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INTRODUCTION

regenerative medicine. As punishment for giving

fire to Humankind, Zeus ordered Prometheus
chained to a rock and sent an eagle to eat his liver each
day. However, Prometheus’ liver was able to regenerate
itself daily, enabling him to survive. The scientific
researchers and medical doctors of today hope to make
the legendary concept of regeneration into reality by
developing therapies to restore lost, damaged, or
aging cells and tissues in the human body.

T he Greek Titan, Prometheus, is a fitting symbol for

This report features chapters written by experts in
several areas of enormous potential for regenerative
medicine. Drs. Junying Yu and James A. Thomson

explain the basic features of embryonic stem cells, how
they are being used in research, and how they may
lead to human therapies. Drs. Jos Domen, Amy Wagers,
and Irving Weissman describe the historical origins of
blood-forming stem cell research, basic features of these
adult stem cells, progress on using these cells for human
therapies, and future possibilities. Dr. David Panchision
explores ways to use cell-based therapies to restore lost
function in the human nervous system. Dr. Thomas
Zwaka explains how stem cells may be used for gene
therapy, and Dr. Mark L. Rohrbaugh explains the
current state of intellectual property issues associated
with research using human embryonic stem cells.
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by Junying Yu* and James A. Thomson**

uman embryonic stem (ES) cells capture the

imagination because they are immortal and have

an almost unlimited developmental potential
(Fig. 1.1: How hESCs are derived). After many months of
growth in culture dishes, these remarkable cells
maintain the ability to form cells ranging from muscle
to nerve to blood — potentially any cell type that
makes up the body. The proliferative and develop-
mental potential of human ES cells promises an
essentially unlimited supply of specific cell types for
basic research and for transplantation therapies for
diseases ranging from heart disease to Parkinson’s
disease to leukemia. Here we discuss the origin and
properties of human ES cells, their implications for
basic research and human medicine, and recent
research progress since August 2001, when President
George W. Bush allowed federal funding of this
research for the first time. A previous report discussed
progress prior to June 17, 2001 (http://stemcells.nih
.gov/info/scireport/.)

Embryonic stem cells are derived from embryos at a
developmental stage before the time that implantation
would normally occur in the uterus. Fertilization
normally occurs in the oviduct, and during the next
few days, a series of cleavage divisions occur as the
embryo travels down the oviduct and into the uterus.
Each of the cells (blastomeres) of these cleavage-stage
embryos are undifferentiated, i.e. they do not look or
act like the specialized cells of the adult, and the
blastomeres are not yet committed to becoming any
particular type of differentiated cell. Indeed, each of
these blastomeres has the potential to give rise to
any cell of the body. The first differentiation event
in humans occurs at approximately five days of
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Figure 1.1. How Human Embryonic Stem Cells are Derived

development, when an outer layer of cells committed
to becoming part of the placenta (the trophectoderm)
separates from the inner cell mass (ICM). The ICM cells
have the potential to generate any cell type of the
body, but after implantation, they are quickly depleted
as they differentiate to other cell types with more
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Figure 1.2.Characteristics of Embryonic Stem Cells.




limited developmental potential. However, if the ICM
is removed from its normal embryonic environment
and cultured under appropriate conditions, the ICM-
derived cells can continue to proliferate and replicate
themselves indefinitely and still maintain the develop-
mental potential to form any cell type of the body
(“pluripotency”; see Fig. 1.2: Characteristics of ESCs).
These pluripotent, ICM-derived cells are ES cells.

The derivation of mouse ES cells was first reported in
1981,1.2 but it was not until 1998 that derivation of
human ES cell lines was first reported.3 Why did it
take such a long time to extend the mouse results to
humans? Human ES cell lines are derived from embryos
produced by in vitro fertilization (IVF), a process in
which oocytes and sperm are placed together to allow
fertilization to take place in a culture dish. Clinics use
this method to treat certain types of infertility, and
sometimes, during the course of these treatments, IVF
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embryos are produced that are no longer needed by
the couples for producing children. Currently, there
are nearly 400,000 IVF-produced embryos in frozen
storage in the United States alone,* most of which will
be used to treat infertility, but some of which (~2.8%)
are destined to be discarded. IVF-produced embryos
that would otherwise have been discarded were the
sources of the human ES cell lines derived prior to
President Bush’s policy decision of August 2001. These
human ES cell lines are now currently eligible for
federal funding. Although attempts to derive human
ES cells were made as early as the 1980s, culture media
for human embryos produced by IVF were suboptimal.
Thus, it was difficult to culture single-cell fertilized
embryos long enough to obtain healthy blastocysts for
the derivation of ES cell lines. Also, species-specific
differences between mice and humans meant that
experience with mouse ES cells was not completely

The Promise of Stem Cell Research
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Figure 1.3: The Promise of Stem Cell Research
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applicable to the derivation of human ES cells. In the
1990s, ES cell lines from two non-human primates, the
rhesus monkey> and the common marmoset,é were
derived, and these offered closer models for the deri-
vation of human ES cells. Experience with non-human
primate ES cell lines and improvements in culture
medium for human IVF-produced embryos led rapidly
to the derivation of human ES cell lines in 1998.3

Because ES cells can proliferate without limit and can
contribute to any cell type, human ES cells offer an
unprecedented access to tissues from the human body.
They will support basic research on the differentiation
and function of human tissues and provide material for
testing that may improve the safety and efficacy of
human drugs (Figure 1.3: Promise of SC Research).”:8
For example, new drugs are not generally tested on
human heart cells because no human heart cell lines
exist. Instead, researchers rely on animal models. Because
of important species-specific differences between
animal and human hearts, however, drugs that are
toxic to the human heart have occasionally entered
clinical trials, sometimes resulting in death. Human ES
cell-derived heart cells may be extremely valuable in
identifying such drugs before they are used in clinical
trials, thereby accelerating the drug discovery process
and leading to safer and more effective treatments.”-!
Such testing will not be limited to heart cells, but to
any type of human cell that is difficult to obtain by
other sources.

Human ES cells also have the potential to provide an
unlimited amount of tissue for transplantation
therapies to treat a wide range of degenerative
diseases. Some important human diseases are caused
by the death or dysfunction of one or a few cell types,
e.g., insulin-producing cells in diabetes or dopaminergic
neurons in Parkinson’s disease. The replacement of
these cells could offer a lifelong treatment for these
disorders. However, there are a number of challenges
to develop human ES cell-based transplantation
therapies, and many years of basic research will be
required before such therapies can be used to treat
patients. Indeed, basic research enabled by human ES
cells is likely to impact human health in ways unrelated
to transplantation medicine. This impact is likely to
begin well before the widespread use of ES cells in
transplantation and ultimately could have a more
profound long-term effect on human medicine. Since
August 2001, improvements in culture of human ES
cells, coupled with recent insights into the nature of

pluripotency, genetic manipulation of human ES cells,
and differentiation, have expanded the possibilities for
these unique cells.

Mouse ES cells and human ES cells were both originally
derived and grown on a layer of mouse fibroblasts
(called “feeder cells”) in the presence of bovine serum.
However, the factors that sustain the growth of these
two cell types appear to be distinct. The addition of the
cytokine, leukemia inhibitory factor (LIF), to serum-
containing medium allows mouse ES cells to proliferate
in the absence of feeder cells. LIF modulates mouse ES
cells through the activation of STAT3 (signal trans-
ducers and activators of transcription) protein. In
serum-free culture, however, LIF alone is insufficient to
prevent mouse ES cells from differentiating into neural
cells. Recently, Ying et al. reported that the combina-
tion of bone morphogenetic proteins (BMPs) and LIF is
sufficient to support the self-renewal of mouse ES
cells.’2 The effects of BMPs on mouse ES cells involve
induction of inhibitor of differentiation (Id) proteins,
and inhibition of extracellular receptor kinase (ERK)
and p38 mitogen-activated protein kinases (MAPK).1213
However, LIF in the presence of serum is not sufficient
to promote the self-renewal of human ES cells,? and the
LIF/STAT3 pathway appears to be inactive in undiffer-
entiated human ES cells.’#15 Also, the addition of BMPs
to human ES cells in conditions that would otherwise
support ES cells leads to the rapid differentiation of
human ES cells.'6.17

Several groups have attempted to define growth
factors that sustain human ES cells and have attempted
to identify culture conditions that reduce the exposure
of human ES cells to non human animal products. One
important growth factor, bFGF, allows the use of a
serum replacement to sustain human ES cells in the
presence of fibroblasts, and this medium allowed the
clonal growth of human ES cells.’8 A “feeder-free”
human ES cell culture system has been developed, in
which human ES cells are grown on a protein matrix
(mouse Matrigel or Laminin) in a bFGF-containing
medium that is previously “conditioned” by co-culture
with fibroblasts. Although this culture system
eliminates direct contact of human ES cells with the
fibroblasts, it does not remove the potential for mouse
pathogens being introduced into the culture via the
fibroblasts. Several different sources of human feeder



cells have been found to support the culture of human
ES cells, thus removing the possibility of pathogen
transfer from mice to humans.20-23 However, the
possibility of pathogen transfer from human to human
in these culture systems still remains. More work is still
needed to develop a culture system that eliminates the
use of fibroblasts entirely, which would also decrease
much of the variability associated with the current
culture of human ES cells. Sato et al. reported that
activation of the Wnt pathway by 6-bromoindirubin-
3’-oxime (BIO) promotes the self-renewal of ES cells in
the presence of bFGF, Matrigel, and a proprietary serum
replacement product.2* Amit et al. reported that bFGF,
TGFB, and LIF could support some human ES cell lines
in the absence of feeders.25> Although there are some
questions about how well these new culture conditions
will work for different human ES cell lines, there is now
reason to believe that defined culture conditions for
human ES cells, which reduce the potential for
contamination by pathogens, will soon be achieved*.

