang SY, et al. Effects of intra-
coronary infusion of peripheral blood stem-cells
mobilized with granulocyte-colony stimulating
factor on left ventricular systolic function and
restenosis after coronary stenting in myocardial
infarction: the MAGIC cell randomized clinical
trial. Lancet 2004;363:751-6.

Chien KR. Lost in translation. Nature 2004;428:
607-8.

Matsubara H. Risk to the coronary arteries of intra-
coronary stem cell infusion and G-CSF cytokine
therapy. Lancet 2004;363:746-7.

Hamano K, Nishida M, Hirata K, et al. Local
implantation of autologous bone marrow for ther-
apeutic angiogenesis in patients with ischemic
heart disease: clinical trial and preliminary results.
Jpn Circ ] 2001;65:845-7.

Herreros J, Prosper F, Perez A, et al. Autologous
intramyocardial injection of cultured skeletal
muscle-derived stem cells in patients with non-
acute myocardial infarction. Eur Heart ] 2003;24:
2012-20.

Pagani FD, DerSimonian H, Zawadzka A, et al.
Autologous skeletal myoblasts transplanted to
ischemia-damaged myocardium in humans. Histo-
logical analysis of cell survival and differentiation.
J Am Coll Cardiol 2003;41:879-88.

Galinanes M, Loubani M, Davies J, Chin D, Pasi ],
Bell PR. Autotransplantation of unmanipulated
bone marrow into scarred myocardium is safe and
enhances cardiac function in humans. Cell
Transplant 2004;13:7-13.


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

154 An Essential Guide to Cardiac Cell Therapy

31.

32.

33.

34.

35.

36.

37.

38.

Smits PC, van Geuns RJ, Poldermans D, et al.
Catheter-based intramyocardial injection of autol-
ogous skeletal myoblasts as a primary treatment of
ischemic heart failure: clinical experience with
six-month follow-up. ] Am Coll Cardiol 2003;42:
2063-9.

Tse HE, Kwong YL, Chan JK, Lo G, Ho CL, Lau CP.
Angiogenesis in ischaemic myocardium by
intramyocardial autologous bone marrow mono-
nuclear cell implantation. Lancet 2003;361:47-9.
Perin EC, Dohmann HF, Borojevic R, et al.
Transendocardial, autologous bone marrow cell
transplantation for severe, chronic ischemic heart
failure. Circulation 2003;107:2294-302.

Fuchs S, Satler LF, Kornowski R, et al. Catheter-
based autologous bone marrow myocardial injec-
tion in no-option patients with advanced
coronary artery disease. A feasibility study. ] Am
Coll Cardiol 2003;41:1721-4.

Assmus B, Schidchinger V, Teupe C, et al. Trans-
plantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction
(TOPCARE-AMI). Circulation 2002;106:3009-17.
Strauer BE, Brehm M, Zeus T, et al. Repair of
infarcted myocardium by autologous intracoro-
nary mononuclear bone marrow cell transplanta-
tion in humans. Circulation 2002;106:1913-18.
Fernandez-Avilés F, San Roman JA, Garcia-Frade ],
et al. Experimental and clinical regenerative capa-
bility of human bone marrow cells after myocar-
dial infarction. Circ Res 2004;95:742-8.

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;364:141-8.

39.

40.

41.

42.

43.

44.

45.

Kuethe F, Figulla HR, Voth M, et al. Mobilization of
stem cells by granulocyte colony-stimulating fac-
tor for the regeneration of myocardial tissue after
myocardial infarction. Dtsch Med Wochenschr
2004;129:424-8.

Sakakibara Y, Tambara K, Lu F, et al. Cardio-
myocyte transplantation does not reverse cardiac
remodelling in rats with chronic myocardial
infarction. Ann Thorac Surg 2002;74:25-30.

Li RK, Mickle DA, Weisel RD, Rao V, Jia ZQ.
Optimal time for cardiomyocyte transplantation
to maximize myocardial function after left
ventricular injury. Ann Thorac Surg 2001;72:
1957-63.

Cerqueira MD, Weissman NJ, Dilsizian V, et al.
Standardized myocardial segmentation and
nomenclature for tomographic imaging of the
heart. Circulation 2002;105:539-42.

Baer FM, Voth E, Scheneider CA, Theissen P,
Schicha H, Sechtem U. Comparison of low-dose
dobutamine-gradiente-echo magnetic resonance
imaging and positron emission tomography with
['*F]fluorodeoxyglucose in patients with chronic
coronary artery disease. Circulation 1995;91:
1006-15.

Cwajg JM, Cwajg E, Nagueh SF, et al. End-diastolic
wall thickness as a predictor of recovery of
function in myocardial hibernation: relation to
rest-redistribution TI-201 tomography and dobut-
amine stress echocardiography. ] Am Coll Cardiol
2000;35:1152-61.

Barbato E, Aarnoudse W, Aengevaeren WR, et al.
Week 25 study group. Validation of coronary flow
reserve measurements by thermodilution in clini-
cal practice. Eur Heart ] 2004;25:219-23.


http://www.stemcell8.cn

|D O 0 0O O www.stemcell8.cn — [0 [ [ D|

chapter 14

Clinical Utilization of Skeletal

Myoblasts

Marco Valgimigli, Tomasz Siminiak, Maciej Kurpisz,

Willem | van der Giessen, and Patrick W Serruys

Clinical and Scientific
Background

The current pharmacotherapy for congestive
heart failure,' including neurohormonal inhibi-
tion, with angiotensin-converting enzyme (ACE)
inhibitors and B-blockers, improves the clinical
outcome, but fails to stop the progression of the
disease. Similarly, despite the best available treat-
ment, the cumulative incidence of mortality and
heart failure increases time-dependently in
patients with a previous myocardial infarction.?
Therefore, novel treatment methods that improve
cardiac function and prevent heart failure are in
demand. The mechanisms leading to congestive
heart failure after an acute myocardial infarction
are only partially understood,® and, according to
current belief, a progressive decrease in the num-
ber of viable myocytes after an acute myocardial
infarction could at least partially explain this tran-
sition. Therefore, myocardial infarction and subse-
quent heart failure can be viewed as a disease of
cellular deficiency.*

Until recently, it was thought that adult
mammalian cardiomyocytes were terminally
differentiated and therefore could not divide.
This dogma has been recently revisited in light
of pathologic studies performed in patients with
ischemic and dilated cardiomyopathies, which
showed that some cells can actually reenter a
mitotic cycle.>® However, the magnitude of this
self-repair mechanism is far too limited to com-
pensate for the massive loss of cardiomyocytes

resulting from a large infarct. Although it is intel-
lectually provocative, genetically induced con-
version of in-scar fibroblasts into myogenic cells
has little clinical applicability, the only practical
perspective being an exogenous supply of cells
for effectively repopulating injured areas.

Historically, the proof of the principle was
established by experiments using fetal (and
neonatal) cardiomyocytes. Experiments with
these cells have consistently shown that they are
able to successfully engraft into infarcted
myocardium, express gap junction proteins (thus
allowing them to couple with host cardiomy-
ocytes), survive for long periods of time, and
improve left ventricular function.”” From a clin-
ical perspective, however, the use of fetal tissue is
fraught with major challenges, including avail-
ability, immunogenicity, and ethical issues, and
researchers have turned to autologous skeletal
muscle and bone marrow stem cells as more real-
istic sources of cells for myocardial grafting. The
goal of this chapter is to provide an updated
overview on the use of skeletal myoblasts to treat
overt or impeding heart failure from a clinical
perspective.

Rationale for Myoblast
Transplantation
Mature skeletal muscle originates from undiffer-

entiated, mononucleated progenitor cells, which
are termed myoblasts. Myoblasts proliferate in
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response to local mitogens, such as fibroblast
growth factor (FGF) family members. When local
growth factors are depleted, myoblasts withdraw
irreversibly from the cell cycle, activate expres-
sion of muscle-specific genes (e.g., actins,
myosins, and creatine kinase), and fuse to form
multinucleated cells called myotubes. Myotubes
undergo progressive maturation and hypertro-
phy to form differentiated myofibers characteris-
tic of adult skeletal muscle. Not all myoblasts
fuse into myotubes, however. Rather, some
become quiescent stem cells, or satellite cells,
residing in close apposition to the muscle fiber.
Satellite cells can reenter the cell cycle in response
to muscle injury and are responsible for the abil-
ity of skeletal muscle to regenerate. Therefore,
skeletal myoblasts (i.e., satellite cells) are
mononucleated, unipotent progenitor cells,
located at the basal lamina of the adult
skeletal muscle, which can be expanded in vitro
(Figure 14.1). They are highly resistant to
ischemia, and they multiply after injury.
However, due to the fact that their proliferative
capacity is not unlimited,'® their stem cell nature
has frequently been questioned. However, a con-
siderable advantage of skeletal myoblasts is their
wide availability: they can be easily and mini-
mally invasively retrieved from a muscular
biopsy (generally from the femoral quadriceps
under local anesthesia) and, after 10-21 days of
cultural expansion, injected into myocardium.

Moreover, despite concerns raised regarding
the real number of injected myoblasts that will
finally survive the transplantation procedure,
engraftment of skeletal cells with subsequent
myotube formation in the human myocardium
has recently been demonstrated by two different
groups.'? These grafted cells acquire a fatigue-
resistant slow-twitch muscle phenotype that is
better suited to perform a cardiac-type workload.
These findings have greatly supported the notion
that the injected cells can actually contribute
to cellular replenishment in the failing human
heart.

Both surgical and percutaneous myoblast
transplants have been undertaken, and several
single or multicenter evaluations are ongoing in
this new and promising field.
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Figure 14.1 Human skeletal myoblasts in in vitro
culture. Courtesy of Bioheart, Inc.

