28. Embryonic and adult stem cell therapy
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Stem cells are characterized by the ability to remain undiffer-
entiated and to self-renew. Embryonic stem cells derived from
blastocysts are pluripotent (able to differentiate into many cell
types). Adult stem cells, which were traditionally thought to be
monopotent multipotent, or tissue restricted, have recently also
been shown to have pluripotent properties. Adult bone marrow
stem cells have been shown to be capable of differentiating into
skeletal muscle, brain microglia and astroglia, and hepato-
cytes. Stem cell lines derived from both embryonic stem and
embryonic germ cells (from the embryonic gonadal ridge) are
pluripotent and capable of self-renewal for long periods.
Therefore embryonic stem and germ cells have been widely
investigated for their potential to cure diseases by repairing or
replacing damaged cells and tissues. Studies in animal models
have shown that transplantation of fetal, embryonic stem, or
embryonic germ cells may be able to treat some chronic dis-
eases. In this review, we highlight recent developments in the
use of stem cells as therapeutic agents for three such diseases:
diabetes, Parkinson disease, and congestive heart failure. We
also discuss the potential use of stem cells as gene therapy
delivery cells and the scientific and ethical issues that arise
with the use of human stem cells. (J Allergy Clin Inmunol
2003;111:S745-53.)

Key words: Adult stem cells, embryonic germ cells, embryonic
stem cells, multipotent cells, pluripotent cells, stem cell, telom-
erase, telomere, teratoma, totipotent

Stem cells, the progenitors of all body tissues, have the
remarkable and critical abilities to exist in vivo in a qui-
escent, undifferentiated state and to self-propagate. They
are characterized initially as being totipotent, pluripotent,
or multipotent. During normal embryogenesis, the
pluripotent (from the Latin word pluris, meaning several
or many) stem cells are derived from the early human
embryo or from fetal tissue that was destined to be a part
of the gonads. These cells have the potential to develop
into any of the cells that are ultimately derived from the
three embryonic germ layers (endoderm, mesoderm, and
ectoderm, Fig 1). Multipotent (tissue restricted) stem
cells exist within the specialized tissue, and, at least until
recently, were thought to give rise only to cell types
belonging to that tissue.

Stem cells may be of embryonic or adult origin.
Embryonic stem cells (ESCs) are derived from the inner
cell mass of the blastocyst, which forms in the early
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stages of embryonic development (4-5 days after fertil-
ization), before implantation in the uterine wall. These
cells can self-renew and are pluripotent.! Adult stem cells
may be found in many specialized tissues of the body,
including the brain, bone marrow, liver, skin, gastroin-
testinal tract, cornea and retina of the eye, and even the
dental pulp of the tooth. In the adult, all these tissues are
in a perpetual state of flux, and, even in the absence of
injury, are continuously giving rise to new cells to replace
those that have worn out.2 It had been thought that adult
stem cells are tissue restricted, but a number of recent
investigations have suggested that they may be more plas-
tic than previously thought. For example, adult stem cells
derived from the bone marrow, apart from differentiating
into blood and immune cells, have been shown to be capa-
ble of transdifferentiation, or differentiating into cells of
nonhematopoietic lineages, such as skeletal muscle,
microglia and astroglia in the brain, and hepatocytes of
the liver.! These observations have given rise to the notion
that adult stem cells may be as programmable as ESCs,
suggesting that they might be extremely useful in clinical
medicine. However, other researchers have cast doubt on
these studies by showing that stem cells are capable of
fusing with somatic cells.3#4 In addition, others have been
unable to reproduce transdifferentiation of bone marrow
stem cells into nonhematopoietic tissues.> Thus the ques-
tion of whether adult stem cells are truly pluripotent, or
able to replicate indefinitely in culture, remains to be
answered definitively.

EMBRYONIC STEM CELLS

Beginning in 1998, scientists discovered that ESCs
could be isolated from early human embryos, grown in
culture for long periods while maintaining a normal
karyotype, and made to differentiate into a wide array of
tissues and organs derived from all three embryonic germ
layers.6 These long-term cultures of ESCs have active
telomerase and maintain long telomeres, which are mark-
ers of proliferating cells.” ESCs have also been success-
fully isolated from the primordial germ cells of the
gonadal ridge of the 5- to 10-week fetus, and these are
referred to as embryonic germ cells (EGCs).8 With con-