Once a set of defined culture conditions is established
for the derivation and culture of human ES cells, chal-
lenges to improve the medium will still remain. For
example, the cloning efficiency of human ES cells —
the ability of a single human ES cell to proliferate and
become a colony — is very low (typically less than 19%)
compared to that of mouse ES cells. Another difficulty
is the potential for accumulation of genetic and
epigenetic changes over prolonged periods of culture.
For example, karyotypic changes have been observed
in several human ES cell lines after prolonged culture,
and the rate at which these changes dominate a culture
may depend on the culture method.26.27 The status of
imprinted (epigenetically modified) genes and the
stability of imprinting in various culture conditions
remain completely unstudied in human ES cells**. The
status of imprinted genes can clearly change with culture
conditions in other cell types.2829 These changes
present potential problems if human ES cells are to be
used in cell replacement therapy, and optimizing
medium to reduce the rate at which genetic and
epigenetic changes accumulate in culture represents a
long-term endeavor. The ideal human ES cell medium,
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then, (a) would be cost-effective and easy to use so that
many more investigators can use human ES cells as a
research tool; (b) would be composed entirely of
defined components not of animal origin; (c) would
allow cell growth at clonal densities; and (d) would
minimize the rate at which genetic and epigenetic
changes accumulate in culture. Such a medium will be
a challenge to develop and will most likely be achieved
through a series of incremental improvements over a
period of years.

Among all the newly derived human ES cell lines,
twelve lines have gained the most attention. In March
2004, a South Korean group reported the first
derivation of a human ES cell line (SCNT-hES-1) using
the technique of somatic cell nuclear transfer (SCNT).
Human somatic nuclei were transferred into human
oocytes (nuclear transfer), which previously had been
stripped of their own genetic material, and the
resultant nuclear transfer products were cultured in vitro
to the blastocyst stage for ES cell derivation.30***
Because the ES cells derived through nuclear transfer
contain the same genetic material as that of the nuclear
donor, the intent of the procedure is that the
differentiated derivatives would not be rejected by the
donor’s immune system if used in transplantation
therapy. More recently, the same group reported the
derivation of eleven more human SCNT-ES cell lines***
with markedly improved efficiency (16.8 oocytes/line
vs. 242 oocytes/line in their previous report).31***
However, given the abnormalities frequently observed
in cloned animals, and the costs involved, it is not clear
how useful this procedure will be in clinical applica-
tions. Also, for some autoimmune diseases, such as
type | diabetes, merely providing genetically-matched
tissue will be insufficient to prevent immune rejection.

Additionally, new human ES cell lines were established
from embryos with genetic disorders, which were
detected during the practice of preimplantation
genetic diagnosis (PGD). These new cell lines may
provide an excellent in vitro model for studies on the
effects that the genetic mutations have on cell prolifer-
ation and differentiation.32

* Editor’s note: Papers published since this writing report defined culture conditions for human embryonic stem cells. See Ludwig
et al., Nat. Biotech 24: 185-187, 2006; and Lu et al., PNAS 103:5688-5693, 2006.08.14.
** Editor’s note: Papers published since the time this chapter was written address this: see Maitra et al., Nature Genetics 37,
1099-1103, 2005; and Rugg-Gunn et al., Nature Genetics 37:585-587, 2005.
*** Editor’s note: Both papers referenced in 30 and 31 were later retracted: see Science 20 Jan 2006; Vol. 311. No. 5759, p. 335.
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Figure 1.4. How RNAi Can Be Used To Modify Stem Cells

To date, more than 120 human ES cell lines have been
established worldwide,33* 67 of which are included
in the National Institutes of Health (NIH) registry
(http://stemcells.nih.gov/research/registry/). As of this
writing, 21 cell lines are currently available for distri-
bution, all of which have been exposed to animal
products during their derivation. Although it has been
eight years since the initial derivation of human ES cells, it is
an open question as to the extent that independent
human ES cell lines differ from one another. At the very
least, the limited number of cell lines cannot represent a
reasonable sampling of the genetic diversity of different
ethnic groups in the United States, and this has

consequences for drug testing, as adverse reactions to
drugs often reflect a complex genetic component.
Once defined culture conditions are well established for
human ES cells, there will be an even more compelling
need to derive additional cell lines.

The ability of ES cells to develop into all cell types of the
body has fascinated scientists for years, yet remarkably
little is known about factors that make one cell
pluripotent and another more restricted in its develop-
mental potential. The transcription factor Oct4 has

* Editor’s note: One recent report now estimates 414 hESC lines, see Guhr et al., www.StemCells.com early online version for
June 15, 2006: “Current State of Human Embryonic Stem Cell Research: An Overview of Cell Lines and their Usage in

Experimental Work.”



been used as a key marker for ES cells and for the
pluripotent cells of the intact embryo, and its expres-
sion must be maintained at a critical level for ES cells
to remain undifferentiated.3* The Oct4 protein itself,
however, is insufficient to maintain ES cells in the un-
differentiated state. Recently, two groups identified
another transcription factor, Nanog, that is essential
for the maintenance of the undifferentiated state of
mouse ES cells.35.36 The expression of Nanog decreased
rapidly as mouse ES cells differentiated, and when its
expression level was maintained by a constitutive
promoter, mouse ES cells could remain undifferentiated
and proliferate in the absence of either LIF or BMP in
serum-free medium.’2 Nanog is also expressed in
human ES cells, though at a much lower level
compared to that of Oct4, and its function in human ES
cells has yet to be examined.

By comparing gene expression patterns between
different ES cell lines and between ES cells and other
cell types such as adult stem cells and differentiated
cells, genes that are enriched in the ES cells have been
identified. Using this approach, Esg-1, an uncharac-
terized ES cell-specific gene, was found to be exclusively
associated with pluripotency in the mouse.3” Sperger
et al. identified 895 genes that are expressed at
significantly higher levels in human ES cells and
embryonic carcinoma cell lines, the malignant
counterparts to ES cells.3® Sato et al. identified a set of
918 genes enriched in undifferentiated human ES cells
compared with their differentiated counterparts; many
of these genes were shared by mouse ES cells.3?
Another group, however, found 92 genes, including
Oct4 and Nanog, enriched in six different human ES
cell lines, which showed limited overlap with those in
mouse ES cell lines.40 Care must be taken to interpret
these data, and the considerable differences in the
results may arise from the cell lines used in the experi-
ments, methods to prepare and maintain the cells, and
the specific methods used to profile gene expression.

Since establishing human ES cells in 1998, scientists
have developed genetic manipulation techniques to
determine the function of particular genes, to direct
the differentiation of human ES cells towards specific
cell types, or to tag an ES cell derivative with a certain
marker gene. Several approaches have been developed
to introduce genetic elements randomly into the
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human ES cell genome, including electroporation,
transfection by lipid-based reagents, and lentiviral
vectors.#-44 However, homologous recombination, a
method in which a specific gene inside the ES cells is
modified with an artificially introduced DNA molecule,
is an even more precise method of genetic engineering
that can modify a gene in a defined way at a specific
locus. While this technology is routinely used in mouse
ES cells, it has recently been successfully developed in
human ES cells (See chapter 5: Genetically Modified Stem
Cells), thus opening new doors for using ES cells as
vehicles for gene therapy and for creating in vitro
models of human genetic disorders such as Lesch-
Nyhan disease.*546 Another method to test the
function of a gene is to use RNA interference (RNAI) to
decrease the expression of a gene of interest (see Figure
1.4: RNA interference). In RNAi, small pieces of double-
stranded RNA (siRNA; small interfering RNA) are either
chemically synthesized and introduced directly into
cells, or expressed from DNA vectors. Once inside the
cells, the siRNA can lead to the degradation of the
messenger RNA (mRNA), which contains the exact
sequence as that of the siRNA. mRNA is the product of
DNA transcription and normally can be translated into
proteins. RNAi can work efficiently in somatic cells, and
there has been some progress in applying this
technology to human ES cells.47-49

The pluripotency of ES cells suggests possible
widespread uses for these cells and their derivatives.
The ES cell-derived cells can potentially be used to
replace or restore tissues that have been damaged by
disease or injury, such as diabetes, heart attacks,
Parkinson'’s disease or spinal cord injury. The recent devel-
opments in these particular areas are discussed in detail
in other chapters, and Table 1 summarizes recent pub-
lications in the differentiation of specific cell lineages.

The differentiation of ES cells also provides model
systems to study early events in human development.
Because of possible harm to the resulting child, it is not
ethically acceptable to experimentally manipulate the
postimplantation human embryo. Therefore, most of
what is known about the mechanisms of early human
embryology and human development, especially in the
early postimplantation period, is based on histological
sections of a limited number of human embryos and
on analogy to the experimental embryology of the
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mouse. However, human and mouse embryos differ
significantly, particularly in the formation, structure,
and function of the fetal membranes and placenta, and
the formation of an embryonic disc instead of an egg
cylinder.30-52 For example, the mouse yolk sac is a well-
vascularized, robust, extraembryonic organ throughout
gestation that provides important nutrient exchange
functions. In humans, the yolk sac also serves
important early functions, including the initiation of
hematopoiesis, but it becomes essentially a vestigial
structure at later times or stages in gestation. Similarly,
there are dramatic differences between mouse and
human placentas, both in structure and function. Thus,
mice can serve in a limited capacity as a model system
for understanding the developmental events that
support the initiation and maintenance of human
pregnancy. Human ES cell lines thus provide an
important new in vitro model that will improve our
understanding of the differentiation of human tissues,
and thus provide important insights into processes
such as infertility, pregnancy loss, and birth defects.