Myoblast Transplantation
During Open-Chest
Cardiac Surgery

The first human autologous skeletal myoblast
transplantation during open-chest cardiac surgery
was performed by Menasché, followed by phase I
clinical trials performed both in Paris and in
Poznan."® !5 The trials were carried out in patients
in whom direct intramyocardial injections could
be performed during coronary artery bypass
grafting (CABG).

In the first case to be described,'® several injec-
tions of the cell suspensions into areas of postin-
farction injury within the inferior wall of the left
ventricle (LV) were performed. Five months later,
significant improvement in clinical status was
observed, including decrease of symptoms of
heart failure by one New York Heart Association
(NYHA) class, increase in segmental contractility
and ejection fraction on echocardiography, and
increase in tracer activity on positron emission
tomography (PET), suggesting a new onset of
metabolic activity in the previously nonviable
scar area.’' An independent phase I clinical
trial of autologous skeletal myoblast transplan-
tation in patients undergoing CABG 7 was
performed in Poznan. Myocardial infarction
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survivors, with an akinetic area of the LV and
scheduled for CABG, were screened by means of
dobutamine stress echocardiography (DSE) and
were included in the study when no viable
myocardium was detected. A skeletal myocardial
biopsy was obtained in all patients from the vas-
tus lateralis. The biopsy sample was digested, and
myoblasts (satellite cells) were isolated. The cells
were cultured for 3 weeks to increase the number
of cells to be implanted. Myoblast injections into
the akinetic area were performed after constric-
tion of the anastomoses during the CABG proce-
dure. An increase in segmental contractility was
seen in all patients 2-3 months after the proce-
dure, and this effect was maintained throughout
a 36-month follow-up period.

However, 3 years after combined myoblast
transplantation and CABG, in almost every third
case in the Poznan series, end-diastolic LV diam-
eter increased, suggesting that cell transplanta-
tion did not prevent LV remodeling or that the
number of cells transplanted was not sufficient
to prevent LV dilatation.

A US multicenter phase I clinical trial aimed
at evaluation of myoblast transplantation during
CABG has also been reported.'® Eleven patients
underwent myoblast transplantation combined
with CABG. Echocardiography, PET, and mag-
netic resonance imaging (MRI) scans showed evi-
dence of increased viability in the area of grafted
scar. The mean left ventricular ejection fraction
(LVEF) improved from 22.7% to 35.9%. Another
phase I study evaluating myoblast injections dur-
ing CABG has been reported by Herreros et al,'
suggesting safety and feasibility of the method as
well as indicating its possible efficacy in increas-
ing contractile LV performance. Recently, the
same group published results regarding CABG in
20 patients for whom the mean follow-up time
was 14+ 5 months with no mortalities, no malig-
nant cardiac arrythmias, and LVEF improvement
from 28+3% to 52£4.7% (p=0.03). Further, the
wall motion score index (WMSI) improved from
3.1to 1.4 (p=0.04) in cell-treated segments.?°

Also, Menasché and colleagues have reported
preliminary safety information regarding their
experience in the phase II MAGIC trial, in which
42 patients received myoblast transplantation in
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conjunction with CABG under MADIT II-type
inclusion criteria (Menasché P, oral communica-
tion at the 2004 American Heart Association
meeting, available at www.sessionsscienceon-
demand.org). To date, there have been four
reports of ventricular tachycardia (all late — as
amiodarone use is prescribed shortly before and
after myoblast transplantation), with a mean
follow-up period of 8 months.

Despite all of its advantages, including good
visualization of the target site and possible deliv-
ery of large amounts of cells per unit area, the
direct transepicardial approach may incur an
additional risk related to surgery. It should be
noted that possible candidates for cell transplan-
tation usually have a history of multiple infarc-
tions, with significant LV dysfunction and
clinical symptoms of severe heart failure, and are
high-risk candidates for open-chest surgery.
Furthermore, the open-chest approach does not
provide ready access to the septal wall, which
frequently is affected by postinfarction injury.

However, it should be recognized that the effect
of revascularization (CABG) and cellular trans-
plantation performed at the same time cannot
easily be distinguished. Despite the use of careful
inclusion criteria aimed at selection of patients
with no viable myocardium within the target
postinfarction area, the possible effect of skeletal
myoblast transplantation may be enhanced by
myocardial revascularization. Large ongoing
clinical trials evaluating the efficacy of myoblast
injections during CABG may allow evaluation
of the cell effect independently of blood flow
restoration.

Clinical Experience with
Percutaneous Myoblast
Transplantation

In order to avoid the trauma of open-chest surgery,
several attempts have been made to effectively
deliver progenitor cells via different percutaneous
techniques. Although the intracoronary route
has been tested successfully in animals, the
transendocardial and transvenous approaches
have been primarily employed in humans.
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Intraventricular approach

A pilot safety and feasibility study of the percu-
taneous transplantation of autologous skeletal
myoblasts via transendocardial injection (as a
stand-alone procedure) in five patients with
ischemic heart failure has been reported by our
group.!

Only symptomatic patients in NYHA func-
tional class 2II under optimal medical therapy
were selected. All patients were known to have
experienced prior anterior wall myocardial
infarction and depressed LV function (LVEF
between 20% and 45% by radionuclide radiogra-
phy). The myocardial infarction had to be >4
weeks old at the time of cell implantation. The
presence and location of a myocardial scar were
defined by akinesia or dyskinesia at rest during
echocardiography, LV angiography, and MRI;
no contractile reserve during DSE; and hyperen-
hancement by gadolinium on MRI.

Patients with a target wall region thickness
<5mm by echocardiography or MRI or with a
history of syncope or sustained ventricular
tachycardia or fibrillation were excluded.

Biopsy of the quadriceps muscle was performed
under local anesthesia. On average, 8.4 g (range
5-13 g) of muscle was excised through a 10cm
long surgical incision. All biopsy procedures were
uneventful and done on an outpatient basis. The
culture period was an average of 17 days (range
14-19 days).

After a coronary and biplane LV angiogram
was obtained, an outline of the LV chamber was
drawn on transparent tabloids that were taped to
the fluoroscopy monitors. Then an electro-
mechanical NOGA map (Figure 9.2) of the LV
was obtained using a 7F NOGASTAR catheter
(F-curve) connected to the NOGA console
(Biosense-Webster, Waterloo, Belgium). Areas
exhibiting low voltages and linear local shortening
(unipolar voltage <4 mV and linear local shorten-
ing <4%) on the NOGA map were considered the
target areas of treatment if these areas were geo-
graphically concordant with the scar areas
assessed by the preprocedural DSE, MRI, and LV
angiogram. The investigators refrained from
transendocardial injections into areas with a
known wall thickness <5 mm by MRI. With an 8F
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Myostar (Biosense-Webster) injection catheter,
16+4 (mean=SD; range 9-19) transendocardial
injections were made.

Injections of 0.3 ml (16.6 x 10° cells) were accom-
plished under NOGA and transparent tabloid guid-
ance so that the spacing between injection sites
was approximately 1 cm (Figure 14.2).

No procedural complications occurred. Only
one patient experienced minor elevation of the
creatine kinase MB fraction (<2 times upper
level), and troponin T (0.16 ng/l) was noted after
the procedure. During follow-up, one patient
required hospitalization 6 weeks after the proce-
dure due to progressive heart failure and long
asymptomatic runs of nonsustained ventricular
tachycardia (NSVT) on Holter monitoring. After
recompensation, telemetry still showed NSVT,
and an implantable cardioverter—defibrillator
(ICD) was implanted prophylactically. In the
other four patients, no adverse events or ventric-
ular arrhythmias were observed.

Compared with baseline, the angiographic LVEF
at 3 months increased from 36+11% to 41+9%
(p=0.009). This increase in LVEF, however, was not
observed by nuclear or MRI assessment at 3-month
follow-up. At 6-month follow-up, both angio-
graphic and nuclear assessments showed a trend
toward an increased LVEF [36+11% to 45+8%
(p=0.23) and 38 £8% to 45+11% (p=0.07), respec-
tively]. MRI analysis of regional wall thickening
showed a clear shift toward more regional wall
thickening in the target segments and less regional
wall thickening in the remote hyperkinetic seg-
ments. By comparing the marked injection sites on
the NOGA map and the fluoroscopy sheets with
the MRI segments, 87 of the 304 MRI segments (all
five patients) were identified as injected segments.
Paired analysis of these injected segments showed
significantly increased wall thickening at follow-up
(0.9+2.3 mm at baseline vs. 1.8£2.4mm at 3-
month follow-up, p=0.008).

In the light of these preliminary favorable
results, a multicenter European uncontrolled
investigation was started and has recently been
completed. Overall, 15 patients were been
enrolled and treated with transendocardial skele-
tal myoblast injections using both the Myostar
and MyoCath (Bioheart, Inc.) needle-injection
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Figure 14.2 NOGA maps in the right anterior oblique (a, b) and anteroposterior (c, d) views of a patient after

19 injections with autologous skeletal myoblasts in the anteroseptal and anterior myocardial scar and border zone:
(a, ¢) unipolar voltage maps; (b, d) linear local shortening maps. The myocardial scar is indicated in red on the
unipolar voltage maps (<6 mV) and the local linear shortening maps (<2%). The black dots indicate the
transendocardial injection sites. Reproduced from Smits P, ] Am Coll Cardiol 2003;42:2363-9*" with permission from

The American College of Cardiology Foundation.

catheters. The results of this study will be
published soon, and they have contributed
tremendously to the understanding of the safety
and potentiality of the skeletal myoblast-based
cell therapy in these high-risk heart failure
patients. Based on these phase I investigations, a
phase II open-label randomized controlled multi-
center trial, the SEISMIC [Safety and Effects of
Implanted (Autologous) Skeletal Myoblasts
(MyoCell) using an Injection Catheter] trial,
recently began enrolling patients. Total study
enrollment is anticipated within the next 6
months, with 6 months’ follow-up for both the

treatment and control arms. The study will
recruit patients previously fitted with an ICD.
Forty six patients will be recruited for the study,
with patients randomly assigned to a treatment
group (n=30) or a control group (n=16) after
meeting the baseline enrollment criteria. For
patients assigned to the treatment group, a skele-
tal muscle biopsy will be obtained for myoblast
isolation, expansion, and culture.