S745



S§746 Henningson, Stanislaus, and Gewirtz

J ALLERGY CLIN IMMUNOL
FEBRUARY 2003

I Mesoderm (middle layer) I

IEndodsrm (intemal |mr;| | Genneellsl o
! 1

;

muscle

Skelotal Tubule cel  Red  Smooth Pancratic Thyoid Lung col | Spaim  fgq.
ofthe  bilood ik

|

RS

musche call call

{aleciar
fin quit) cel)

cells kidnay cells

FIG 1. Embryonic origins and developmental potentials of specialized tissues within the human body. Note
in particular the gastrula’s three main germ cell layers, which develop from the blastocyst (from whose
inner cell layer ESCs are derived). Of additional interest, the mesoderm ultimately gives rise to all formed
elements of the blood (myeloid and erythroid), as well as the cells of the immune system. Reprinted with
permission from Kirschstein R, Skirboll LR. Stem cells: scientific progress and future research directions.
National Institutes of Health [online publication] 2001 [cited 2002 Dec 24]. Available from:
URL:http://www.nih.gov/news/stemcell/scireport.htm.1

tinued development, the gonadal ridge develops into the
testes or ovaries, and the primordial germ cells develop
into the eggs or sperm. ESCs and EGCs differ in the con-
ditions required for their isolation, culture, life span in
vitro, and differentiation ability. ESCs can proliferate for
as long as 300 population doublings and can be passaged
for over a year in culture, whereas EGCs can proliferate
for only 80 population doublings.”-2 Most diploid somat-
ic cells do not express high levels of telomerase and enter
replicative senescence after a finite life span of 50 to 80

population doublings in tissue culture.® Thus, properties
of the cells of the early embryo, such as normal karyo-
type and high telomerase activity, are sustained in human
ESCs in culture for extended periods.

Stem cell lines have been developed from both ESCs
and EGCs. They are capable of self-renewal over long
periods and can give rise to many differentiated cell
types.” This discovery caused ESCs and EGCs to be
widely investigated for their potential to cure diseases by
repairing or replacing damaged cells and tissues. One of
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the current perceived advantages of using ESCs rather
than adult stem cells is that ESCs have the ability to pro-
liferate for long periods in vitro and can be directed to dif-
ferentiate into a broad range of cell types.!0 ESCs, when
removed from feeder layers and transferred to suspension
cultures, begin to differentiate into 3-dimensional, multi-
cellular aggregates of differentiated and undifferentiated
cells termed embryoid bodies. Embryoid bodies are com-
posed of a haphazard collection of precursor and more
fully differentiated cells from a wide variety of lineages
and resemble early post-implantation embryos.!0 Fre-
quently, within 7 to 14 days of transfer, these embryoid
bodies progress through a series of stages that begin as a
simple, morula-like ball of cells, eventually forming cav-
itated and cystic embryoid bodies.® In vitro differentiation
experiments have shown that plated cultures of embryoid
bodies show a variety of different morphologic types,
including rhythmically contracting cardiomyocytes, pig-
mented and nonpigmented epithelial cells, neural cells
with outgrowths of axons and dendrites, and mesenchy-
mal cells.? Recent studies have also demonstrated that
embryoid bodies derived from the human ESC line H9
express genes specific for each of the three EGC layers,
including a-fetoprotein, neurofilament 68-kd subunit, -
globin, and o—cardiac actin marking primitive endoderm,
neuroectoderm, and mesoderm derivatives.-11

The full developmental potential of ESCs is unveiled
when these cells are studied in an in vivo environment,
such as when they are injected into a host blastocyst.”
Human ESCs injected into severe combined immunode-
ficient (SCID) mice form benign teratomas, with
advanced differentiated tissues representing all three
EGC layers.” These tissues include highly specialized
derivatives of ectoderm, such as neural epithelium, of
mesoderm, such as bone, cartilage, striated muscle, fetal
glomeruli and renal tubules, and of endoderm, such as
gut.” The formation of organized tissues during normal
embryogenesis is controlled by many inductive events
and complex epithelial-mesenchymal interactions. These
events and interactions are seen to occur in teratomas but
are less clear in the case of in vitro differentiation.?
Because we do not yet fully understand the precise
inductive elements that regulate embryonic pattern for-
mation so that we can reproduce such formation in vitro,
it would be useful to explore methods of extracting cells
and tissues of interest from the heterogeneous teratomas
or to direct differentiation in vivo toward a particular lin-
eage. Feasible methods of achieving this include (1)
adding certain specific combinations of growth factors or
chemical morphogens, (2) co-culturing or transplanting
ESCs with inducer tissues or cells, (3) implanting ESCs
into specific organs or regions, (4) overexpressing tran-
scription factors associated with development of specific
tissues, (5) selecting cells that activate a particular lin-
eage-specific program of gene expression, and (6) isolat-
ing cells of interest with fluorescence-activated cell sort-
ing.%11-14 Some of these methods have been used to
enrich ESC cultures for a particular cell type of interest
in vitro; however, much remains to be done in vivo.?
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POTENTIAL CLINICAL USES OF STEM CELLS