Human ES cells are already contributing to the study of
development. For example, it is now possible to direct
human ES cells to differentiate efficiently to
trophoblast, the outer layer of the placenta that
mediates implantation and connects the conceptus to
the uterus.'”.53 Another use of human ES cells is for the
study of germ cell development. Cells resembling both
oocytes and sperm have been successfully derived from
mouse ES cells in vitro.54-56 Recently, human ES cells
have also been observed to differentiate into cells
expressing genes characteristic of germ cells.5” Thus it
may also be possible to derive oocytes and sperm from
human ES cells, allowing the detailed study of human
gametogenesis for the first time. Moreover, human ES
cell studies are not limited to early differentiation, but
are increasingly being used to understand the
differentiation and functions of many human tissues,
including neural, cardiac, vascular, pancreatic, hepatic,
and bone (see Table 1). Moreover, transplantation of
ES-derived cells has offered promising results in animal
models.58-67

Although scientists have gained more insights into the
biology of human ES cells since 2001, many key
questions remain to be addressed before the full
potential of these unique cells can be realized. It is
surprising, for example, that mouse and human ES cells
appear to be so different with respect to the molecules
that mediate their self-renewal, and perhaps even in

Cell types Publications References
Neural 8 61, 66, 68-73
Cardiac 6 9-11, 74-76
Endothelial (Vascular) 2 77,78
Hematopoietic (Blood) 8 79-86
Pancreatic (Islet-like) 2 87, 88
Hepatic (Liver) 3 89-91

Bone 1 92
Trophoblast 2 17,53
Multilineages 9 16, 57, 93-99

their developmental potentials. BMPs, for example, in
combination with LIF, promote the self-renewal of
mouse ES cells. But in conditions that would otherwise
support undifferentiated proliferation, BMPs cause
rapid differentiation of human ES cells. Also, human
ES cells differentiate quite readily to trophoblast,
whereas mouse ES cells do so poorly, if at all. One
would expect that at some level, the basic molecular
mechanisms that control pluripotency would be
conserved, and indeed, human and mouse ES cells
share the expression of many key genes. Yet we remain
remarkably ignorant about the molecular mechanisms
that control pluripotency, and the nature of this
remarkable cellular state has become one of the central
questions of developmental biology. Of course, the
other great challenge will be to continue to unravel the
factors that control the differentiation of human ES
cells to specific lineages, so that ES cells can fulfill their
tremendous promise in basic human biology, drug
screening, and transplantation medicine.

We thank Lynn Schmidt, Barbara Lewis, Sangyoon Han
and Deborah ]. Faupel for proofreading this report.
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Bone Marrow (Hematopoietic) Stem Cells

Blood and the system that forms it, known as the
hematopoietic system, consist of many cell types with
specialized functions (see Figure 2.1). Red blood cells
(erythrocytes) carry oxygen to the tissues. Platelets
(derived from megakaryocytes) help prevent bleeding.
Granulocytes (neutrophils, basophils and eosinophils)
and macrophages (collectively known as myeloid cells)
fight infections from bacteria, fungi, and other
parasites such as nematodes (ubiquitous small worms).
Some of these cells are also involved in tissue and bone
remodeling and removal of dead cells. B-lymphocytes
produce antibodies, while T-lymphocytes can directly kill
or isolate by inflammation cells recognized as foreign
to the body, including many virus-infected cells and
cancer cells. Many blood cells are short-lived and need
to be replenished continuously; the average human
requires approximately one hundred billion new
hematopoietic cells each day. The continued
production of these cells depends directly on the
presence of Hematopoietic Stem Cells (HSCs), the
ultimate, and only, source of all these cells.

Figure 2.1. Hematopoietic and stromal cell differentiation.

The search for stem cells began in the aftermath of the
bombings in Hiroshima and Nagasaki in 1945. Those
who died over a prolonged period from lower doses of
radiation had compromised hematopoietic systems
that could not regenerate either sufficient white blood
cells to protect against otherwise nonpathogenic
infections or enough platelets to clot their blood.
Higher doses of radiation also killed the stem cells of
the intestinal tract, resulting in more rapid death. Later,
it was demonstrated that mice that were given doses of
whole body X-irradiation developed the same radiation
syndromes; at the minimal lethal dose, the mice died
from hematopoietic failure approximately two weeks
after radiation exposure.! Significantly, however,
shielding a single bone or the spleen from radiation
prevented this irradiation syndrome. Soon thereafter,
using inbred strains of mice, scientists showed that
whole-body-irradiated mice could be rescued from
otherwise fatal hematopoietic failure by injection of
suspensions of cells from blood-forming organs such as
the bone marrow.2 In 1956, three laboratories




demonstrated that the injected bone marrow cells
directly regenerated the blood-forming system, rather
than releasing factors that caused the recipients’ cells
to repair irradiation damage.3-5 To date, the only
known treatment for hematopoietic failure following
whole body irradiation is transplantation of bone
marrow cells or HSCs to regenerate the blood-forming
system in the host organisms.6.7

The hematopoietic system is not only destroyed by the
lowest doses of lethal X-irradiation (it is the most
sensitive of the affected vital organs), but also by
chemotherapeutic agents that kill dividing cells. By the
1960s, physicians who sought to treat cancer that had
spread (metastasized) beyond the primary cancer site
attempted to take advantage of the fact that a large
fraction of cancer cells are undergoing cell division at
any given point in time. They began using agents (e.g.,
chemical and X-irradiation) that kill dividing cells to
attempt to kill the cancer cells. This required the
development of a quantitative assessment of damage
to the cancer cells compared that inflicted on normal
cells. Till and McCulloch began to assess quantitatively
the radiation sensitivity of one normal cell type, the
bone marrow cells used in transplantation, as it exists
in the body. They found that, at sub-radioprotective
doses of bone marrow cells, mice that died 10-15 days
after irradiation developed colonies of myeloid and
erythroid cells (see Figure 2.1 for an example) in their
spleens. These colonies correlated directly in number
with the number of bone marrow cells originally
injected (approximately 1 colony per 7,000 bone
marrow cells injected).® To test whether these colonies
of blood cells derived from single precursor cells, they
pre-irradiated the bone marrow donors with low doses
of irradiation that would induce unique chromosome
breaks in most hematopoietic cells but allow some cells
to survive. Surviving cells displayed radiation-induced
and repaired chromosomal breaks that marked each
clonogenic (colony-initiating) hematopoietic cell.? The
researchers discovered that all dividing cells within a
single spleen colony, which contained different types of
blood cells, contained the same unique chromosomal
marker. Each colony displayed its own unique
chromosomal marker, seen in its dividing cells.?
Furthermore, when cells from a single spleen colony
were re-injected into a second set of lethally-irradiated
mice, donor-derived spleen colonies that contained the
same unique chromosomal marker were often
observed, indicating that these colonies had been
regenerated from the same, single cell that had
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generated the first colony. Rarely, these colonies
contained sufficient numbers of regenerative cells both
to radioprotect secondary recipients (e.g., to prevent
their deaths from radiation-induced blood cell loss) and
to give rise to lymphocytes and myeloerythroid cells
that bore markers of the donor-injected cells.’01 These
genetic marking experiments established the fact that
cells that can both self-renew and generate most (if not
all) of the cell populations in the blood must exist in
bone marrow. At the time, such cells were called
pluripotent HSCs, a term later modified to multipotent
HSCs.1213 However, identifying stem cells in retrospect
by analysis of randomly chromosome-marked cells is
not the same as being able to isolate pure populations
of HSCs for study or clinical use.

Achieving this goal requires markers that uniquely define
HSCs. Interestingly, the development of these markers,
discussed below, has revealed that most of the early
spleen colonies visible 8 to 10 days after injection, as well
as many of the later colonies, visible at least 12 days after
injection, are actually derived from progenitors rather
than from HSCs. Spleen colonies formed by HSCs are
relatively rare and tend to be present among the later
colonies.’15 However, these findings do not detract from
Till and McCulloch’s seminal experiments to identify
HSCs and define these unique cells by their capacities for
self-renewal and multilineage differentiation.

While much of the original work was, and continues to
be, performed in murine model systems, strides have
been made to develop assays to study human HSCs.
The development of Fluorescence Activated Cell
Sorting (FACS) has been crucial for this field (see Figure
2.2). This technique enables the recognition and
quantification of small numbers of cells in large mixed
populations. More importantly, FACS-based cell sorting
allows these rare cells (1 in 2000 to less than 1 in
10,000) to be purified, resulting in preparations of near
100% purity. This capability enables the testing of
these cells in various assays.

Assays have been developed to characterize hemato-
poietic stem and progenitor cells in vitro and in vivo
(Figure 2.3).1617 In vivo assays that are used to study
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Figure 2.2. Enrichment and purification methods for hemato-
poietic stem cells. Upper panels illustrate column-based
magnetic enrichment. In this method, the cells of interest are
labeled with very small iron particles (A). These particles are
bound to antibodies that only recognize specific cells. The cell
suspension is then passed over a column through a strong
magnetic field which retains the cells with the iron particles (B).
Other cells flow through and are collected as the depleted
negative fraction. The magnet is removed, and the retained cells
are collected in a separate tube as the positive or enriched
fraction (C). Magnetic enrichment devices exist both as small
research instruments and large closed-system clinical instruments.