At screening, all randomized patients will be
prescribed amiodarone, which will be taken until
1 month post procedure. The flowchart of the
protocol is shown in Figure 14.3.
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Screening:
46 ICD patients

v

Baseline evaluation
visit 1 (week —6)

A

Randomization

ICD patients: 30 MyoCell, 16 standard medical therapy

A

Treatment arm
(MyoCell)
30 ICD

A

Biopsy
visit 2 (week -2)

MyoCell shipped for
implantation

v

MyoCell implant
visit 3 (week 0)

A

1 month follow-up
visit 4 (week 4)

A

3 months follow-up
visit 5 (week 12)

v

6 months follow-up
visit 6 (week 24)

A

Control arm
(standard medical therapy)
16 ICD

A

Assessment visit
visit 2 (week -2)

A

Assessment visit
visit 3 (week 0)

v

1 month follow-up
visit 4 (week 4)

v

3 months follow-up
visit 5 (week 12)

v

6 months follow-up
visit 6 (week 24)

Figure 14.3

SEISMIC study flowchart. ICD, implantable cardioverter-defibrillator.
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Transvenous approach

Endoventricular catheter systems, currently
utilized for intramyocardial injections of therapeu-
tic agents, have limited stability, since the catheter
does not follow heart movements. Furthermore,
the injection pressure with endoventricular
systems can be destabilizing and can cause expul-
sion of the needle tip from the injection site.
The puncture site after needle withdrawal from a
short injection channel may cause therapeutic
agent leakage back into the ventricle. Such a back-
flush of cells to be transplanted may lead to the
presence of graft cells in the systemic circulation
and/or a diminished number of cells delivered to
the target area. Moreover, for endoventricular
systems in which the needle is directed per-
pendicular to the inner surface of the cardiac mus-
cle wall, a relatively thin postinfarction scar is
currently a contraindication (see above).

A mnovel catheter-based endovascular system
for direct myocardial injection using intravas-
cular ultrasound (IVUS)-guided needle punctures
via the coronary venous system (TransAccess;
TransVascular Inc.) has been developed.???
Briefly, the TransAccess catheter (Figure 14.4) is
a monorail composite catheter system combin-
ing a phased-array IVUS and a preshaped nitinol
needle. After the TransAccess system is placed in
the target coronary vein, through the coronary
sinus, intravascular orientation is performed
using the corresponding artery, pericardium, and
ventricular myocardium as landmarks with IVUS
imaging. After confirmation of the appropriate
TransAccess catheter position, the nitinol needle
is extended into the myocardium and a microin-
fusion catheter (IntraLume; TransVascular Inc.) is
then advanced through the needle deep into the
myocardium with simultaneous cell injection.

The potential advantages of the TransAccess
system are that it moves with the heart wall
(residing deep within the coronary vein) and
allows for advancement of the micro lumen
injection catheter in a tangential direction with
the myocardial tissue. In such a way, cells may be
injected in long tracks in the target area, and less
cell loss is anticipated with injections that are of
a length measured in centimeters rather than
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Figure 14.4 TransAccess (TransVascular Inc.) catheter
tip. Note the intravascular ultrasound transducer at

the end of the catheter and the preshaped needle with an
IntraLume microcatheter tip advanced through the needle.

millimeters. Clinical experience with the device
indicates that deep (up to 4 cm) channels are cre-
ated during injections to deliver the cells to the
target area (Figures 14.5 and 14.6). This was eas-
ily performed with minimal myocardial trauma,
reflected by an absence of significant troponin
elevation.?** It is believed that injections during
the advancement of the micro-lumen catheter
form a channel produced by liquid pressure,
which limits myocardial trauma. Furthermore, a
thin postinfarction scar is not a contraindication
for the TransAccess system, as the injections are
parallel to the ventricular wall.

Although coronary sinus catheterization
requires additional training even for an experi-
enced interventionalist, it seems that [IVUS-guided
needle injection (Figure 14.7) provides appropri-
ate accuracy for intramyocardial advancement of
the micro-lumen injection catheter.

Initial clinical experience, including that
obtained from the POZNAN trial,>* shows that in
the majority of cases, it is possible to perform
intramyocardial injections using the TransAccess
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Figure 14.5 Procedural steps. (a) Coronary artery visualization in the left anterior oblique (LAO) 30° view.
(b) Administration of contrast medium via a guiding catheter placed in the coronary sinus in the LAO 30° view.
Note the balloon inflated at the tip of the guiding catheter to slow the outflow of the contrast medium.

(c) Coronary venogram in the right anterior oblique (RAO) 40° view. (d) Placement of the TransAccess catheter
system in the anterior interventricular vein and injection of the cell suspension via the IntraLume microcatheter
into the anterior wall myocardium (the arrow indicates the microcatheter tip).

system. The visibility of the coronary artery
parallel to the target coronary vein is good and
allows safe intramyocardial needle injections
with limited risk of artery puncture. Simultane-
ously recorded coronary angiograms, serving as
landmarks, allow precise advancement of the
micro-lumen catheter in the remote target area
up to 4 cm deep within the injured myocardium.
It should be noted that use of the middle cardiac
vein, parallel to the posterior descending coro-
nary artery, is also possible (Figure 14.6). In the
POZNAN trial, in four cases, the TransAccess sys-
tem was advanced closer to the apical segments
of the LV with the middle vein rather than the

anterior interventricular vein.** Lack of proce-
dural success in one patient, related to an inabil-
ity to position the guiding catheter appropriately
across the venous valve present at the bifurcation
of the great cardiac vein, suggests a need for
better coronary sinus guiding catheter design
(10Fr guiding catheters were used). It may be
speculated that newer and probably smaller guid-
ing catheters will allow smooth crossing of the
coronary venous valves.

In the POZNAN trial, two to four intramyocar-
dial injections 1.5-4.5cm deep were performed
in each patient, delivering up to 10% cells in
0.6-2.5 ml of saline. During 6 months’ follow-up,
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Figure 14.6  Procedural steps. (a) Coronary artery visualization in the right anterior oblique (RAO) 30° view. (b) The
guiding catheter is placed in the coronary sinus and oriented to the middle cardiac vein with the guidewire advanced
along the vein. (c) Administration of contrast medium to evaluate the anatomy of the proximal part of the middle
cardiac vein. (d) Advancement of the needle from the TransAccess catheter placed in the middle cardiac vein and
further advancement of the IntraLume microcatheter via the needle into the myocardium, with its tip (arrow) being
placed in the apex.

Figure 14.7 Intravascular ultrasound images obtained from the cardiac venous site. Note the visibility of the

pericardium (large arrows) and the coronary artery parallel to the vein (small arrows), enabling orientation of the
TransAccess catheter system.
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the NYHA class improved in all patients and the
LVEF increased 3-8% in six out of nine cases.***

At the Thoraxcenter, Rotterdam, three patients
have been successfully treated with intramyocar-
dial skeletal myoblast injections using the trans-
venous approach, and it is planned that other
patients will soon follow. This technique of
delivery appears to be safe and feasible. However,
many more studies are needed to clarify the clin-
ical advantages of the transvenous versus the
endocardial route.

Myoblast Safety Issues:
Focus on Arrhythmia

It is well known that the composition and
electromechanical properties of myocardial and
skeletal muscle tissues differ significantly.
Cardiac cells, having specialized cell-cell junc-
tions, even though separated from one another,
act together in synchronization. Junctions, rep-
resented morphologically by intercalated disks,
contain adherens and gap junctions for mechan-
ical and electrical coupling. Cardiac tissue gap
junctions contain the connexin 43 transmem-
brane protein by which an electrical current
can be rapidly and freely conducted.?® Although
certain data suggest that skeletal myoblasts
may acquire a few characteristics of cardiomy-
ocytes,'>?” it can generally be assumed that the
grafted cells do not transdifferentiate and that
they retain morphologic and electrophysiologic
properties of skeletal muscle. It is speculated that
satellite cells are not able to form intercellular
junctions characteristic of cardiomyocytes.

On the other hand, it has been shown that the
lack of junctions between grafted cells and host
tissue does not preclude improvement in LV
contractile function.”” This positive effect on con-
tractility seems to last over time and is correlated
with the number of implanted cells.?® Results of
experimental studies performed on myocardial
wound strips have shown that skeletal myoblast
grafts do contract when exogenously stimu-
lated.? Reinecke et al** showed that cardiomy-
ocytes and skeletal myoblasts, when placed in
coculture, form a synchronous beating network.
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On microscopy, these researchers even revealed
the presence of N-cadherin- and connexin 43-
mediated junctions between skeletal myoblasts
and cardiomyocytes, 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 connexin
43, which is undetectable in more mature in vivo
cells.*! Tt has been suggested that transplanted
cells can contract synchronously even in the
absence of connections between cells, because a
simple stretch may initiate contraction.*?

In discussing the issue of connections between
host and transplanted cells, it should be observed
that scar tissue has the potential to isolate any
kind of injected cells. The scar in itself forms a
physical barrier, which impedes electromechani-
cal coupling. Therefore, for any kind of cell ther-
apy based on excitation of graft by host tissue,
regardless of any special cell-cell junction, this
issue needs to be addressed.

The inability of skeletal myoblasts to trans-
differentiate into cardiomyocytes and to form junc-
tions with neighboring cells may create a substrate
for ventricular reentry arrhythmia. Indeed, current
experimental and clinical data suggest a possibility
of increased risk of arrhythmogenicity.