Stem cells have been proposed to have a number of
uses, but the most obvious and potentially best is to
restore or replace tissue that has been damaged by disease
or injury. Studies in animal models have shown that trans-
plantation of fetal stem cell, ESC, or pluripotent stem cell
derivatives can successfully treat many chronic diseases,
such as Parkinson disease, diabetes, injury of the spinal
cord, Purkinje cell degeneration, Duchenne muscular dys-
trophy, liver or heart failure, and osteogenesis imperfec-
ta.12,15-20 In this review, we highlight recent developments
for three of these diseases, diabetes, Parkinson disease,
and congestive heart failure, which will serve as examples
for the use of stem cells as therapeutic agents.

Diabetes

The ability to culture insulin-producing pancreatic
islet cells from ESCs holds great promise for the cure of
type 1 diabetes. In theory, a line of ESCs that produce
islet cells could be generated. These cells could also be
genetically engineered to evade immune rejection.® On a
more practical level, it is difficult to induce ESCs to dif-
ferentiate into a specific lineage. Purification of a single
cell type from the initial mixed population is also diffi-
cult. Percentages of differentiated cells expressing a sin-
gle phenotype in this mixture are extremely small, rang-
ing typically from 0.1% to 0.5%.2! Only rarely have
specific culture conditions and growth factors led to the
establishment of cultures containing only a single cell
type.10:.11 Even in these cases, the human pluripotent cell
lines retain a broad array of multilineage gene expression
profiles, despite the addition of specific growth fac-
tors.10:11 Methods to circumvent the problem of purifica-
tion of a single cell type include engineering the cells to
use a tissue-specific promoter to drive the expression of
either a selectable marker, such as an antibiotic resistance
gene,!2 or a gene encoding the green fluorescence pro-
tein.22 For the isolation of cells containing insulin,!2
ESCs were transfected with a chimeric construct con-
taining the regulatory region of the insulin gene coupled
with the gene encoding neomycin resistance. This was
followed by isolating cells that were neomycin resistant.
These cells, when cloned and cultured under low con-
centrations of glucose, underwent differentiation and
were able to respond to changes in glucose concentration
by as much as a 7-fold increase in insulin secretion.
When these cells were implanted into the spleens of mice
with streptozotocin-induced diabetes, the researchers
were able to reverse the symptoms of diabetes and
restore blood glucose concentrations to normal. These
results showed that diabetes could be among the first
applications of stem cell therapy.

In 2000, Schuldiner et al!! reported that they were able
to successfully culture human ESCs to form embryoid
bodies that spontaneously expressed PDX-1, a gene that
controls the transcription of insulin. Assady et al23
reported that these embryoid bodies contained 1% to 3%
beta islet insulin-producing cells. They also found that
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the embryoid bodies express glucose transporter type 2
and islet-specific glucokinase genes, both of which are
important for beta cell function and insulin secretion.
When the cells were cultured with glucose, they were
found to secrete insulin. The investigators were hopeful
that refining the culture conditions could possibly lead to
the differentiation of pancreatic islets.23

Research efforts have also been directed toward cul-
turing islet cells from adult pancreatic tissue. Differenti-
ated beta cells are difficult to proliferate in culture. How-
ever, one group has been able to isolate islet cells from
human cadavers and introduce DNA encoding genes that
stimulate cell proliferation in culture. The cells were also
engineered to stimulate the expression of insulin,
because these cells in culture lose the ability to produce
insulin. When the cells were transplanted into immune-
deficient mice, they produced insulin in response to glu-
cose. Investigations on whether these cells will reverse
diabetes in mice are currently ongoing.24 The cells that
line pancreatic ducts have been shown to be a potential
source of islet progenitor cells, and some studies have
shown that when these ductal cells are cultured they can
be induced to differentiate into clusters containing both
ductal and islet endocrine cells, which are found to
secrete insulin when given glucose.2