HSCs include Till and McCulloch’ s classical spleen
colony forming (CFU-S) assay,® which measures the
ability of HSC (as well as blood-forming progenitor
cells) to form large colonies in the spleens of lethally
irradiated mice. Its’ main advantage (and limitation)
is the short-term nature of the assay (now typically
12 days). However, the assays that truly define HSCs are
reconstitution assays.’618 Mice that have been
“preconditioned” by lethal irradiation to accept new
HSCs are injected with purified HSCs or mixed
populations containing HSCs, which will repopulate
the hematopoietic systems of the host mice for the life
of the animal. These assays typically use different types
of markers to distinguish host and donor-derived cells.

For example, allelic assays distinguish different versions
of a particular gene, either by direct analysis of DNA or
of the proteins expressed by these alleles. These
proteins may be cell-surface proteins that are
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Lower panels illustrate Fluorescence Activated Cell Sorting
(FACS). In this setting, the cell mixture is labeled with
fluorescent markers that emit light of different colors after
being activated by light from a laser. Each of these fluorescent
markers is attached to a different monoclonal antibody that
recognizes specific sets of cells (D). The cells are then passed
one by one in a very tight stream through a laser beam (blue
in the figure) in front of detectors (E) that determine which
colors fluoresce in response to the laser. The results can be
displayed in a FACS-plot (F). FACS-plots (see figures 3 and 4
for examples) typically show fluorescence levels per cell as
dots or probability fields. In the example, four groups can be
distinguished: Unstained, red-only, green-only, and red-green
double labeling. Each of these groups, é&.g., green
fluorescence-only, can be sorted to very high purity. The
actual sorting happens by breaking the stream shown in (E)
into tiny droplets, each containing 1 cell, that then can be
sorted using electric charges to move the drops. Modern
FACS machines use three different lasers (that can activate
different set of fluorochromes), to distinguish up to 8 to 12
different fluorescence colors and sort 4 separate populations,
all simultaneously.

Magnetic enrichment can process very large samples (billions
of cells) in one run, but the resulting cell preparation is
enriched for only one parameter (e.¢., CD34) and is not pure.
Significant levels of contaminants (such as T-cells or tumor
cells) remain present. FACS results in very pure cell
populations that can be selected for several parameters
simultaneously (.., Linmes, CD34ros, CDIQPos), but it is more
time consuming (10,000 to 50,000 cells can be sorted per
second) and requires expensive instrumentation.

recognized by specific monoclonal antibodies that
can distinguish between the variants (e.g.,, CD45 in
Figure 2.3) or cellular proteins that may be recognized
through methods such as gel-based analysis. Other
assays take advantage of the fact that male cells can
be detected in a female host by detecting the male-
cell-specific Y-chromosome by molecular assays (e.g.,
polymerase chain reaction, or PCR).

Small numbers of HSCs (as few as one cell in mouse
experiments) can be assayed using competitive
reconstitutions, in which a small amount of host-type
bone marrow cells (enough to radioprotect the host
and thus ensure survival) is mixed in with the donor-
HSC population. To establish long-term reconstitutions
in mouse models, the mice are followed for at least 4
months after receiving the HSCs. Serial reconstitution,
in which the bone marrow from a previously-irradiated
and reconstituted mouse becomes the HSC source for
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Figure 2.3. Assays used to detect hematopoietic stem cells. The tissue culture assays, which are used frequently to test human cells,
include the ability of the cells to be tested to grow as “cobblestones” (the dark cells in the picture) for 5 to 7 weeks in culture. The Long
Term Culture-Initiating Cell assay measures whether hematopoietic progenitor cells (capable of forming colonies in secondary assays,
as shown in the picture) are still present after 5 to 7 weeks of culture.

/n vivo assays in mice include the CFU-S assay, the original stem cell assay discussed in the introduction. The most stringent
hematopoietic stem cell assay involves looking for the long-term presence of donor-derived cells in a reconstituted host. The example
shows host-donor recognition by antibodies that recognize two different mouse alleles of CD45, a marker present on nearly all blood
cells. CD45 is also a good marker for distinguishing human blood cells from mouse blood cells when testing human cells in
immunocompromised mice such as NOD/SCID. Other methods such as pcr-markers, chromosomal markers, and enzyme markers can
also be used to distinguish host and donor cells.

second irradiated mouse, extends the potential of this foreign cells) such as SCID'9-21 or NOD-SCID mice.2223
assay to test lifespan and expansion limits of HSCs. Reconstitution can be performed in either the presence
Unfortunately, the serial transfer assay measures both or absence of human fetal bone or thymus implants to
the lifespan and the transplantability of the stem cells. provide a more natural environment in which the
The transplantability may be altered under various human cells can grow in the mice. Recently
conditions, so this assay is not the sine qua non of HSC NOD/SCID/cy/- mice have been used as improved
function. Testing the in vivo activity of human cells is recipients for human HSCs, capable of complete
obviously more problematic. reconstitution with human lymphocytes, even in the

absence of additional human tissues.2* Even more
Several experimental models have been developed that promising has been the use of newborn mice with
allow the testing of human cells in mice. These assays an impaired immune system (Rag-2-/-Cy-/-), which
employ immunologically-incompetent mice (mutant results in reproducible production of human B- and
mice that cannot mount an immune response against T-lymphoid and myeloerythroid cells.25> These assays
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are clearly more stringent, and thus more informative,
but also more difficult than the in vitro HSC assays
discussed below. However, they can only assay a
fraction of the lifespan under which the cells would
usually have to function. Information on the long-term
functioning of cells can only be derived from clinical
HSC transplantations.

A number of assays have been developed to recognize
HSCs in vitro (e.g., in tissue culture). These are
especially important when assaying human cells. Since
transplantation assays for human cells are limited, cell
culture assays often represent the only viable option. In
vitro assays for HSCs include Long-Term Culture-
Initializing Cell (LTC-IC) assays26-26 and Cobble-stone
Area Forming Cell (CAFC) assays.?? LTC-IC assays are
based on the ability of HSCs, but not more mature
progenitor cells, to maintain progenitor cells with
clonogenic potential over at least a five-week culture
period. CAFC assays measure the ability of HSCs to
maintain a specific and easily recognizable way of
growing under stromal cells for five to seven weeks
after the initial plating. Progenitor cells can only grow
in culture in this manner for shorter periods of time.

While initial experiments studied HSC activity in mixed
populations, much progress has been made in
specifically describing the cells that have HSC activity.
A variety of markers have been discovered to help
recognize and isolate HSCs. Initial marker efforts
focused on cell size, density, and recognition by lectins
(carbohydrate-binding proteins derived largely from
plants),3° but more recent efforts have focused mainly
on cell surface protein markers, as defined by
monoclonal antibodies. For mouse HSCs, these markers
include panels of 8 to 14 different monoclonal
antibodies that recognize cell surface proteins present
on differentiated hematopoietic lineages, such as the
red blood cell and macrophage lineages (thus, these
markers are collectively referred to as “Lin”),13.31 as well
as the proteins Sca-1,13.31 CD27,32 CD34,33 CD38,3*
CD43,35 CD90.1 (Thy-1.1),1331 CD117 (c-Kit),3¢ AA4.1,37
and MHC class 1,3° and CD150.3% Human HSCs have
been defined with respect to staining for Lin,3° CD34,40
CD38,4" CD43,35 CD45R0O,42 CD45RA,#*2 CD59,%3
CD90,3? CD109,44 CD117,4 CD133,447 CD166,% and
HLA DR(human).#%.50 In addition, metabolic
markers/dyes such as rhodamine123 (which stains
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Figure 2.4. Examples of Hematopoietic Stem Cell staining
patterns in mouse bone marrow (top) and human mobilized
peripheral blood (bottom). The plots on the right show only
the cells present in the left blue box. The cells in the right
blue box represent HSCs. Stem cells form a rare fraction of
the cells present in both cases.

mitochondria),>' Hoechst33342 (which identifies MDR-
type drug efflux activity),52 Pyronin-Y (which stains
RNA),33 and BAAA (indicative of aldehyde dehy-
drogenase enzyme activity)>* have been described.
While none of these markers recognizes functional
stem cell activity, combinations (typically with 3 to 5
different markers, see examples below) allow for the
purification of near-homogenous populations of HSCs.
The ability to obtain pure preparations of HSCs, albeit
in limited numbers, has greatly facilitated the
functional and biochemical characterization of these
important cells. However, to date there has been
limited impact of these discoveries on clinical practice,
as highly purified HSCs have only rarely been used to
treat patients (discussed below). The undeniable
advantages of using purified cells (e.g., the absence of
contaminating tumor cells in autologous trans-
plantations) have been offset by practical difficulties
and increased purification costs.