Menasché et al'* implanted automatic ICDs
(AICDs) in 4 out of 10 patients undergoing autol-
ogous skeletal myoblast transplantation due to
sustained episodes of ventricular tachycardia. In
the first European multicenter trial, one death
occurred due to arrhythmia soon after the proce-
dure. As a consequence, enrollment was stopped
and the protocol amended so that all patients
scheduled, before treatment, would have under-
gone AICD implantation. In a patient treated in
Rotterdam a second death occurred 2 weeks after
the procedure due to an electrical storm. The
patient was resistant to multiple AICD shocks.
The fact that, for this trial, end-stage cardyomy-
opathy was carefully selected for treatment
makes it very difficult to draw clear conclusions
from any these arrhythmic events: were these
events related to the natural history of the
disease or were they related to the procedure in
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itself? Further, it appears that the prophylactic
use of amiodarone significantly helps reduce
arrhythmic events in all patients, and, for those
without an ICD, external defibrillators are also
available as a precautionary measure.

In the POZNAN CABG phase I experience,'>!¢
episodes of sustained ventricular tachycardia were
observed in two patients during the early post-
operative period, but prophylactic amiodarone
administration in other patients prevented
episodes of ventricular tachycardia, and no amio-
darone treatment was continued later than 6
weeks during follow-up. This corresponds to the
experience of Menasché et al. Later, during the
follow-up period, only one of the four AICD
patients experienced asymptomatic episodes of
ventricular tachycardia. On the other hand, obser-
vations from the percutaneous series in the POZ-
NAN trial, indicate successful prevention of cell
transplantation-related ventricular arrhythmia by
prophylactic amiodarone administration, per-
haps suggesting that AICD implantations are not
necessary in all patients undergoing myoblast
transplantations.?*

On the basis of published data from clinical
studies, including our own experience, we
believe that the possible arrhythmogenic effect
of myoblast transplantation is present only in
the initial weeks after the procedure. It may be
speculated that this arrhythmogenic effect is
more probably related to the mechanics of trans-
plantation, including myocardial puncture and
the inflammatory response to transplanted cells,
some of which die after injection, than to possi-
ble problems with electromechanical coupling
between newly developed myocytes and car-
diomyocytes. Possible electromechanical cou-
pling problems would result in late arrhythmia
as cells differentiate (downregulation of connexin
43 and N-cadherin) — a situation that has not
been observed in clinical trials thus.

However, it should be noted that no arrhythmic
events have been reported so far in patients
receiving bone marrow or circulating progenitor
cells, possibly suggesting that the type of cells,
rather than the methods employed to deliver
them into the myocardium, could play a role in
the genesis of arrhythmias.
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At present, considering the small numbers of
patients who have undergone autologous skeletal
myoblast transplantations, it is difficult to pre-
dict whether these cells are really arrhythmo-
genic; this is especially so considering that
patients with ischemic LV dysfunction frequently
develop ventricular arrhythmia as part of their
natural history. Nevertheless, future studies of
cell transplantation in patients with postinfarc-
tion heart failure will have to focus on the poten-
tial arrhythmogenic effect of these cells. A clear
overview of the safety profile of this new therapy
is necessary in order to plan randomized investi-
gations powered to assess efficacy.
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chapter 15

Angiogenesis and Cell Therapy
for Peripheral Arterial Disease

Veerappan Subramaniyam, Andrew Zurick, and Arshed A Quyyumi

Introduction

Peripheral arterial disease (PAD) affects approx-
imately 8-10 million people in the USA.
Intermittent claudication, the most common
symptom of PAD, affects approximately one-
third to one-half of those with the disease.
Critical limb ischemia is a severe manifestation
of PAD in which the viability of the limb is
threatened because the resting metabolic needs
of the tissue are not met by the available blood
supply. Patients develop pain, ulcers, or necrosis
of the most distal parts of the limb.
Approximately 10% of people with claudication
progress to critical limb ischemia within
5 years, and roughly 25% of patients with critical
limb ischemia require a major amputation.'

Current Therapy

Therapy directed specifically at PAD will not
improve the patient’s life expectancy, which
is shortened by coronary and cerebral arterial
disease. However, improving functional inde-
pendence, not just the length of life, is an impor-
tant element in promoting the health of this
group. Currently available therapeutic options for
the management of intermittent claudication
include exercise, pharmacologic therapy, and
mechanical revascularization.

Multiple controlled trials have demonstrated
that both the initial walking distance until onset
of claudication and the absolute claudication dis-
tance improve in patients who receive supervised

exercise rehabilitation.*® Pentoxifylline and
cilostazol are the only Food and Drug Admi-
nistration (FDA)-approved drugs for the treat-
ment of intermittent claudication in the USA.
Pentoxifylline, a methylxanthine with favorable
rheologic effects, may benefit some patients with
claudication, although results are conflicting.*
Cilostazol, a specific inhibitor of cyclic adenosine
monophosphate (cAMP) phosphodiesterase in
platelets and vascular smooth muscle cells, has
vasodilator and antiplatelet properties. Several
controlled trials have found that compared with a
placebo, cilostazol produces a modest increase
(about 40 meters) in walking distances.*
Indications for mechanical revascularization
include limb-threatening ischemia and disabling
claudication refractory to medical therapy.
Endovascular repair is the treatment of choice
in unifocal stenoses without total occlusion.
Stenting is especially effective in the iliac artery,
success rates exceeding 90% in all series. Major
complications occur in less than 6% of all
endovascular procedures: 0.2% mortality, 2.5%
need for surgery, and 0.2% limb loss. For more
complex, multifocal and totally occluded lesions,
surgical intervention is needed. The combined
mortality and amputation rate is approximately
2.2% for aortofemoral, 1.4% for femoropopliteal,
and 2.0% for distal reconstructions.® A substantial
number of patients are not candidates for
revascularization procedures because of unsuit-
able anatomy or medical comorbidities. Still
others would prefer not to subject themselves to
the risks of revascularization procedures if relief
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of symptoms could be obtained through other
means.

Therapeutic Angiogenesis

Angiogenic growth factors

In the last several years, there has been signifi-
cant interest in developing angiogenic therapies
to provide novel approaches for the treatment of
limb ischemia. A variety of different growth fac-
tors have been identified to promote angiogene-
sis by stimulating endothelial and smooth
muscle cell proliferation and migration, as well
as tissue degradation. Two of these growth fac-
tors, acidic/basic fibroblast growth factor (FGF)
and vascular endothelial growth factor (VEGE),
have been well studied clinically. Despite promis-
ing results from the initial animal and phase I
clinical studies of FGF and VEGE®’ phase II trials
have failed to extrapolate those results into the
therapeutic realm.® The TRAFFIC study was a ran-
domized, double-blind, placebo-controlled study
of intra-arterial recombinant basic FGF (bFGFE,
also known as FGF-2) in patients with intermit-
tent claudication. Subjects received a placebo on
days 1 and 30, or bFGF on day 1 and a placebo
on day 30, or bFGF on days 1 and 30. The pri-
mary finding was that compared with a placebo,
a single dose of bFGF increased the peak walking
time by 1.17 minute at 90 days. There was no
difference, however, between the placebo and a
double dose of bFGF at 90 days and no difference
between any of the groups in peak walking time
at 180 days. Additionally, there was no inter-
group difference in the pain-free walking time at
any time point, and only a marginal increase in
the ankle-brachial index was documented at 90
days in the bFGF-treated group. This an effect did
not persist at 180 days.’

The RAVE trial was a phase II, randomized,
double-blind, placebo-controlled study of aden-
oviral VEGF gene transfer in patients with inter-
mittent claudication. Patients were randomized
to low-dose VEGF, high-dose VEGE, or a placebo,
administered as an intramuscular injection into
the more ischemic leg. The primary efficacy
endpoint, a change in peak walking time at 12
weeks, did not differ between the placebo,
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low-dose, and high-dose groups. Secondary
measures of the ankle-brachial index and claudi-
cation onset time were also similar among the
groups at 12 and 26 weeks.!” The disappointing
results of these and other large trials of growth
factor-induced angiogenesis dampened the
enthusiasm for its potential therapeutic applica-
tion. However, newer therapeutic approaches
that enhance the formation of collaterals have
since been recognized.®

Bone marrow cell therapy

Embryonic blood vessel development is believed
to originate as a “blood island” comprising
angioblasts at the periphery and hematopoietic
stem cells (HSCs) at the center. In addition to this
spatial association, angioblasts and HSCs share
certain antigenic determinants, including CD34
and VEGF receptor 2 (VEGFR-2, also known
as FLK-1/KDR), and HSCs from peripheral blood
can provide sustained hematopoietic recovery.
Unifying these concepts, Asahara et al'' hypo-
thesized that peripheral blood contains cells that
can differentiate into endothelial cells (ECs). These
reseachers exploited two antigens that are shared
by angioblasts and HSCs to isolate putative
angioblasts from the leukocyte fraction of periph-
eral blood. CD34 is expressed by all HSCs but is lost
by hematopoietic cells as they differentiate. Many
cells, including most activated ECs in the adult,
also express CD34. VEGFR-2 is also expressed by
both early HSCs and ECs but ceases to be expressed
during hematopoietic differentiation.

CD34" mononuclear blood cells isolated from
human peripheral blood and plated on fibronectin
became attached and spindle-shaped and pro-
liferated for 4 weeks. Attached cells were generally
not observed among CD34" mononuclear blood
cells. However, co-incubation of CD34* and CD34~
populations increased the proliferation rate to
more than 10 times that of CD34" cells plated
alone. These clusters comprised round cells cen-
trally and sprouts of spindle-shaped cells at the
periphery, resembling blood island-like cell clus-
ters. CD34" cells progressed to an endothelial phe-
notype, expressing CD34, CD31, VEGFR-2, Tie-2,
and E-selectin, and possessed endothelial constitu-
tive nitric oxide synthase (eNOS).!"
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To determine if CD34" cells contribute to angio-
genesis in vivo, Asahara et al'! used animal
models of hind-limb ischemia. Two days after uni-
lateral hind-limb ischemia was surgically induced,
5x10° labeled human CD34* or CD34" cells were
injected into the tail vein of immunodeficient
mice. Histologic examination 1-6 weeks later
revealed numerous labeled cells in the neovascu-
larized ischemic hind limb. Nearly all labeled cells
appeared integrated into capillary vessel walls. In
CD34*-injected mice, 13.4% of all CD31* capillar-
ies contained labeled cells, compared with 1.6% in
CD34- injected mice. By 6 weeks, labeled cells
were clearly arranged into capillaries among pre-
served muscle structures. Similar findings were
observed with VEGFR-2" cells. Taken together,
these experiments suggest the presence of a circu-
lating endothelial progenitor cell (EPC) within the
CD34" or VEGFR-2* fraction of peripheral blood
mononuclear cells (PBMNCs).