Diseases of the nervous system

Stem cells have tremendous therapeutic potential as a
cell-based therapy to rebuild damaged neurons in such
diseases of the nervous system as Parkinson disease, amyo-
trophic lateral sclerosis (Lou Gehrig’s disease),
Alzheimer disease, and others. Parkinson disease is a neu-
rodegenerative disease that progresses with age and usu-
ally strikes after the age of 50 years. It affects neurons in
the brain that secrete the neurotransmitter dopamine. As
the neurons die, levels of dopamine being produced
decrease, which leads to the movement disorders charac-
teristic of Parkinson disease. Levodopa, which is convert-
ed to dopamine in the brain, is the mainstay of treatment
for this disease, but most patients acquire tachyphylaxis to
its effects over time. In contrast to diabetes, where trans-
plantation of islet cells is a therapeutic option, implanta-
tion of fully differentiated dopamine-releasing neurons
into brains is not currently possible. Dopaminergic neu-
rons do not survive transplantation, and it is extremely
difficult to establish the appropriate connections with
their normal target neurons in the striatum.26

It was previously thought that nerve cells in the brain do
not divide. In recent years, however, many investigators
have shown that stem cells that self-renew and differenti-
ate appropriately into the three major neuronal lineages
(neurons, astrocytes, and oligodendrocytes) do occur in
the adult mammalian brain.2” Human trials with neuronal
tissue from electively aborted fetuses have been conduct-
ed, and it was initially reported that they were able to
achieve a clear reduction in the severity of the symptoms
of Parkinson disease.282% With positron-emission tomo-
graphic scanning, scientists were able to measure an
increase in dopamine neuron function in the striatum of
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the patients.2 However, these trials were done open label,
meaning that both the investigator and the patient knew
which patients were the recipients of transplanted tissue.
In 2001, Freed et al30 reported the results of the first dou-
ble-blind, placebo-controlled neural transplantation trial
for Parkinson disease. These results were not as encourag-
ing as the initial reports. Patients receiving the transplants
showed no significant benefit in a subjective assessment of
quality of life, which was the primary end point of the
study.l-39 However, positron-emission tomographic scans
revealed that the transplanted dopamine-neurons survived
and grew, giving hope that the procedure might be made
more effective by some modification in technique. Anoth-
er double-blind trial is currently being conducted, and the
results are anxiously awaited.!

Even if the trials noted here prove successful, the use
of cell implantation has a number of drawbacks. These
include the lack of sufficient amounts of well-character-
ized and standardized cell material. Further, widespread
application will likely be limited as long as access to
embryonic donor tissue is required. For these reasons,
development of alternative sources of cells for therapeu-
tic purposes is the object of intense investigation. Candi-
date cells would form a renewable, unlimited source of
cells capable of differentiating into functional dopamine
neurons. Recently, reports from Zhang et al3! and Reubi-
noff et al32 discussed a potential alternative to the use of
fetal tissue transplantation. They developed methods of
inducing human ESCs to differentiate into neural stem
cells that differentiated in vitro into the three neural lin-
eages. When these neural stem cells were transplanted
into the brains of neonatal rodents, they incorporated into
the host brain, demonstrated widespread distribution, and
differentiated into all three neural lineages. The trans-
planted cells migrated along established tracks and dif-
ferentiated in a region-specific manner, which showed
their capacity to respond to local cues and participate in
the processes of host brain development. Both groups
also reported that they observed no evidence of teratoma
or non-neural tissue formation in the brains of transplant
recipients. Further studies are required to show the func-
tionality of the newly generated neurons. Recent studies
reported by Bjorklund et al33 showed that undifferentiat-
ed mouse ESCs transplanted into the rat striatum sponta-
neously differentiated into dopaminergic neurons that
restored cerebral function in the animal. Kawasaki et al34
identified a stromal cell-derived inducing activity that
promoted the in vitro differentiation of neural primate
ESCs. When these dopamine-producing cells were trans-
planted into the brains of SCID mice, they were observed
to give rise to dopaminergic neurite formation in the tar-
get tissue within 2 weeks. Kim et al29 also reported suc-
cessful results after infecting murine ESCs with a Nurrl
expression construct that allowed increased survival and
neuronal differentiation of the transplanted ESCs.