HSC assays, when combined with the ability to purify
HSCs, have provided increasingly detailed insight
into the cells and the early steps involved in the
differentiation process. Several marker combinations
have been developed that describe murine HSCs,
including [CD117high, CD90.T1'ew, Linneg/low, Sca-1pos],15
[CD90.7low, Linneg, Sca-1ros Rhodaminel23low],55
[CD34neg/low, CD117pos, Sca-1pos, Linned],33 [CD150 pos,
CD48neg, CD244neg],38 and “side-population” cells
using Hoechst-dye.52 Each of these combinations
allows purification of HSCs to near-homogeneity.
Figure 2.4 shows an example of an antibody
combination that can recognize mouse HSCs. Similar
strategies have been developed to purify human HSCs,
employing markers such as CD34, CD38, Lin, CD90,
CD133 and fluorescent substrates for the enzyme,
aldehyde dehydrogenase. The use of highly purified
human HSCs has been mainly experimental, and
clinical use typically employs enrichment for one
marker, usually CD34. CD34 enrichment yields a
population of cells enriched for HSC and blood
progenitor cells but still contains many other cell types.
However, limited trials in which highly FACS-purified
CD34pos CD90ros HSCs (see Figure 2.4) were used as a
source of reconstituting cells have demonstrated that
rapid reconstitution of the blood system can reliably be
obtained using only HSCs.56-58

The purification strategies described above recognize a
rare subset of cells. Exact numbers depend on the assay
used as well as on the genetic background studied.®
In mouse bone marrow, 1 in 10,000 cells is a
hematopoietic stem cell with the ability to support
long-term hematopoiesis following transplantation into
a suitable host. When short-term stem cells, which
have a limited self-renewal capacity, are included in the
estimation, the frequency of stem cells in bone marrow
increases to 1 in 1,000 to 1 in 2,000 cells in humans
and mice. The numbers present in normal blood are at
least ten-fold lower than in marrow.

None of the HSC markers currently used is directly
linked to an essential HSC function, and consequently,
even within a species, markers can differ depending on
genetic alleles,’® mouse strains, %0 developmental
stages,®' and cell activation stages.6263 Despite this,
there is a clear correlation in HSC markers between
divergent species such as humans and mice. However,
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unless the ongoing attempts at defining the complete
HSC gene expression patterns will yield usable markers
that are linked to essential functions for maintaining
the “stemness” of the cells,6465 functional assays will
remain necessary to identify HSCs unequivocally.'¢

More recently, efforts at defining hematopoietic
populations by cell surface or other FACS-based
markers have been extended to several of the
progenitor populations that are derived from HSCs (see
Figure 2.5). Progenitors differ from stem cells in that
they have a reduced differentiation capacity (they can
generate only a subset of the possible lineages) but
even more importantly, progenitors lack the ability to
self-renew. Thus, they have to be constantly
regenerated from the HSC population. However,
progenitors do have extensive proliferative potential
and can typically generate large numbers of mature
cells. Among the progenitors defined in mice and
humans are the Common Lymphoid Progenitor
(CLP),68.67 which in adults has the potential to generate
all of the lymphoid but not myeloerythroid cells, and a
Common Myeloid Progenitor (CMP), which has the
potential to generate all of the mature myeloerythroid,
but not lymphoid, cells.¢8¢® While beyond the scope of
this overview, hematopoietic progenitors have clinical
potential and will likely see clinical use.”0.71

HSCs have a number of unique properties, the
combination of which defines them as such.’® Among
the core properties are the ability to choose between
self-renewal (remain a stem cell after cell division) or
differentiation (start the path towards becoming a
mature hematopoietic cell). In addition, HSCs migrate
in regulated fashion and are subject to regulation by
apoptosis (programmed cell death). The balance
between these activities determines the number of
stem cells that are present in the body.

One essential feature of HSCs is the ability to self-
renew, that is, to make copies with the same or very
similar potential. This is an essential property because
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Self-renewal

Differentiation

Proliferation

Differentiation

Figure 2.5. Relationship between several of the characterized hematopoietic stem cells and early progenitor cells. Differentiation is
indicated by colors; the more intense the color, the more mature the cells. Surface marker distinctions are subtle between these early
cell populations, yet they have clearly distinct potentials. Stem cells can choose between self-renewal and differentiation. Progenitors
can expand temporarily but always continue to differentiate (other than in certain leukemias). The mature lymphoid (T-cells, B-cells, and
Natural Killer cells) and myeloerythroid cells (granulocytes, macrophages, red blood cells, and platelets) that are produced by these stem

and progenitor cells are shown in more detail in Figure 2.1.

more differentiated cells, such as hematopoietic
progenitors, cannot do this, even though most
progenitors can expand significantly during a limited
period of time after being generated. However, for
continued production of the many (and often short-
lived) mature blood cells, the continued presence
of stem cells is essential. While it has not been
established that adult HSCs can self-renew indefinitely
(this would be difficult to prove experimentally), it is
clear from serial transplantation experiments that they
can produce enough cells to last several (at least four to
five) lifetimes in mice. It is still unclear which key signals
allow self-renewal. One link that has been noted is
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telomerase, the enzyme necessary for maintaining
telomeres, the DNA regions at the end of
chromosomes that protect them from accumulating
damage due to DNA replication. Expression of
telomerase is associated with self-renewal activity.”2
However, while absence of telomerase reduces the self-
renewal capacity of mouse HSCs, forced expression is
not sufficient to enable HSCs to be transplanted
indefinitely; other barriers must exist.”3.74

It has proven surprisingly difficult to grow HSCs in
culture despite their ability to self-renew. Expansion in
culture is routine with many other cells, including



neural stem cells and ES cells. The lack of this capacity
for HSCs severely limits their application, because the
number of HSCs that can be isolated from mobilized
blood, umbilical cord blood, or bone marrow restricts
the full application of HSC transplantation in man
(whether in the treatment of nuclear radiation
exposure or transplantation in the treatment of blood
cell cancers or genetic diseases of the blood or blood-
forming system). Engraftment periods of 50 days or
more were standard when limited numbers of bone
marrow or umbilical cord blood cells were used in a
transplant setting, reflecting the low level of HSCs
found in these native tissues. Attempts to expand HSCs
in tissue culture with known stem-cell stimulators, such
as the cytokines stem cell factor/steel factor (KitL),
thrombopoietin (TPO), interleukins 1, 3, 6, 11, plus or
minus the myeloerythroid cytokines GM-CSF, G-CSF,
M-CSF, and erythropoietin have never resulted in a
significant expansion of HSCs.'6.75 Rather, these
compounds induce many HSCs into cell divisions that
are always accompanied by cellular differentiation.”6
Yet many experiments demonstrate that the trans-
plantation of a single or a few HSCs into an animal
results in a 100,000-fold or greater expansion in the
number of HSCs at the steady state while simultaneously
generating daughter cells that permitted the regener-
ation of the full blood-forming system.”7-80 Thus, we do
not know the factors necessary to regenerate HSCs by
self-renewing cell divisions. By investigating genes
transcribed in purified mouse LT-HSCs, investigators
have found that these cells contain expressed elements
of the Wnt/fzd/beta-catenin signaling pathway, which
enables mouse HSCs to undergo self-renewing cell
divisions.81.82 Overexpression of several other proteins,
including HoxB483-86 and HoxA987 has also been
reported to achieve this. Other signaling pathways that
are under investigation include Notch and Sonic
hedgehog.”> Among the intracellular proteins thought
to be essential for maintaining the “stem cell” state are
Polycomb group genes, including Bmi-1.88 Other
genes, such as c-Myc and JunB have also been shown
to play a role in this process.8290 Much remains to be
discovered, including the identity of the stimuli that
govern self-renewal in vivo, as well as the composition
of the environment (the stem cell “niche”) that
provides these stimuli.®" The recent identification of
osteoblasts, a cell type known to be involved in bone
formation, as a critical component of this
environment®293 will help to focus this search. For
instance, signaling by Angiopoietin-1 on osteoblasts to
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Tie-2 receptors on HSCs has recently been suggested to
regulate stem cell quiescence (the lack of cell
division).?4 It is critical to discover which pathways
operate in the expansion of human HSCs to take
advantage of these pathways to improve hemato-
poietic transplantation.

Differentiation into progenitors and mature cells that
fulfill the functions performed by the hematopoietic
system is not a unique HSC property, but, together
with the option to self-renew, defines the core function
of HSCs. Differentiation is driven and guided by an
intricate network of growth factors and cytokines. As
discussed earlier, differentiation, rather than self-
renewal, seems to be the default outcome for HSCs
when stimulated by many of the factors to which they
have been shown to respond. It appears that, once
they commit to differentiation, HSCs cannot revert to a
self-renewing state. Thus, specific signals, provided by
specific factors, seem to be needed to maintain HSCs.
This strict regulation may reflect the proliferative
potential present in HSCs, deregulation of which could
easily result in malignant diseases such as leukemia
or lymphoma.

Migration of HSCs occurs at specific times during
development (i.e., seeding of fetal liver, spleen and
eventually, bone marrow) and under certain conditions
(e.g., cytokine-induced mobilization) later in life. The
latter has proven clinically useful as a strategy to
enhance normal HSC proliferation and migration, and
the optimal mobilization regimen for HSCs currently
used in the clinic is to treat the stem cell donor with a
drug such as cytoxan, which kills most of his or her
dividing cells. Normally, only about 8% of LT-HSCs
enter the cell cycle per day,59 so HSCs are not
significantly affected by a short treatment with cytoxan.
However, most of the downstream blood progenitors
are actively dividing,%6.68 and their numbers are
therefore greatly depleted by this dose, creating a
demand for a regenerated blood-forming system.
Empirically, cytokines or growth factors such as G-CSF
and KitL can increase the number of HSCs in the blood,
especially if administered for several days following a
cytoxan pulse. The optimized protocol of cytoxan plus
G-CSF results in several self-renewing cell divisions for
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each resident LT-HSC in mouse bone marrow,
expanding the number of HSCs 12- to 15-fold within
two to three days.” Then, up to one-half of the
daughter cells of self-renewing dividing LT-HSCs
(estimated to be up to 10> per mouse per day?8) leave
the bone marrow, enter the blood, and within minutes
engraft other hematopoietic sites, including bone
marrow, spleen, and liver.?¢ These migrating cells can
and do enter empty hematopoietic niches elsewhere in
the bone marrow and provide sustained hematopoietic
stem cell self-renewal and hematopoiesis.?8% It is
assumed that this property of mobilization of HSCs is
highly conserved in evolution (it has been shown in
mouse, dog and humans) and presumably results from
contact with natural cell-killing agents in the
environment, after which regeneration of hemato-
poiesis requires restoring empty HSC niches. This
means that functional, transplantable HSCs course
through every tissue of the body in large numbers every
day in normal individuals.