Subsequently, Asahara et al'> employed bone
marrow transplantation models to demonstrate
that these CD34*VEGFR-2* EPCs originated
from the bone marrow. Immunodeficient mice
underwent bone marrow transplantation from
transgenic mice constitutively expressing
B-galactosidase (lacZ) transcriptionally regulated
by an EC-specific promoter, VEGFR-2, or Tie-2.
Reconstitution of the transplanted bone marrow
yielded mice in which expression of lacZ was
restricted to bone marrow cells expressing
endothelial cell markers. lacZ expression was
used to assess the contribution of bone marrow-
derived EPCs in various physiologic and patho-
logic neovascularization models. In a murine
model of hind-limb and myocardial ischemia,
lacZ* EPC colonies were observed in tissue stroma
at sites of ischemia and were incorporated into
capillaries among myocytes.

Ischemia mobilizes EPCs from the bone
marrow into the peripheral circulation. Takahashi
et al'® assayed EPC kinetics for frequency and
differentiation during severe tissue ischemia using
mouse and rabbit models. The EPC-enriched pop-
ulation in circulating blood and EPC colony for-
mation increased after the onset of ischemia,
peaking at day 7. The effect on neovascularization
of ischemia-induced EPC mobilization was

assessed by the mouse cornea micropocket assay.
Fluorescent photomicrographs 7 days after
ischemia showed that neovascularization of avas-
cular mouse corneas was greater in mice with
hind-limb ischemia than in nonischemic sham-
operated control mice (p<0.05).

The mechanism by which circulating EPCs
“home” to the ischemic bed is complex and
not yet completely understood. Among the
many substances proclaimed to play a role in this
process, VEGF is believed to be vital, because it is
released by ischemic tissues, increases EPC activ-
ity and differentiation, and chemoattracts EPCs
through VEGFR-2. The CXCR4 receptor found
on EPCs also appears to have an important func-
tion in guiding these cells to the ischemic area
via its interaction with stromal cell-derived
factor 1o (SDF-1a), a chemokine upregulated in
ischemic tissues.'*'> Recent reports also suggest
roles for B, integrins and the protease cathepsin
L in the homing process.'®!”

Finally, some recent studies suggest that bone
marrow-derived cells do not directly incorporate
into growing vasculature, but rather may medi-
ate their effects by creating a favorable milieu for
angiogenesis. They have been hypothesized to be
the source of growth factors, cytokines, and vari-
ous proteinases. Ziegelhoeffer et al'® used high-
resolution laser scanning confocal microscopy
in a bone marrow transplantation/hind-limb
ischemia mouse model and failed to colocalize
labeled bone marrow cells with endothelial or
smooth muscle cells in neovasculature. These
researchers did, however, observe a threefold
increase in the accumulation of labeled bone
marrow cells adjacent to growing collateral arter-
ies versus in the nonoccluded limb. Other
researchers have corroborated this view. Kinnaird
et al' further examined the role of paracrine
mechanisms in bone marrow cell therapy.
Normal human bone marrow stromal cells
(BMSCs) were cultured under normoxic or
hypoxic conditions, and their gene expression
profile was determined. A wide array of arterio-
genic cytokine genes were expressed at baseline,
and several were induced >1.5-fold by hypoxic
stress. After removal of the cells, the culture
media from these experiments promoted in vitro
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proliferation and migration of endothelial and
smooth muscle cells in a dose-dependent man-
ner; anti-VEGF and anti-FGF antibodies only par-
tially attenuated these effects. In a murine
hind-limb ischemia model, murine BMSC culture
media enhanced collateral flow recovery and
remodeling, improved limb function, reduced the
incidence of auto-amputation, and attenuated
muscle atrophy compared with control media.
These data imply that paracrine signaling may be
an important mediator of bone marrow cell ther-
apy in tissue ischemia and that cell incorporation
into vessels is not a prerequisite for their effects.

EPCs may play a role in vascular homeostasis by
contributing to ongoing endothelial repair,
as well. The relationship between cardiovascular
risk profile, endothelial dysfunction, and circulat-
ing EPC activity was examined in a study of 45
healthy male subjects. Endothelial function was
measured using flow-mediated vasodilatation of
the brachial artery, and EPC activity was assessed
according to the number of colonies formed by
PBMNC:s plated on fibronectin. The magnitude of
endothelial dysfunction correlated with reduced
EPC activity (r=0.6, p<0.001). In fact, EPC activ-
ity was a stronger predictor of endothelial func-
tion than was the Framingham cardiovascular risk
score. Analysis of the subgroup with a high risk
score revealed that endothelial function was
depressed only in those with low EPC counts and
that the group with a high risk score and high EPC
activity had preserved endothelial function.*

Despite the controversy regarding how bone
marrow cells mediate neovascularization and
endothelial repair, there is strong evidence for
the therapeutic potential of these cells. Indeed,
many groups have investigated the potential of
bone marrow cell therapy in various ischemic
vascular diseases. Two main approaches have
been employed: transplantation of bone marrow
(-derived) cells and mobilization of bone marrow
cells. Here, we will explore these two approaches
as applied to the treatment of limb ischemia.

Cell transplantation

Preclinical studies
There is considerable evidence to support cell
transplantation for induction of therapeutic
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angiogenesis in animal models of hind-limb
ischemia. Various types of cells and routes of
administration have been utilized. The types of
cells studied can be divided into two broad cate-
gories: ex vivo-expanded EPCs and freshly isolated
EPC-enriched populations. The ex vivo-expanded
EPCs are typically isolated by culture of mononu-
clear cells from peripheral blood, cord blood, or
bone marrow. The EPC-enriched populations are
obtained by various cell separation techniques,
including flow cytometry and density gradient
centrifugation of peripheral blood or bone mar-
row. Cell populations believed to be rich in EPCs
include peripheral blood CD34* or VEGFR-2* cells,
bone marrow mononuclear cells (BMMNCs), and
BMSCs. Some of these subsets also contain other
cells that may play supporting roles in the process
of neovascularization. Intravenous, intraarterial,
intracardiac, and intramuscular routes of adminis-
tration have been used.

Based on the findings reported by Asahara
et al,'"'? Schatteman et al?! showed that human
CD34" cells could accelerate the rate of blood
flow restoration in diabetic mice undergoing
neovascularization due to hind-limb ischemia.
Murohara et al*?> showed that transplantation of
EPCs isolated by culture of CD34* mononuclear
cells from human umbilical cord blood and adult
peripheral blood augmented neovascularization
and blood flow in the ischemic hind limb. Kalka
et al** confirmed that transplantation of ex vivo-
expanded human EPCs resulted in blood flow
recovery and reduced the rate of limb loss in
mouse models. One day after operative excision
of one femoral artery, athymic nude mice
received an intracardiac injection of 5x10°
culture-expanded EPCs. By day 28, the ratio of
ischemic/normal blood flow had improved by
approximately twofold in EPC-transplanted
mice compared with control mice, and the rate
of limb salvage was six- to sevenfold higher.

These experiments demonstrated that EPCs iso-
lated by culture of mononuclear cells are effective
in enhancing blood flow. Shintani et al** took
the next logical step and performed direct local
transplantation of autologous BMMNCs instead
of culture-isolated EPCs. Unilateral hind-limb
ischemia was surgically induced in 27 rabbits,
and autologous BMMNCs (6.9 x10° cells/animal)
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or bone marrow fibroblasts (6.5x10° cells/
animal) or saline were injected at six different
points in the ischemic thigh muscles on postop-
erative day 7. Four weeks after transplantation,
the BMMNC-transplanted group had more angio-
graphically detectable collateral vessels, a higher
capillary density, and a greater laser Doppler
Sperfusion index than the controls. Subsequently,
numerous studies have supported the concept of
BMMNC transplantation in ameliorating blood
flow in ischemic hind-limb models.?*?¢

BMSCs, which include EPCs and are considered
to be present in the monocytoid and/or lym-
phocytoid fractions of BMMNCs, have also been
evaluated for their angiogenic potential. Three
weeks after ligation of the common iliac artery,
5x10° autologous BMSCs were injected into
the ischemic thighs of male rats. BMSCs were
found to differentiate into endothelium, vascular
smooth muscle, skeletal muscle, and adipocytes.
Four to six weeks after cell transplantation, the
BMSC-treated limbs had greater vascular and arte-
riolar density, a greater ischemic/normal femoral
artery flow index, and higher angiographic
collateral reconstitution of the femoral artery.?’

As discussed previously, the mechanism by
which bone marrow cells enhance blood flow
restoration is not clearly defined, and some inves-
tigators have suggested that paracrine effects may
be important. PBMNGCs, platelets, and polymor-
phonuclear leukocytes are known to synthesize
and release high levels of various angiogenic sub-
stances but contain a low frequency of CD34*
cells. Iba et al® have demonstrated that implan-
tation of PBMNCs and platelets into ischemic
limbs can also effectively induce collateral vessel
formation, but these findings were not confirmed
by earlier studies that used these cells as controls.
Implantation of 10° or 10° human marrow CD34*
cells (an EPC-enriched population) led to incorpo-
ration into some capillaries, whereas implantation
of 10* CD34" cells did not cause any detectable
incorporation. Iba et al?® compared the angio-
genic potential of BMMNCs and PBMNCs iso-
lated from patients with peripheral arterial
disease. BMMNCs contained approximately 100-
fold greater numbers of CD34" cells (2.4%) than
did PBMNCs (0.02%), and when implanted in
equal numbers (107 cells) into ischemic rat limbs,

the angiogenic effect of BMMNCs was about 50%
higher. Taken together, these observations suggest
that the paracrine signaling mechanisms of trans-
planted cells may play a greater role in mediating
their angiogenic effect than their ability to incor-
porate into growing vessels.