It should be noted that there is much debate regarding
how many populations of central nervous system stem
cells exist, how they are related, and how they function in
vivo. There are currently no identifiable markers that
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exist for identifying the neuronal stem cells in vivo, and
the only way to test if a certain population of central ner-
vous system cells contains stem cells is to manipulate
them in vitro.35 Many of the transplantation studies that
used nonselected ESCs as transplants resulted in spher-
oid aggregates containing differentiated neurons.3¢ A
selection procedure has been established that allows for
the enrichment of nestin-expressing neural precursor
cells, which have been shown to differentiate and partic-
ipate in normal rat brain. Transplantation of selected
neural precursor cells has shown better integration into
the host tissue.37 Recently, Andressen et al37 genetically
engineered murine ESCs to express the enhanced green
fluorescent protein (EGFP) under the control of a thymi-
dine kinase promoter and nestin second intron and were
able to specifically detect EGFP in nestin immunoreac-
tive neural precursor cells. On transplantation into rat
brains, these cells were observed to integrate into the host
tissue and served as a pool for successive neuronal and
glial differentiation. Thus, a combination of a specific
selection protocol for neural precursor cells, together
with the specific expression of EGFP in these cells, may
offer a valuable opportunity to gain a pure neural precur-
sor cell population for in vitro maintenance and expan-
sion, followed by in vivo transplantation. Also, fluores-
cence-activated cell sorting of EGFP-labeled neural
precursor cells will be useful for the standardization of a
donor cell population for cell replacement therapies.37

Another promising area in stem cell therapy of the ner-
vous system involves the repair mechanism. It has been
found that on brain injury stem cells in two specific areas
of the brain, the subventricular zone and the dentate
gyrus of the hippocampus, proliferate and migrate
towards the site of damage.38 Fallon et al®® have shown
that transforming growth factor-alpha, a peptide involved
in tissue repair and present in the earliest embryos,
induces a wave of migration of stem cells when injected
into damaged areas of brain. Of equal interest, these stem
cells subsequently differentiate into dopaminergic neu-
rons. Also, it is important to note that treated rats do not
show any of the behavioral abnormalities associated with
the loss of the neurons. Further investigations on the ben-
eficial effects on Parkinson-like symptoms are ongoing.

The study of stem cell therapeutics for curing Parkin-
son disease is a good model for nervous system disor-
ders, because it is a relatively easy target involving
replacement of only one particular cell type in a single
area of the brain. Therapies for other disorders, such as
an injury of the spinal cord, in which many cell types are
destroyed, face much larger hurdles. Clearly more
research needs to be done, but the use of stem cells for
treating nervous system disorders is rapidly advancing
and appears to hold great promise for the future.

Repairing a damaged heart

Congestive heart failure afflicts millions of people
around the world, with 400,000 new cases being report-
ed in the United States every year. Congestive heart fail-
ure may result from many causes, including hyperten-
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sion, infection, and coronary artery disease. Although
many medical and surgical treatments for congestive
heart failure are available, the long-term prognosis of
these patients remains guarded, with an average life
expectancy of approximately 5 years after diagnosis.!
Transplanting autologous stem cells would have clear
advantages to transplanting a heart, because it would
obviate the need for a donor and for the requisite
immunosuppression needed to suppress rejection of the
transplanted heart. Bone marrow stem cells can be driven
toward differentiating into cardiomyocytes, vascular
endothelial cells that form the inner lining of new blood
vessels, and smooth muscle cells that form the walls of
blood vessels by using highly specific culture condi-
tions.49 Recently, Orlic et al4! showed that injection of
adult bone marrow—derived hematopoietic stem cells
(HSCs) into the heart of a mouse that had been induced
to have a myocardial infarction led to formation of new
cardiomyocytes, vascular endothelium, and smooth mus-
cle cells. Within 9 days after injection, the newly gener-
ated myocardium, including coronary arteries and capil-
laries, occupied as much as 68% of the damaged portion
of the ventricle. Mice that received the transplanted cells
survived in much greater numbers than did the control
mice. These results suggest that the HSCs were able to
respond to internal signals within the heart, migrate
toward the injured ventricle, and give rise to specialized,
differentiated heart cells. Jackson et al4? performed a
similar study with adult stem cells derived from mouse
bone marrow, delivering these cells into the model mice
by bone marrow transplantation. They found that after 2
to 4 weeks the survival rate was 26%, with the damaged
heart tissue showing the presence of donor-derived car-
diomyocytes and endothelial cells. This study provided
yet another alternative for the delivery and therapeutic
strategy of stem cells for the repair and growth of cardiac
tissue. Kocher et al*3 took this one step further, demon-
strating that human bone marrow—derived adult stem
cells, when injected into rats, were able to give rise to
vascular endothelial cells, forming new blood vessels.

Human ESCs are also showing much promise for cell-
based cardiac therapy. In 2000, Itskovitz-Eldor et al®
showed that human ESCs could reproducibly differenti-
ate in culture into cells that exhibited cellular markers
and a physical appearance of heart cells. Kehat et al40
have also shown that human ESCs can differentiate into
myocytes that portray cardiomyocytic structural and
functional properties. The next step in this research is to
see whether these ESCs can repair and replace damaged
heart cells in an animal model.