Apoptosis, or programmed cell death, is a mechanism
that results in cells actively self-destructing without
causing inflammation. Apoptosis is an essential feature
in multicellular organisms, necessary during develop-
ment and normal maintenance of tissues. Apoptosis
can be triggered by specific signals, by cells failing to
receive the required signals to avoid apoptosis, and by
exposure to infectious agents such as viruses. HSCs are
not exempt; apoptosis is one mechanism to regulate
their numbers. This was demonstrated in transgenic
mouse experiments in which HSC numbers doubled
when the apoptosis threshold was increased.”é This
study also showed that HSCs are particularly sensitive
and require two signals to avoid undergoing apoptosis.

The best-known location for HSCs is bone marrow, and
bone marrow transplantation has become synonymous
with hematopoietic cell transplantation, even though
bone marrow itself is increasingly infrequently used as
a source due to an invasive harvesting procedure that
requires general anesthesia. In adults, under steady-
state conditions, the majority of HSCs reside in bone
marrow. However, cytokine mobilization can result in
the release of large numbers of HSCs into the blood. As
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a clinical source of HSCs, mobilized peripheral blood
(MPB) is now replacing bone marrow, as harvesting
peripheral blood is easier for the donors than
harvesting bone marrow. As with bone marrow,
mobilized peripheral blood contains a mixture of
hematopoietic stem and progenitor cells. MPB is
normally passed through a device that enriches cells
that express CD34, a marker on both stem and
progenitor cells. Consequently, the resulting cell
preparation that is infused back into patients is not a
pure HSC preparation, but a mixture of HSCs,
hematopoietic progenitors (the major component),
and various contaminants, including T cells and, in the
case of autologous grafts from cancer patients, quite
possibly tumor cells. It is important to distinguish these
kinds of grafts, which are the grafts routinely given,
from highly purified HSC preparations, which
essentially lack other cell types.

In the late 1980s, umbilical cord blood (UCB) was
recognized as an important clinical source of HSCs.100,101
Blood from the placenta and umbilical cord is a rich
source of hematopoietic stem cells, and these cells are
typically discarded with the afterbirth. Increasingly,
UCB is harvested, frozen, and stored in cord blood
banks, as an individual resource (donor-specific source)
or as a general resource, directly available when needed.
Cord blood has been used successfully to transplant
children and (far less frequently) adults. Specific
limitations of UCB include the limited number of cells
that can be harvested and the delayed immune
reconstitution observed following UCB transplant,
which leaves patients vulnerable to infections for a
longer period of time. Advantages of cord blood
include its availability, ease of harvest, and the reduced
risk of graft-versus-host-disease (GVHD). In addition,
cord blood HSCs have been noted to have a greater
proliferative capacity than adult HSCs. Several
approaches have been tested to overcome the cell dose
issue, including, with some success, pooling of cord
blood samples.101.102 Ex vivo expansion in tissue culture,
to which cord blood cells are more amenable than
adult cells, is another approach under active
investigation.103

The use of cord blood has opened a controversial
treatment strategy — embryo selection to create a
related UCB donor.'% In this procedure, embryos are
conceived by in vitro fertilization. The embryos are



tested by pre-implantation genetic diagnosis, and
embryos with transplantation antigens matching those
of the affected sibling are implanted. Cord blood from
the resulting newborn is then used to treat this sibling.
This approach, successfully pioneered at the University
of Minnesota, can in principle be applied to a wide
variety of hematopoietic disorders. However, the
ethical questions involved argue for clear regulatory
guidelines.105

Embryonic stem (ES) cells form a potential future
source of HSCs. Both mouse and human ES cells have
yielded hematopoietic cells in tissue culture, and they
do so relatively readily.’9¢ However, recognizing the
actual HSCs in these cultures has proven problematic,
which may reflect the variability in HSC markers or the
altered reconstitution behavior of these HSCs, which
are expected to mimic fetal HSC. This, combined with
the potential risks of including undifferentiated cells in
an ES-cell-derived graft means that, based on the
current science, clinical use of ES cell-derived HSCs
remains only a theoretical possibility for now.

An ongoing set of investigations has led to claims that
HSCs, as well as other stem cells, have the capacity to
differentiate into a much wider range of tissues than
previously thought possible. It has been claimed that,
following reconstitution, bone marrow cells can
differentiate not only into blood cells but also muscle
cells (both skeletal myocytes and cardiomyocytes),107-111
brain cells, 112113 [iver cells,'14115 skin cells, lung cells,
kidney cells, intestinal cells,’¢ and pancreatic cells.’’
Bone marrow is a complex mixture that contains
numerous cell types. In addition to HSCs, at least one
other type of stem cell, the mesenchymal stem cell
(MSCQ), is present in bone marrow. MSCs, which have
become the subject of increasingly intense investiga-
tion, seem to retain a wide range of differentiation
capabilities in vitro that is not restricted to mesodermal
tissues, but includes tissues normally derived from
other embryonic germ layers (e.g., neurons).118-120
MSCs are discussed in detail in Dr. Catherine Verfaillie’s
testimony to the President’s Council on Bioethics at this
website: http://bioethicsprint.bioethics.gov/transcripts/
apr02/apr25session2.html and will not be discussed
further here. However, similar claims of differentiation
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into multiple diverse cell types, including muscle,
liver,"4 and different types of epithelium'¢ have been
made in experiments that assayed partially- or fully-
purified HSCs. These experiments have spawned the
idea that HSCs may not be entirely or irreversibly
committed to forming the blood, but under the proper
circumstances, HSCs may also function in the
regeneration or repair of non-blood tissues. This
concept has in turn given rise to the hypothesis that the
fate of stem cells is “plastic,” or changeable, allowing
these cells to adopt alternate fates if needed in
response to tissue-derived regenerative signals (a
phenomenon sometimes referred to as “trans-
differentiation”). This in turn seems to bolster the
argument that the full clinical potential of stem cells
can be realized by studying only adult stem cells,
foregoing research into defining the conditions
necessary for the clinical use of the extensive
differentiation potential of embryonic stem cells.
However, as discussed below, such “transdifferentiation”
claims for specialized adult stem cells are controversial,
and alternative explanations for these observations
remain possible, and, in several cases, have been
documented directly.

While a full discussion of this issue is beyond the scope
of this overview, several investigators have formulated
criteria that must be fulfilled to demonstrate stem cell
plasticity.’21.122 These include (i) clonal analysis, which
requires the transfer and analysis of single, highly-
purified cells or individually marked cells and the
subsequent demonstration of both “normal” and
“plastic” differentiation outcomes, (ii) robust levels of
“plastic” differentiation outcome, as extremely rare
events are difficult to analyze and may be induced by
artefact, and (ii) demonstration of tissue-specific
function of the “transdifferentiated” cell type. Few of
the current reports fulfill these criteria, and careful
analysis of individually transplanted KTLS HSCs has
failed to show significant levels of non-hematopoietic
engraftment.'23124 |n addition, several reported trans-
differentiation events that employed highly purified
HSCs, and in some cases a very strong selection
pressure for trans-differentiation, now have been
shown to result from fusion of a blood cell with a non-
blood cell, rather than from a change in fate of blood
stem cells.’2>-127 Finally, in the vast majority of cases,
reported contributions of adult stem cells to cell types
outside their tissue of origin are exceedingly rare, far
too rare to be considered therapeutically useful. These
findings have raised significant doubts about the
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biological importance and immediate clinical utility of
adult hematopoietic stem cell plasticity. Instead, these
results suggest that normal tissue regeneration relies
predominantly on the function of cell type-specific
stem or progenitor cells, and that the identification,
isolation, and characterization of these cells may be
more useful in designing novel approaches to
regenerative medicine. Nonetheless, it is possible that a
rigorous and concerted effort to identify, purify, and
potentially expand the appropriate cell populations
responsible for apparent “plasticity” events, charac-
terize the tissue-specific and injury-related signals that
recruit, stimulate, or regulate plasticity, and determine
the mechanism(s) underlying cell fusion or transdiffer-
entiation, may eventually enhance tissue regeneration
via this mechanism to clinically useful levels.

Recent progress in genomic sequencing and genome-
wide expression analysis at the RNA and protein levels
has greatly increased our ability to study cells such as
HSCs as “systems,” that is, as combinations of defined
components with defined interactions. This goal has
yet to be realized fully, as computational biology and
system-wide protein biochemistry and proteomics still
must catch up with the wealth of data currently
generated at the genomic and transcriptional levels.
Recent landmark events have included the sequencing
of the human and mouse genomes and the develop-
ment of techniques such as array-based analysis.
Several research groups have combined cDNA cloning
and sequencing with array-based analysis to begin to
define the full transcriptional profile of HSCs from
different species and developmental stages and
compare these to other stem cells.6465128-131
Many of the data are available in online databases,
such as the NIH/NIDDK Stem Cell Genome Anatomy
Projects (http://www.scgap.org). While transcriptional
profiling is clearly a work in progress, comparisons
among various types of stem cells may eventually
identify sets of genes that are involved in defining the
general “stemness” of a cell, as well as sets of genes
that define their exit from the stem cell pool (e.g.,
the beginning of their path toward becoming mature
differentiated cells, also referred to as commitment).
In addition, these datasets will reveal sets of genes
that are associated with specific stem cell populations,
such as HSCs and MSCs, and thus define their
unique properties. Assembly of these datasets into
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pathways will greatly help to understand and to predict
the responses of HSCs (and other stem cells) to
various stimuli.