EPC transplantation using gene-modified EPCs
has been attempted to enhance the angiogenic
effect. Iwaguro et al?’ investigated the impact of
human VEGF-transduced EPC administration on
neovascularization in a murine model of hind-
limb ischemia. One day after excision of one
femoral artery, athymic nude mice received an
intravenous injection of 1.5x10* VEGF-EPCs
or nontransduced EPCs. The ratio of ischemic/
normal hind-limb blood flow and the rate of
limb salvage were significantly higher in mice
transplanted with VEGF-transduced EPCs.

Clinical studies

Based on these preclinical observations, prelimi-
nary clinical studies have been performed.
Tateishi-Yuyama et al®** administered autologous
BMMNC:s into ischemic muscles of patients with
critical limb ischemia, including those with non-
healing ulcers (22%) and gangrene (40%). In their
initial unmasked pilot study, these researchers
injected 25 patients who had unilateral limb
ischemia with BMMNCs in the more ischemic leg
and saline in the less ischemic leg. The cells were
administered into 40 sites over a 3x3 cm area in
the gastrocnemius muscle. The limbs injected
with BMMNCs showed improvements in the
ankle-brachial index, transcutaneous oxygen
pressure, and rest pain score at 4 and 24 weeks of
follow-up, while the saline-injected limbs showed
no changes (Table 15.1). The pain-free walking
time increased by 3.5 minutes at 24 weeks. The
second part of this study had a randomized, con-
trolled, double-blinded design. Twenty-two
patients with bilateral leg ischemia were injected
with BMMNCs in one leg and PBMNCs in the
other leg as a control. The authors considered
PBMNCs to be a more appropriate cell control
than saline, since BMMNCs are contaminated by
peripheral blood (about 10% of marrow cells)
during the marrow aspiration procedure, and the
number of CD34" cells, including EPCs, is at least
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Table 15.1 Clinical studies of cell transplantation in limb ischemia

Study Cell No. of  Follow-up TcO, PFWT
Study n  design type cells (weeks) ABI (mmHg) (min)
Tateishi- 25 Controlled, BMMNC 1.6x10° 24 To.11 T16 T35
Yuyama unblinded vs saline (p<0.001) (p<0.001) (p<0.001)
et al*®
(group A)
Tateishi- 20 Controlled, BMMNC vs 1.5x10° 24 10.09 T12 T1.4
Yuyama blinded PBMNC (p<0.001) (p<0.001) (p<0.001)
et al*®
(group B)
Esato 8 Uncontrolled BMMNC 4x108 - 4 No NA NA
et al*® 1.5%x10'" change
Higashi 7 Uncontrolled BMMNC 1.6x10° 24 T0.06 T8 T2.1
et al*! (p=0.06) (p=0.03) (p=0.02)
Miyamoto 12  Uncontrolled BMMNC 4.0x10° 4 T0.08 NA 152
et al*? +platelets (p=0.055) (p=0.034)

T, increased; All studies used autologous cells and an intramuscular route of administration. ABI, ankle-brachial

index; BMMNC, bone marrow mononuclear cells; NA, not available; PBMNC, peripheral blood mononuclear

cells, used as a control; PFWT, pain-free walking time; TcO,, transcutaneous oxygen pressure.

100-fold lower in PBMNCs than in BMMNCs.
Two patients discontinued the study due to clini-
cal worsening before the 4-week follow-up. In the
BMMNC-treated legs, 4 weeks after transplanta-
tion, the ankle-brachial index, transcutaneous
oxygen pressure, and angiographic scores for
new collateral vessel formation increased signifi-
cantly (Table 15.1). In the PBMNC group, there
was no significant change in these measures.
Subjectively, the rest pain score improved by 2.2
units on a 0—4 scale in the BMMNC limbs and by
1.4 units (p<0.03) in the PBMNC limbs; the
pain-free walking time increased significantly
(by 1.2 minutes), and the improvement persisted
for 24 weeks post transplantation. Interestingly,
ischemic ulceration or gangrene was improved in
just under half of all limbs, allowing successful
salvage of these legs. No adverse events were
reported.

Higashi et al*’ examined the value of cell
therapy for improving endothelial dysfunction

in addition to the standard markers of PAD such
as the ankle-brachial index, transcutaneous
oxygen pressure, and pain-free walking time in
seven patients with rest pain and/or nonhealing
ulcers. Leg blood flow was measured by strain-
gauge plethysmography, and endothelial func-
tion was measured by the leg blood flow
response to intrafemoral acetylcholine. Intra-
muscular BMMNC transplantation ameliorated
the group’s average basal leg blood flow from
1.7 to 2.0ml/min per 100ml of tissue after
24 weeks and enhanced endothelial function in
response to acetylcholine. The transcutaneous
oxygen pressure and pain-free walking time also
improved, but the ankle-brachial index did not
change significantly (Table 15.1).

Miyamoto et al*’ investigated the safety and
efficacy of autologous BMMNCs plus platelets in
12 patients with severe chronic PAD, including
those with non-atherosclerotic vasculitic condi-
tions. Nineteen limbs and hands with severe
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ischemia were injected with an average of
4.0x 107 cells and followed for 4 weeks. Rest pain
improved in 11 of the 12 patients. Technetium-
99m (*™Tc)-tetrofosmin perfusion scintigraphy
demonstrated an improvement in proximal
limb perfusion, and there was an improvement
in the pain-free walking time and a trend toward
improvement in the ankle-brachial index
(Table 15.1). Esato et al*® studied autologous
BMMNC transplantation in eight patients with
advanced PAD in whom traditional treatments
had failed. Four of the patients had arteriosclero-
sis obliterans and the other four had throm-
boangiitis obliterans. All but one of them had rest
pain or ischemic ulcers. Nine limbs received intra-
muscular administration of 4x10%-1.5x10'"
BMMNC:s in multiple sites within the affected area.
At 4 weeks, subjective symptoms were improved
in 7 of the 8 patients, without an appreciable
change in the ankle-brachial index. Although the
small sample size precludes a definitive conclu-
sion, the outcomes in this study seem to correlate
with the number of cells implanted. No relative
toxicity was observed in any of the patients.

All of these studies have employed small
numbers of patients. Many of the studies have
been uncontrolled and can only be considered
preliminary in their conclusions. However, there
are some promising trends in these early clinical
investigations of bone marrow cell transplanta-
tion for limb ischemia. Large, randomized,
placebo-controlled studies should be pursued to
confirm these findings.

Cell mobilization

Mobilization of endogenous EPCs from the
bone marrow may be an alternative strategy for
induction of therapeutic angiogenesis. Cytokines
such as granulocyte-macrophage colony-
stimulating factor (GM-CSF), granulocyte
colony-stimulating factor (G-CSF), and erythro-
poietin (Epo); growth factors such as VEGE,
placental growth factor, and angiopoietin-1;
chemokines such as SDF-1; hormones such as
estrogens; statins, and exercise have all been
shown to mobilize EPCs. G-CSF and GM-CSF are
the most powerful, but also the most inflamma-
tory, of these mobilizing agents.
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Preclinical studies

Takahashi et al”® showed that in rabbits with
surgically induced hind-limb ischemia, circulat-
ing bone marrow-derived EPCs were augmented
after pretreatment with GM-CSF compared
with saline, with a corresponding improvement
in hind-limb neovascularization. Subcutaneous
GM-CSF pre treatment at 50ug/day for 7 days
resulted in almost a twofold increase in the cir-
culating EPC-enriched cell population (measured
by lack of expression of mature lymphocyte
and monocyte markers) and a fourfold increase
in EPC colony-forming units on assay (p<0.01
for both). Seven days after the induction of
ischemia, capillary density analysis by histologic
examination with alkaline phosphatase staining
showed 70% greater neovascularization in the
GM-CSF group compared with the control group
(p<0.01). There was also significant improve-
ment in the ischemic/normal hind-limb blood
pressure ratio (GM-CSF vs control, 0.71 vs 0.49;
p<0.01).

Clinical studies

In patients with coronary artery disease, subcuta-
neous G-CSF at 10 ug/kg/day for 5 days led to a
>30-fold rise in the EPC-enriched population of
CD34* CD133" cells, a response similar to that
observed in healthy subjects. Indices of platelet
and coagulation activation were not changed, but
C-reactive protein (CRP) increased from 4.5 to
8.6mg/l (p=0.017). Two out of 16 patients expe-
rienced serious adverse events potentially related
to G-CSF administration: one fatal and one non-
fatal myocardial infarction. There was no objec-
tive evidence of improvement in myocardial
ischemia at 3 months.*® Interestingly, a placebo-
controlled study of 42 patients receiving G-CSF
after adjunctive chemotherapy for breast cancer
showed improved endothelial function despite a
concomitant rise in CRP levels.*® G-CSF has also
been associated with an increased rate of resteno-
sis in some studies, although results are conflict-
ing.?”3% When compared with G-CSE*-*! GM-CSF
appears to produce a less robust mobilization of
CD34" cells but with a greater number of more
primitive cells. A placebo-controlled study of GM-
CSF in 10 patients with coronary artery disease
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demonstrated significantly improved collateral
flow without any complications.** Epo mobilizes
EPCs, increases capillary density, and improves
cardiac function in rats with post-myocardial
infarction heart failure.** Erythropoietin has also
been shown to mobilize CD34" CD45* circulating
EPCs in humans and may be preferable due to
its lower pro-inflammatory profile.** Finally,
well-accepted therapies such as statins and exer-
cise have now been shown to mobilize EPCs,
invoking a possible mechanism for their benefi-
cial effects beyond that attributable to lipid
lowering.*~

Two recent studies have examined bone
marrow cell mobilization for the treatment of
chronic limb ischemia. Van Royen and col-
leagues*® studied, in a placebo-controlled
manner, the effects of subcutaneous GM-CSF
(10mcg/kg qod for 14 days) in 40 patients with
moderate to severe intermittent claudication.
Although GM-CSF resulted in mobilization of
CD34* mononuclear cells, the change in walking
time, which was the primary endpoint of the
study, was not different between the placebo and
treated groups. No change in ankle-brachial
index was found with GM-CSF treatment at day
14 or at day 90. Interestingly, laser doppler
flowmetry measurements showed a significant
decrease in microcirculatory flow reserve in the
control group but no change in the GM-CSF
group. The authors concluded that this study did
not support the use of GM-CSF for the treatment
of intermittent claudication.