There is no doubt that adult and ESCs are proving use-
ful in stem cell therapy for replacing damaged heart tis-
sue. However, many questions still remain to be
answered. For instance, how many cells would be
required to repair a single human heart? How long will
the replacement cells continue to function? Do the results
from the animal models accurately reflect human heart
conditions and transplantation responses? Would it be
feasible for at-risk patients to donate stem cells in
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advance, so that no time is lost between getting a heart
attack and undergoing stem cell transplantation? The
answers to these questions are being pursued by many
investigators, and when received, they will give a much
better idea of how useful stem cell therapy of damaged
myocardium will turn out to be.

Clinical applications of HSCs

It is probably fair to say that stem cell research began
with the hematology community and the many scientists
who were engaged in studies of hematopoiesis, the
process of blood formation. The pioneering work of Till
and McCullough#* in the 1960s on hematopoietic cells
helped define the two hallmark characteristics of all stem
cells, namely their abilities to self-renew and to differen-
tiate into all the formed elements of the blood. Much
research has been done to identify and characterize HSCs.
This task has proved difficult, however, because the cells
are rare and morphologically indistinguishable from other
primitive cells. Thus, one has to rely on cell surface pro-
teins as markers for the isolation of HSCs. Much of the
initial research on establishing such markers was done
with mice, which laid the groundwork for human analy-
ses.4> For human HSCs, some of these markers are
CD34+, lineage (lin)~, Thy1+, c-kit71oW and CD38/low 46

After destruction of the patients’ own hematopoietic
cells with radiation or chemotherapy, HSCs collected
from the blood or bone marrow of the donor are trans-
fused into the recipient. An adult typically requires 7 to
10 million stem cells/kg body weight for transplantation,
and these are enriched in the CD34+ population of cells.
CD34+ cells obtained from peripheral blood have been
reported to engraft more quickly, but probably at the
expense of causing more graft-versus-host disease than
bone marrow—derived cells.4” HSCs present in umbilical
cord blood units are the least likely to incite graft-versus-
host disease but are difficult to use for adult transplanta-
tion because only infrequently can enough HSCs be
derived from a single cord.48 There are many complica-
tions of HSC transplantation, in addition to graft-versus-
host disease; these include prolonged immunosuppres-
sion and secondary malignancies.

Adult HSC transplants are by now a common proce-
dure for the treatment of a variety of hematologic dis-
eases. Non-malignant diseases include aplastic anemia,
B-thalassemia, globoid cell leukodystrophy, and inborn
errors of metabolism, such as Hunter syndrome and
Lesch-Nyhan syndrome.! Transplants are also widely
employed for treatment of malignant hematologic dis-
eases, such as leukemia, lymphoma, and myeloma, and
more recently for autoimmune disease, such as systemic
lupus erythematosus.*® Finally, the graft-versus-host dis-
ease engendered by the transplantation of competent
donor immune cells is also finding utility in the treatment
of other solid tumor malignancies.50

Stem cells and gene therapy

A final area in which stem cells may influence clinical
medicine is gene therapy. Gene therapy uses genetic engi-
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neering to alter, supplement, or replace the activity of an
abnormal gene by introducing a normal copy of the gene
or to provide a gene that adds new functionality. The ini-
tial clinical trials with gene therapy focused on replacing a
defective gene with a normal copy of that gene in patients
with single-gene disorders, such as hemophiliaS! and X-
linked SCID.52 The early studies revealed problems that
need to be addressed, such as difficulties controlling pro-
tein levels without endogenous gene regulatory regions,
difficulties maintaining gene expression through long peri-
ods, and, most recently, the development of a leukemia-
like process by insertional mutagenesis of the retrovirus
transgene vector.53 Nevertheless, as efforts are directed
toward overcoming these problems, they are also being
directed toward using gene therapy to treat complex,
chronic diseases that involve more than one gene, includ-
ing heart disease, arthritis, and Alzheimer disease.