The clinical use of stem cells holds great promise,
although the application of most classes of adult stem
cells is either currently untested or is in the earliest
phases of clinical testing.32133 The only exception is
HSCs, which have been used clinically since 1959 and
are used increasingly routinely for transplantations,
albeit almost exclusively in a non-pure form. By 1995,
more than 40,000 transplants were performed
annually world-wide.134135  Currently the main
indications for bone marrow transplantation are either
hematopoietic cancers (leukemias and lymphomas),
or the use of high-dose chemotherapy for non-
hematopoietic malignancies (cancers in other organs).
Other indications include diseases that involve genetic
or acquired bone marrow failure, such as aplastic
anemia, thalassemia sickle cell anemia, and
increasingly, autoimmune diseases.

Transplantation of bone marrow and HSCs are carried
out in two rather different settings, autologous and
allogeneic. Autologous transplantations employ a
patient’s own bone marrow tissue and thus present no
tissue incompatibility between the donor and the host.
Allogeneic transplantations occur between two
individuals who are not genetically identical (with the
rare exceptions of transplantations between identical
twins, often referred to as syngeneic transplantations).
Non-identical individuals differ in their human
leukocyte antigens (HLAs), proteins that are expressed
by their white blood cells. The immune system uses
these HLAs to distinguish between “self” and “non-
self.” For successful transplantation, allogeneic grafts
must match most, if not all, of the six to ten major HLA
antigens between host and donor. Even if they do,
however, enough differences remain in mostly unchar-
acterized minor antigens to enable immune cells from
the donor and the host to recognize the other as “non-
self.” This is an important issue, as virtually all HSC
transplants are carried out with either non-purified,
mixed cell populations (mobilized peripheral blood,
cord blood, or bone marrow) or cell populations that
have been enriched for HSCs (e.g., by column selection



for CD34+ cells) but have not been fully purified. These
mixed population grafts contain sufficient lymphoid
cells to mount an immune response against host cells if
they are recognized as “non-self.” The clinical
syndrome that results from this “non-self” response is
known as graft-versus-host disease (GVHD).136

In contrast, autologous grafts use cells harvested from
the patient and offer the advantage of not causing
GVHD. The main disadvantage of an autologous graft in
the treatment of cancer is the absence of a graft-versus-
leukemia (GVL) or graft-versus-tumor (GVT) response,
the specific immunological recognition of host tumor
cells by donor-immune effector cells present in the
transplant. Moreover, the possibility exists for con-
tamination with cancerous or pre-cancerous cells.

Allogeneic grafts also have disadvantages. They are
limited by the availability of immunologically-matched
donors and the possibility of developing potentially
lethal GVHD. The main advantage of allogeneic grafts
is the potential for a GVL response, which can be an
important contribution to achieving and maintaining
complete remission.'37,138

Today, most grafts used in the treatment of patients
consist of either whole or CD34+*-enriched bone
marrow or, more likely, mobilized peripheral blood.
The use of highly purified hematopoietic stem cells
as grafts is rare.56-58 However, the latter have the
advantage of containing no detectable contaminating
tumor cells in the case of autologous grafts, therefore
not inducing GVHD, or presumably GVL,39-141 in allo-
geneic grafts. While they do so less efficiently than
lymphocyte-containing cell mixtures, HSCs alone can
engraft across full allogeneic barriers (i.e., when trans-
planted from a donor who is a complete mismatch for
both major and minor transplantation antigens).139-141
The use of donor lymphocyte infusions (DLI) in the
context of HSC transplantation allows for the
controlled addition of lymphocytes, if necessary, to
obtain or maintain high levels of donor cells and/or
to induce a potentially curative GVL-response.142143
The main problems associated with clinical use of
highly purified HSCs are the additional labor and
costs'#4 involved in obtaining highly purified cells in
sufficient quantities.
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While the possibilities of GVL and other immune
responses to malignancies remain the focus of intense
interest, it is also clear that in many cases, less-directed
approaches such as chemotherapy or irradiation offer
promise. However, while high-dose chemotherapy
combined with autologous bone marrow transplan-
tation has been reported to improve outcome (usually
measured as the increase in time to progression, or
increase in survival time),45-134 this has not been
observed by other researchers and remains contro-
versial.155-161 The tumor cells present in autologous
grafts may be an important limitation in achieving
long-term disease-free survival. Only further purification/
purging of the grafts, with rigorous separation of HSCs
from cancer cells, can overcome this limitation. Initial
small scale trials with HSCs purified by flow cytometry
suggest that this is both possible and beneficial to the
clinical outcome.>¢ In summary, purification of HSCs
from cancer/lymphoma/leukemia patients offers the
only possibility of using these cells post-chemotherapy
to regenerate the host with cancer-free grafts.
Purification of HSCs in allotransplantation allows
transplantation with cells that regenerate the blood-
forming system but cannot induce GVHD.

An important recent advance in the clinical use of HSCs
is the development of non-myeloablative precondi-
tioning regimens, sometimes referred to as “mini
transplants.”162-164 Traditionally, bone marrow or stem
cell transplantation has been preceded by a
preconditioning regimen consisting of chemothera-
peutic agents, often combined with irradiation, that
completely destroys host blood and bone marrow
tissues (a process called myeloablation). This creates
“space” for the incoming cells by freeing stem cell
niches and prevents an undesired immune response of
the host cells against the graft cells, which could result
in graft failure. However, myeloablation immuno-
compromises the patient severely and necessitates a
prolonged hospital stay under sterile conditions. Many
protocols have been developed that use a more limited
and targeted approach to preconditioning. These non-
myeloablative preconditioning protocols, which
combine excellent engraftment results with the ability
to perform hematopoietic cell transplantation on an
outpatient basis, have greatly changed the clinical
practice of bone marrow transplantation.
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FACS purification of HSCs in mouse and man
completely eliminates contaminating T cells, and thus
GVHD (which is caused by T-lymphocytes) in
allogeneic transplants. Many HSC transplants have
been carried out in different combinations of mouse
strains. Some of these were matched at the major
transplantation antigens but otherwise different
(Matched Unrelated Donors or MUD); in others, no
match at the major or minor transplantation antigens
was expected. To achieve rapid and sustained
engraftment, higher doses of HSCs were required in
these mismatched allogeneic transplants than in
syngeneic transplants.139-141,165-167 |n these experiments,
hosts whose immune and blood-forming systems were
generated from genetically distinct donors were
permanently capable of accepting organ transplants
(such as the heart) from either donor or host, but not
from mice unrelated to the donor or host. This
phenomenon is known as transplant-induced tolerance
and was observed whether the organ transplants were
given the same day as the HSCs or up to one year
later.139.166  Hematopoietic cell transplant-related
complications have limited the clinical application of
such tolerance induction for solid organ grafts, but the
use of non-myeloablative regimens to prepare the host,
as discussed above, should significantly reduce the risk
associated with combined HSC and organ transplants.
Translation of these findings to human patients should
enable a switch from chronic immunosuppression to
prevent rejection to protocols wherein a single
conditioning dose allows permanent engraftment of
both the transplanted blood system and solid organ(s)
or other tissue stem cells from the same donor. This
should eliminate both GVHD and chronic host
transplant immunosuppression, which lead to many
complications, including life-threatening opportunistic
infections and the development of malignant
neoplasms.

We now know that several autoimmune diseases —
diseases in which immune cells attack normal body
tissues — involve the inheritance of high risk-factor
genes.'®® Many of these genes are expressed only in
blood cells. Researchers have recently tested whether
HSCs could be used in mice with autoimmune disease
(e.g., type 1 diabetes) to replace an autoimmune blood
system with one that lacks the autoimmune risk genes.
The HSC transplants cured mice that were in the
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process of disease development when non-
myeloablative conditioning was used for transplant.16?
It has been observed that transplant-induced tolerance
allows co-transplantation of pancreatic islet cells to
replace destroyed islets.’70 If these results using non-
myeloablative conditioning can be translated to
humans, type 1 diabetes and several other auto-
immune diseases may be treatable with pure HSC
grafts. However, the reader should be cautioned that
the translation of treatments from mice to humans is
often complicated and time-consuming.

Banking is currently a routine procedure for UCB
samples. If expansion of fully functional HSCs in tissue
culture becomes a reality, HSC transplants may be
possible by starting with small collections of HSCs
rather than massive numbers acquired through
mobilization and apheresis. With such a capability,
collections of HSCs from volunteer donors or umbilical
cords could be theoretically converted into storable,
expandable stem cell banks useful on demand for
clinical transplantation and/or for protection against
radiation accidents. In mice, successful HSC transplants
that regenerate fully normal immune and blood-
forming systems can be accomplished when there is
only a partial transplantation antigen match. Thus, the
establishment of useful human HSC banks may require
a match between as few as three out of six
transplantation antigens (HLA). This might be
accomplished with stem cell banks of as few as
4,000-10,000 independent samples.