However, we demonstrated more promising
results in our study of a similar population of
patients.*’ Forty-five subjects with unrevascular-
izable PAD were randomized, in a double-blind
fashion, to either placebo or subcutaneous GM-
CSF thrice weekly for 2 weeks. GM-CSF increased
circulating CD34" mononuclear cells by 46%,
CD34*CD133" cells by 77% and EPC colonies by
31% at 2 weeks. Endothelial function, measured
as brachial artery flow-mediated dilation,
improved by 59% at 12 weeks after GM-CSF ther-
apy. Ankle-brachial index remained unchanged
in both groups. Pain-free walking time improved
by 38 seconds and total walking time increased
by 55 seconds at 12 weeks in the GM-CSF group
but did not change in the placebo group.
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Cell mobilization can be followed by peri-
pheral collection of progenitor cells and local
implantation. This combined strategy would
offer an advantage if the mobilized cells were to
have reduced homing capacity. Although there
have been no published investigations employ-
ing this approach in limb ischemia, studies
utilizing this approach are currently underway.

Summary of Therapeutic
Angiogenesis

Therapeutic angiogenesis for the treatment
of chronic limb ischemia (and other ischemic
conditions) has gained momentum with the
introduction of bone marrow cell therapy. Of the
two approaches discussed here, cell transplanta-
tion has received more attention and, hence, has
accumulated greater evidence of therapeutic
potential. Patients with unrevascularizable criti-
cal limb ischemia, who would otherwise require
an amputation, have the greatest potential to
benefit from a trial of autologous BMMNC trans-
plantation. In general, however, direct cell trans-
plantation is still in its infancy, and large
well-controlled trials with extended follow-up
are needed before this approach can enter
clinical practice. Future studies should include a
careful evaluation of safety endpoints, especially
given the reports of atherosclerotic plaque pro-
gression following EPC transplantation in exper-
imental models.’® Also, patients with stable
intermittent claudication need to be evaluated
separately from those with critical limb ischemia.
Preliminary investigations suggest that cytokine
mobilization of bone marrow is safe and may be
effective in the treatment of intermittent claudi-
cation. Head-to-head trials comparing cell trans-
plantation with cell mobilization need to
be performed in order to determine whether the
systemic increase in circulating EPC levels is
preferable to a local injection of progenitor cells.
In light of the evidence suggesting a paracrine
mechanism rather than direct incorporation
for the observed effects of cell therapy, admin-
istration of a “cocktail” of cytokines and/or fac-
tors produced by bone marrow cells is another
approach warranting further investigation. The
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possibility of identifying more potent, yet
safe, mobilizing agents with targeted mobili-
zation capability and the prospect of combin-
ing genetic engineering with bone marrow cell
therapy keep the future bright for therapeutic
angiogenesis.
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chapter 16

Concerns Regarding Stem
Cell Therapy from the
Clinical Perspective

Arjun Deb and Noel Caplice

Introduction

The traditional view of the heart as a postmitotic
organ incapable of regeneration has been chal-
lenged by animal and human data demonstrat-
ing the presence of extracardiac progenitors.'-
These progenitors offer great hope for augment-
ing cardiac repair post myocardial infarction.
Promising preliminary experimental data have
been greeted with enthusiasm by the clinical
community and have led to clinical trials of cell-
based cardiac therapy. Although one or more
definitive and pre-eminent cardiac progenitor
cells remain to be identified, putative sources of
such cells include bone marrow-derived progeni-
tor cells of hematopoietic, angioblastic, and mes-
enchymal lineages and, more recently, resident
cardiac stem cells.”” Clinical trials of cell therapy
in the heart so far have used cells of varying lin-
eages, with differing endpoints determining effi-
cacy. Moreover, many studies have used
heterogeneous mixtures of cells rather than a
purified or clonal population of a particular cell
type. Nothwitstanding differing cell types, differ-
ing endpoints, and the uncontrolled nature of
such clinical trials, cell-based therapy has shown
universal improvement in cardiac function.!%-"
Early clinical success has also led to questions
regarding the mechanisms of action and the
short- and long-term safety of cardiac cell therapy.
Although many beneficial mechanisms have

been postulated,*'*'® animal and human studies
to date have failed to point to a specific mecha-
nism underlying the improvement in cardiac
performance. Initial enthusiasm about stem cell
plasticity has also been tempered by recent
animal data demonstrating a lack of transdiffer-
entiation of hematopoietic progenitors following
injection into an injured heart.””?' The lack of
understanding of a precise mechanism has
led some basic science researchers to propose
slowing the pace of all clinical trials until the
true risks and benefits of such therapy can be
fully evaluated in more extensive animal studies.
Unfortunately, experimental models are an
imprecise predictor of subsequent clinical events,
and, more importantly, unanticipated clinical
adverse events may not always be detected in
preclinical models. A compromise approach to
further clinical trials of cell therapy may there-
fore be to proceed cautiously with larger, double-
blinded, randomized, controlled clinical trials
while adhering to the most rigorous safety stan-
dards applicable to pharmacologic clinical trials.

As the clinical community embarks on more
widespread application of cell therapy, one area
of particular concern is the appearance of previ-
ously unanticipated adverse effects. For instance,
cell-based de novo angiogenesis may improve the
contractile function of ischemic myocardium and
lead to symptomatic improvement in the short
term, but aberrant angiogenesis also has the
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Table 16.1 Potential adverse effects and safety monitoring required following administration

of stem cells

Potential adverse effects

Arrhythmias

Aberrant angiogenesis and plaque growth
Thrombosis

Restenosis

Malignant transformation

Distant organ-seeding events

Monitoring required

m  Symptom-related follow-up, event
monitor/Holter

m [VUS/MRI/CT to monitor plaque burden;
exercise caution in patients with diabetes or
occult tumors

m  Strict event-related follow-up of patients
to determine rates of thrombosis and
restenosis following PCl

IVUS/MRI/CT, intravascular ultrasound/magnetic resonance imaging/computed tomography; PCI, percutaneous

coronary intervention.

potential to do long-term harm both in diseased
vasculature and in the myocardium. Moreover,
optimization of cell therapy, including determi-
nation of the type of cell used, the timing and
route of infusion, and the establishment of rigor-
ous safety monitoring criteria, may be difficult if
the beneficial mechanisms of cell-based therapy
remain unknown. For example, systemic infusion
of cells may lead to improvement in myocardial
performance but could have deleterious effects on
other organs (multiorgan seeding). The clinical
profile of the patient may also be critically impor-
tant in determining the safety and efficacy of
these cells. The safety profile of these cells in
patients with ischemic cardiomyopathy may be
entirely different from the profile in those with
nonischemic cardiomyopathy. The interplay of
cellular, patient, and disease factors may therefore
determine not only the efficacy of therapy but
also potential short- and long-term adverse con-
sequences of treatment.

Importantly, clinical studies of cardiac cell
therapy to date have been safe and have not
reported any untoward adverse effects. However,
long-term data are still unavailable. Moreover,
therapeutic parameters regarding cell type, route
and timing of administration, and indications
for therapy in various disease states remain to be
defined. This chapter will review safety concerns

regarding cardiac cell therapy from a clinical
perspective and will discuss the broad interplay
of cellular factors, the clinical patient profile,
and the disease environment in determining the
potential adverse outcomes of cell-based cardiac
therapy (Table 16.1).

Safety Concerns Regarding
Cardiac Stem Cell Therapy

Adverse effects related to cell type
As the number of clinical trials increases and the
spectrum of cells and indications for cardiac
stem cell therapy widens, safety should remain a
primary concern. Safety issues may relate to the
cells used, the disease environment in which the
cells are delivered, and the underlying clinical
condition of the patient being treated. Cardiac
stem cell therapy trials have used numerous cell
types, including bone marrow-derived mono-
nuclear cells (BMMNCs), endothelial progenitor
cells (EPCs), and cells bearing specific cell surface
markers, such as CD133 (AC133) (Table 16.1).1!
Increased susceptibility to, or induction of,
new arrhythmias following infusion of stem cells
remains a potential risk. Early animal studies
of skeletal myoblast implantation in a canine
model of ventricular cryoablation demonstrated
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Table 16.2 Specific safety concerns related to the type of cell used for cell therapy

Cell type

Embryonic

Safety concerns

Teratoma, uncontrolled proliferation, abnormal differentiation,

immunogenicity, arrhythmias, cell fusion, chromosomal instability

Mesenchymal
Endothelial progenitor
Total bone marrow mononuclear

Arrhthymias, immunogenicity
Plaque angiogenesis, worsening atherosclerosis
Heterogeneous population, with difficulty in ascribing culpability

of potential adverse effects to one particular cell; in-stent
thromobosis; restenosis

CD133*

new myofiber formation but failed to show
electrical integration of engrafted myoblasts with
native myocytes.?>?* The potential risk of arrhyth-
mogenesis has been sufficiently demonstrated in
clinical applications of skeletal myoblast therapy**
that current trials utilizing skeletal myoblasts
require prophylactic implantable cardioverter—
defibrillator (ICD) placement.