Two major strategies are used for delivering therapeu-
tic transgenes to patients. The first is to use a direct deliv-
ery system, wherein the therapeutic transgene is pack-
aged into a delivery vehicle such as a disarmed virus and
injected into the patient’s target organ. This delivery
method is limited to specific types of human cells that the
viral vehicle can infect, composed largely of dividing
cells. This limits the method’s utility in treating diseases
of organs such as the heart or brain, which are primarily
composed of nondividing cells. The second strategy is to
use cell-based delivery, whereby the therapeutic trans-
gene is packaged into a delivery vehicle and introduced
into a delivery cell, such as a stem cell that is derived
from the patient. These genetically modified cells are
then multiplied in the laboratory and then infused back
into the patient. This method is advantageous relative to
direct gene transfer because (1) it allows researchers
more control over selection of genetically modified cells
when they are manipulated outside the body, and (2)
investigators can control the level and rate of production
of the therapeutic agent in the cells.5*

Stem cells are of great benefit to cell-based therapy or
gene therapy, because they are self-renewing and thus
may reduce or eliminate the need for repeated adminis-
trations of the gene therapy. Furthermore, they can be
readily isolated from the circulating blood or bone mar-
row of adults or the cord blood of neonates and redeliv-
ered easily into the patient through injection. Of the
approximately 450 gene therapy clinical trials conducted
in the United States so far, 40% have been cell based, and
30% have used HSCs as the means for delivering trans-
genes into patients.

HSCs differentiate into a number of lineages in which
the therapeutic transgene resides. Apart from “homing”
to the bone marrow, these stem cells are also capable of
migrating to many different areas in the body, including
the bone marrow, liver, spleen, and lymph nodes, which
would be useful in the treatment of diseases other than
those of the blood, such as liver metabolic disorders and
Gaucher disease.! So far, HSCs have been the only kind
of adult stem cell used in human trials. However, several
other adult stem cells are being studied as vehicle candi-
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dates for gene therapy, including muscle-forming stem
cells, or myoblasts,55 bone-forming stem cells, or
osteoblasts, ¢ and neural stem cells.57

ESCs possess qualities such as pluripotency and unlim-
ited proliferative capacity, making them extremely attrac-
tive for use in cell-based gene therapy. At this stage, how-
ever, such ESC therapy is still highly hypothetic and
experimental, because research is limited to only a few
laboratories that have access to human ESCs. As time pro-
gresses and more advances are made, it will be necessary
to identify optimal stages of differentiation for transplan-
tation and to prove that the transplanted ESCs are able to
integrate, function, and survive in the recipient.

In addition, there are some potential drawbacks and
concerns with the use of ESCs in therapy. Because
human ESCs can form malignant teratomas when trans-
planted in mice, and human ESCs can form “benign” ter-
atomas in SCID mice, there is the concern that human
ESCs could form teratomas if transplanted into human
beings.58:59 Although there is little evidence to demon-
strate teratoma formation by ESCs injected into mice
with normal immune systems, the theoretic concern
exists. In the SCID mouse experiments, it is thought that
the undifferentiated ESCs induce teratomas. Thus, the
potential for teratoma formation might be eliminated if
methods were devised to remove the undifferentiated
cells before transplantation. Researchers are now consid-
ering the possibility of genetically modifying ESCs, dif-
ferentiating them in culture, and then isolating large, pure
populations of differentiated cells for transplantation.
They could also be used as laboratory models for differ-
entiation, allowing the evaluation of vectors for gene
delivery and translation within the patient.!

The immunologic status of human ESCs has not been
studied in great detail, and it still remains to be determined
whether these cells would trigger immune rejection in the
recipient. It is also important to understand the mecha-
nisms by which ESCs can proliferate and yet remain
undifferentiated in culture. The choice between self-
renewal and differentiation is highly regulated by intrinsic
signals and the external microenviroment.0 To realize the
true therapeutic potential of ESCs and EGCs, it is impor-
tant first to understand the molecular and genetic bases by
which these cells continue to replicate for prolonged peri-
ods. Second, to perform successful transplants in patients,
it is important to have a sufficient number of cells that can
be manipulated to differentiate into the desired cell type.
Achieving clinical success with ESCs looks promising and
may provide solutions for many of the technical hurdles
faced by therapeutic gene transfer today.

STEM CELL ISSUES: SCIENTIFIC AND
ETHICAL

Stem cells hold great promise to cure many diseases that
were earlier thought to be incurable. Their potential use in
clinical therapy has raised many concerns, however; both
scientific and ethical. From the purely scientific perspec-
tive, many questions still remain to be answered before
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stem cells are considered safe for clinical applications, as
discussed previously. Furthermore, there is sufficient con-
cern about origin and identification of cells to warrant the
existence of a safety net composed of a set of safeguards for
human stem cells to be used in clinical applications. These
include the following: (1) Donor sources of stem cells
should be carefully screened for pedigree evaluation, genet-
ic testing, and testing for infectious diseases. (2) Because
most stem cells are maintained and expanded in culture
before transplantation, it is imperative that controlled, stan-
dardized practices and procedures be followed to maintain
the integrity, uniformity and reliability of the human stem
cell preparations. (3) Stem cells, especially those of embry-
onic origin, are highly pluripotent and have the capacity to
differentiate into all cell types. It is therefore imperative to
gauge the purity of a cellular preparation by rigorous and
quantitative identification of cell types within a heteroge-
neous population of differentiating human cells. (4) Before
transplantation, human stem cell preparations must be
shown to possess relevant biologic activity. For example,
pancreatic islet-like cells must release insulin, cells intend-
ed for liver tissue regeneration must be capable of storing
glycogen, and cardiomyocytes intended for heart trans-
plantation must be shown to contract synchronously.
(5) Proof of concept must be clearly established in an ani-
mal model to demonstrate the validity, efficacy, and safety
of the intended therapy.!

Of equal importance, however, are logistic and ethical
issues associated with the use of material of fetal origin.
The use of human ESCs in medical research has drawn
much attention from the public, and many ethical issues
have been raised that concern their use solely for the pur-
pose of medical benefit. Many consider this research to
be immoral, illegal, and unnecessary.®! The fact that
experiments with ESCs, as performed currently, result in
the destruction of an embryo cannot be ignored. Stem
cell research must not lead to an underground black mar-
ket in “spare” embryos.62 In principle, because pluripo-
tent cells proliferate indefinitely, it should be possible for
medical research to be conducted on the directed differ-
entiation of stem cells with the relatively few human
pluripotent stem cell lines that have been derived so far.
This is the basis for current federal policy, which has lim-
ited funding of human ESC research to the 64 human cell
lines already established before August 9, 2001. This rul-
ing is causing unrest among the scientific community,
which is of the opinion that not all 64 lines can be used
for research and is concerned that distribution of the cell
lines is restricted by patenting, commercial secrecy, and
restrictive national and international material transfer
agreements.®3 These ethical issues are not relevant to
adult stem cell research, in which cells are isolated from
the adult, for example, the harvesting of HSCs for bone
marrow transplantation. However, this approach is some-
what problematic, because adult stem cells are thought
not to be as plastic as ESCs. Contrary to this view, the
most recent experimentation to address this issue sug-
gests that a population of multipotent mesenchymal stem
cells with all the developmental potential of ESCs may
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TABLE I. Stem cell biology: Key concepts
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1. Stem cells are the source of all specialized cells of the body.

2. Stem cells are defined by two essential characteristics: ability to self-renew and ability to differentiate into multiple different tissue

types

3. There are two main types, depending on origin, ESCs and adult stem cells.
a. ESCs are derived from inner layer of blastocyst; they have the greatest ability to proliferate and differentiate into virtually any

specialized tissue.

b. Adult stem cells are derived from differentiated tissues of developed organs; relative to ESCs, they appear to have more limited

ability to proliferate and differentiate.

4. The potential for treating disease resulting from damaged tissue is great, but its utility has not yet been proved.
5. Ethical, religious, and political issues associated with derivation and use of ESCs have not been fully resolved and remain stumbling

blocks that impede scientific investigation in this area.

reside in human marrow.%4 If these observations are con-
firmed, and the cells can be prospectively identified and
isolated in sufficient numbers from marrow, one very dif-
ficult issue for stem cell therapy will have been solved.

SUMMARY AND CONCLUSIONS

As discussed in detail, and summarized in Table I,
stem cells can be found in both embryonic and adult tis-
sues, and their potential for treating a wide variety of
common, and uncommon, diseases is almost as limitless
as their ability to undergo cell division. Nonetheless, this
therapeutic potential will only be fulfilled if stem cells
can be isolated and purified in numbers large enough to
truly affect organ function. This would mean not only
that the cells are present in sufficient number but also that
they function as efficiently as the cell population that
they are designed to replace. If the current pace of
research keeps on unabated, however, we will soon learn
more about the differences and similarities between
ESCs and adult stem cells and about their ability to sur-
vive, proliferate, and function after transplantation.
Accordingly, although it is difficult to predict the ulti-
mate utility of stem cell-based therapy at this time, it is
not difficult to conclude that this is an enormously
important area of scientific research, one that has great
potential monetary rewards as well. For these reasons,
attempts to regulate stem cell research on a global basis
will probably prove difficult. In countries such as the
United States, one must hope for thoughtful legislative
action on this front, or else the whole endeavor will be
driven underground and potentially into the hands of less
ethical and less regulated scientists. Open discussions
between political bodies and the various interest groups
in the scientific, medical, and religious communities
need to take place to address the concerns of each and to
provide an ultimate solution that is clearly in the interest
of humanity.
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