The use of poorly characterized, undifferen-
tiated BMMNCs (as in many stem cell therapy
trials to date) raises the possibility of unexpected
outcomes. A study by Yoon et al*® demonstrated
intramyocardial calcification in 28% of animals
following injection of unfractionated cells in a
rat model of myocardial infarction. If these results
were replicated in humans, it is not difficult to
conceive a situation in which calcium deposition
within the myocardium could lead to depression
of ventricular performance and act as a nidus for
future arrhythmia propagation. Furthermore,
calcification within the conduction system
could lead to additional conduction disturbances
that might necessitate pacemaker implantation.
Such arrhythmogenic events or conduction
disturbances may conceivably manifest days
to months later, underlining the importance
of close yet long-term follow-up of patients
enrolled in these trials.

Stem cells have the ability to differentiate
along a particular tissue lineage as well as to pro-
duce progeny that maintain multipotentiality.*!
Unregulated differentiation of stem cells follow-
ing infusion in human subjects could have

Potential for unregulated growth

potentially deleterious consequences. The use of
embryonic stem cells (ESCs) may lead to ter-
atoma formation,”® and mesenchymal and bone
marrow-derived multipotent adult progenitor
cells (MAPCs) have been shown to differentiate
into various tissues belonging to different germ
layers.”?” Aberrant and uncontrolled differen-
tiation following infusion of these cells could
potentially lead to formation of noncardiac
tissue within the heart. For instance, differentia-
tion of a cardiac stem cell into a cell of fibroblast
lineage rather than a cardiomyocyte could have
adverse consequences on ventricular perfor-
mance and potentiate rather than retard scar for-
mation. Aberrant fibroblast differentiation could
also retard conduction, potentiating heart block.
Because the local and systemic factors determin-
ing differentiation pathways of infused stem cells
are largely unknown, we should remain cau-
tiously alert when infusing heterogeneous popu-
lations of cells (e.g., BMMNCs) into an area of
active inflammation and healing.

Uncontrolled proliferation of clonal cell popu-
lations within the heart may pose a specific risk
of developing malignant tumors. In one study,
stem cell antigen 1-positive (Sca-1*) cells were iso-
lated from the heart and injected into mice
following a myocardial infarction.’ Differentiation
and cell fusion accounted equally for new cardio-
myocyte formation. Cell fusion does not occur
naturally in the heart, and multiploid nuclei could
potentially lead to chromosomal instability and
oncogenic transformation. This theoretical risk in
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human subjects may warrant surveillance with
sophisticated imaging modalities to detect the
presence of tumors in subjects treated with clon-
ally expanded cell populations. The discovery of
a CD133" brain tumor stem cell in medulloblas-
tomas suggests that additional caution should be
applied in the systemic administration of these
cell lines.”®

Aberrant angiogenesis leading to worsening
atherosclerosis is another potential concern when
using vasculogenic precursor cells. Several animal
studies have now demonstrated a link between
mononuclear cell infiltration and angiogenesis-
induced plaque growth in rodent models.?
Moreover Moulton et al® have shown EPC infil-
tration in plaques in atherogenic mice following
genetically tracked bone marrow transplantation.
Thus, the current approach of infusing BMMNCs
carries the theoretical risk of worsening athero-
sclerosis. Bone marrow-derived smooth muscle
cells have also been detected in coronary artery
plaques in both animals and humans.*® These
cells are enriched 100-fold in diseased versus
undiseased segments of atherosclerotic vessels.
Although the precise function of these cells is cur-
rently unknown, it is conceivable that infusion of
bone marrow-derived precursors may lead to fur-
ther smooth muscle infiltration and proliferation
within the vessel wall, contributing to plaque
growth. Monitoring plaque growth by intravascu-
lar ultrasound (IVUS), magnetic resonance imag-
ing (MRI), or multislice computed tomography
(CT) may be warranted in these patients. Indeed,
it is important to consider the additional risk of
promoting plaque instability by neovasculariza-
tion of the adventitial and intimal layers of dis-
eased vessels.’’** Some studies have used growth
factors such as granulocyte colony-stimulating
factor (G-CSF) for mobilization of cardiac progen-
itors from the bone marrow.* It is interesting to
note here that gene therapy studies using growth
factors such as vascular endothelial growth factor
(VEGF) have shown worsening of atherosclerosis
and angioma formation in some experimental set-
tings.*® The effects of mobilizing a heterogeneous
population of cells by the use of growth factors
or cytokines that are indiscriminate in activation
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and recruitment capacity may pose a similar risk.
Recent data reported by Kang et al,* showing an
increased incidence of restenosis in the setting of
G-CSF and bone marrow cell administration in
the setting of percutaneous coronary interven-
tion (PCI) for acute myocardial infarction, under-
score this concern regarding inappropriate
endogenous cell recruitment and its potentially
detrimental consequences.

Cardiac stem cell therapy has also been asso-
ciated with an increased risk of thrombosis in
at least one animal study. Following infusion
of 5x10° mesenchymal stromal cells/kg in the
circumflex artery of a dog, electrocardiographic
(ECG) changes of acute myocardial injury were
observed.* In this respect, it is interesting to
bear in mind that cells of the monocytic lineage,
as well as EPCs, express tissue factor and that
systemic and local factors at the time of infu-
sion and thereafter may lead to activation of
tissue factor and the coagulation cascade.
Moreover, the culture environment in which
cells are grown prior to implantation may have a
significant impact on the subsequent biology of
these cells in vivo. For instance, it has recently
been suggested that the use of fetal calf serum in
myoblast culture media may in part explain the
proarrhthymic effects of these cells when used in
clinical trials.*®

The effects of seeding of distant organs by
exogenously administered stem cells are not
known. In a study of sex-mismatched bone
marrow transplant patients, bone marrow-
derived tissue chimeric cells were found (albeit in
very low levels) in the liver, kidney, and skeletal
muscles.® Theoretically, injected cells may con-
tribute to ectopic sites of vasculogenesis or
differentiation. In particular, such effects on neo-
vascularization could be of concern for patients
with diabetes or occult cancer.

There are no long-term data regarding the
survival of implanted progenitor cells follow-
ing infusion, although preliminary data suggest
that less than 10% of these cells survive more
than 48 hours after implantation (N Caplice,
unpublished data). It is conceivable that infusion
of progenitor cells may initiate an immune
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response and lead to the early rejection and
death of these cells. This is clearly the case for
human ESCs and perhaps, to a lesser extent, for
mesenchymal stem cells, both of which express
major histocompatibility complex (MHC) class I
molecules.?”* Tt has also been hypothesized
that culture modification or differentiation of
progenitor cells ex vivo may make them more
immunogenic. Subsequent host-mediated attacks
on newly engrafted cells may presage further
inflammation and potentiation of injury to the
recipient heart.

Adverse effects related to the patient

and disease environment

The clinical status of the patient and the underly-
ing disease substrate may also impact the short-
and long-term safety profile of cell-based therapy.
Patients with diabetes and risk factors for
coronary disease are known to have decreased
numbers of circulating EPCs.?! It is not known
whether this reduction is secondary to marrow
exhaustion, the presence of circulating inhibitory
cytokines, or growth signaling deficiencies in dia-
betic progenitor cells. The presence of circulating
inhibitory factors would certainly limit the suc-
cess of stem cell infusion, as the survival of these
cells would potentially be severely compromised.
Furthermore, lack of appropriate myocardial per-
fusion at sites of implantation in patients with
acute and chronic myocardial ischemia may
diminish the rates of survival of engrafted cells.
Apoptosis or early necrosis of these cells within an
already diseased and inflamed heart may aug-
ment inflammatory responses, further depressing
myocardial performance.

The timing of cell delivery, especially in the
setting of an acute myocardial injury, may be cru-
cial. Early following an infarction, the myocardium
is infiltrated with a number of inflammatory
cells. Inflamed myocardium may not be the best
substrate for stable engraftment of exogenously
delivered cells. On the other hand, if the cells were
infused weeks later, the presence of an evolving
scar and thinning of the myocardium might
negate the potential benefits of cell therapy.
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Therefore, a window of opportunity that is yet to
be precisely defined may exist for maximizing
myocardial performance. This may mirror the
experience gained during more than a decade of
research into thrombolytic therapy. Elucidation
of this therapeutic window may be further
enhanced by well-designed animal studies.

The optimal route of cell delivery requires
further evaluation but may be an important
determining factor for therapeutic success and
safety. Direct myocardial injection of stem cells,
particularly via a percutaneous approach, is
technically challenging and requires specialist
training, which may limit its use to tertiary care
settings with electromechanical mapping capa-
bility. Intracoronary infusion of cells via an
infarct-related artery after percutaneous revascu-
larization has been adopted in several human
studies and may be more widely applicable, but
it has potential risks of in situ thrombosis and
stent restenosis, depending on the cell type and
adjunctive agents selected for therapy. Patients
with a large burden of atherosclerosis or unstable
lesions may also be at increased risk of disease
potentiation.

No human data currently exist about the effi-
cacy of cell therapy in the setting of nonischemic
cardiomyopathy. Vastly differing outcomes and
safety concerns may emerge from this patient
cohort. Rigorous animal studies performed prior
to implementing stem cell therapy in this group
of patients may help to clarify these issues.
Indeed, preliminary studies of skeletal myoblasts
in experimental nonischemic cardiomyopathy
suggest improvements in left ventricular func-
tion following cell therapy.*°

In conclusion, precise definition of the mecha-
nisms of cell therapy and determination of the
optimal therapeutic parameters related to the
cell, the recipient, and the underlying disease,
along with appropriate assessment of outcomes
in randomized, blinded, and controlled trials,
have to be performed for successful, safe, and
widespread translation of cell therapy from the
bench to the bedside (Figure 16.1). Rigorous
monitoring of short- and long-term safety has to
be a priority in this worthy endeavor.
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Successful clinical translation of stem cell therapy

| Figure 16.1 Pathway to the successful translation of cardiac stem cell therapy from bench to bedside.
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