Leukemias are proliferative diseases of the hema-
topoietic system that fail to obey normal regulatory
signals. They derive from stem cells or progenitors of
the hematopoietic system and almost certainly include
several stages of progression. During this progression,
genetic and/or epigenetic changes occur, either in the
DNA sequence itself (genetic) or other heritable
modifications that affect the genome (epigenetic).
These (epi)genetic changes alter cells from the normal
hematopoietic system into cells capable of robust
leukemic growth. There are a variety of leukemias,
usually classified by the predominant pathologic cell
types and/or the clinical course of the disease. It has
been proposed that these are diseases in which self-
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Figure 2.6. Leukemic progression at the hematopoietic stem cell level. Self-renewing HSCs are the cells present long enough to
accumulate the many activating events necessary for full transformation into tumorigenic cells. Under normal conditions, half of the
offspring of HSC cell divisions would be expected to undergo differentiation, leaving the HSC pool stable in size. (A) (Pre) leukemic
progression results in cohorts of HSCs with increasing malignant potential. The cells with the additional event (two events are illustrated,
although more would be expected to occur) can outcompete less-transformed cells in the HSC pool if they divide faster (as suggested
in the figure) or are more resistant to differentiation or apoptosis (cell death), two major exit routes from the HSC pool. (B) Normal HSCs
differentiate into progenitors and mature cells; this is linked with limited proliferation (left). Partially transformed HSCs can still
differentiate into progenitors and mature cells, but more cells are produced. Also, the types of mature cells that are produced may be
skewed from the normal ratio. Fully transformed cells may be completely blocked in terminal differentiation, and large numbers of
primitive blast cells, representing either HSCs or self-renewing, transformed progenitor cells, can be produced. While this sequence of
events is true for some leukemias (e.g., AML), not all of the events occur in every leukemia. As with non-transformed cells, most
leukemia cells (other than the leukemia stem cells) can retain the potential for (limited) differentiation.

renewing but poorly regulated cells, so-called this disease model, the final event, explosive self-
“leukemia stem cells” (LSCs), are the populations that renewal, could occur at the level of HSC or at any of the
harbor all the genetic and epigenetic changes that known progenitors (see Figures 2.5 and 2.6). Activation
allow leukemic progression.171-176 While their progeny of the B-catenin/lef-tcf signal transduction and trans-
may be the characteristic cells observed with the cription pathway has been implicated in leukemic stem
leukemia, these progeny cells are not the self-renewing cell self-renewal in mouse AML and human CML."77 In
“malignant” cells of the disease. In this view, the events both cases, the granulocyte-macrophage progenitors,
contributing to tumorigenic transformation, such as not the HSCs or progeny blast cells, are the malignant
interrupted or decreased expression of “tumor self-renewing entities. In other models, such as the
suppressor” genes, loss of programmed death JunB-deficient tumors in mice and in chronic-phase
pathways, evasion of immune cells and macrophage CML in humans, the leukemic stem cell is the HSC
surveillance mechanisms, retention of telomeres, and itself.?%177" However, these HSCs still respond to

regulatory signals, thus representing steps in the clonal

activation or amplification of self-renewal pathways, ) D ;
progression toward blast crisis (see Figure 2.6).

occur as single, rare events in the clonal progression to

blast-crisis leukemia. As LT HSCs are the only self- Many methods have revealed contributing proto-
renewing cells in the myeloid pathway, it has been oncogenes and lost tumor suppressors in myeloid
proposed that most, if not all, progression events occur leukemias. Now that LSCs can be isolated, researchers
at this level of differentiation, creating clonal cohorts of should eventually be able to assess the full sequence of
HSCs with increasing malignancy (see Figure 2.6). In events in HSC clones wundergoing leukemic
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transformation. For example, early events, such as the
AML/ETO translocation in AML or the BCR/ABL
translocation in CML can remain present in normal
HSCs in patients who are in remission (e.g., without
detectable cancer).177.178 The isolation of LSCs should
enable a much more focused attack on these cells,
drawing on their known gene expression patterns,
the mutant genes they possess, and the proteomic
analysis of the pathways altered by the proto-oncogenic
events.173.176.179 Thus, immune therapies for leukemia
would become more realistic, and approaches to classify
and isolate LSCs in blood could be applied to search for
cancer stem cells in other tissues.80

After more than 50 years of research and clinical use,
hematopoietic stem cells have become the best-studied
stem cells and, more importantly, hematopoietic stem
cells have seen widespread clinical use. Yet the study of
HSCs remains active and continues to advance very
rapidly. Fueled by new basic research and clinical
discoveries, HSCs hold promise for such indications as
treating autoimmunity, generating tolerance for solid
organ transplants, and directing cancer therapy.
However, many challenges remain. The availability of
(matched) HSCs for all of the potential applications
continues to be a major hurdle. Efficient expansion of
HSCs in culture remains one of the major research
goals. Future developments in genomics and
proteomics, as well as in gene therapy, have the
potential to widen the horizon for clinical application of
hematopoietic stem cells even further.
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3. REPAIRING THE NERVOUS SYSTEM

WITH STEM CELLS

by David M. Panchision*

congenital disorders, cancers, and degenerative

diseases, affect millions of people of all ages.
Congenital disorders occur when the brain or spinal
cord does not form correctly during development.
Cancers of the nervous system result from the
uncontrolled spread of aberrant cells. Degenerative
diseases occur when the nervous system loses
functioning of nerve cells. Most of the advances in stem
cell research have been directed at treating
degenerative diseases. While many treatments aim to
limit the damage of these diseases, in some cases
scientists believe that damage can be reversed by
replacing lost cells with new ones derived from cells
that can mature into nerve cells, called neural stem
cells. Research that uses stem cells to treat nervous
system disorders remains an area of great promise and
challenge to demonstrate that cell-replacement
therapy can restore lost function.

STRATEGIES TO REPAIR THE
NERVOUS SYSTEM

The nervous system is a complex organ made up of
nerve cells (also called neurons) and glial cells, which
surround and support neurons (see Figure 3.1).
Neurons send signals that affect numerous functions
including thought processes and movement. One type
of glial cell, the oligodendrocyte, acts to speed up the
signals of neurons that extend over long distances,
such as in the spinal cord. The loss of any of these cell
types may have catastrophic results on brain function.

Diseases of the nervous system, including

Although reports dating back as early as the 1960s
pointed towards the possibility that new nerve cells are
formed in adult mammalian brains, this knowledge was
not applied in the context of curing devastating brain
diseases until the 1990s. While earlier medical research

focused on limiting damage once it had occurred, in
recent years researchers have been working hard to
find out if the cells that can give rise to new neurons
can be coaxed to restore brain function. New neurons
in the adult brain arise from slowly-dividing cells that
appear to be the remnants of stem cells that existed
during fetal brain development. Since some of these
adult cells still retain the ability to generate both
neurons and glia, they are referred to as adult neural
stem cells.

These findings are exciting because they suggest that
the brain may contain a built-in mechanism to repair
itself. Unfortunately, these new neurons are only
generated in a few sites in the brain and turn into only
a few specialized types of nerve cells. Although there
are many different neuronal cell types in the brain, we
now know that these new neurons can “plug in”
correctly to assist brain function.” The discovery of
these cells has spurred further research into the
characteristics of neural stem cells from the fetus and
the adult, mostly using rodents and primates as model
species. The hope is that these cells may be able to
replenish those that are functionally lost in human
degenerative diseases such as Parkinson’s Disease,
Huntington’s Disease, and amyotrophic lateral sclerosis
(ALS, also known as Lou Gehrig’s disease), as well as
from brain and spinal cord injuries that result from
stroke or trauma.

Scientists are applying these new stem cell discoveries
in two ways in their experiments. First, they are using
current knowledge of normal brain development to
modulate stem cells that are harvested and grown
in culture. Researchers can then transplant these
cultured cells into the brain of an animal model and
allow the brain’s own signals to differentiate the stem
cells into neurons or glia. Alternatively, the stem cells
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Figure 3.1. The Neuron.

When sufficient neurotransmitters cross synapses and bind receptors on the neuronal cell body and dendrites, the neuron sends an
electrical signal down its axon to synaptic terminals, which in turn release neurotransmitters into the synapse that affects the following
neuron. The brain neurons that die in Parkinson's Disease release the transmitter dopamine. Oligodendrocytes supply the axon with an
insulating myelin sheath.




can be induced to differentiate into neurons and glia
while in the culture dish, before being transplanted
into the brain. Much progress has been made the last
several years with human embryonic stem (ES) cells
that can differentiate into all cell types in the body.
While ES cells can be maintained in culture for relatively
long periods of time without differentiating, they
usually must be coaxed through many more steps of
differentiation to produce the desired cell types. Recent
studies, however, suggest that ES cells may differentiate
into neurons in a more straightforward manner than
may other cell types.

Second, scientists are identifying growth (trophic)
factors that are normally produced and used by the
developing and adult brain. They are using these
factors to minimize damage to the brain and to
activate the patient’s own stem cells to repair damage
that has occurred. Each of these strategies is being
aggressively pursued to identify the most effective
treatments for degenerative diseases. Most of these
studies have been carried out initially with animal stem
cells and recipients to determine their likelihood of
success. Still, much more research is necessary to
develop stem cell therapies that will be useful for
treating brain and spinal cord disease in the same way
that hematopoietic stem cell therapies are routinely
used for immune system replacement (see Chapter 2).

The majority of stem cell studies of neurological disease
have used rats and mice, since these models are
convenient to use and are well-characterized
biologically. If preliminary studies with rodent stem
cells are successful, scientists will attempt to transplant
human stem cells into rodents. Studies may then be
carried out in primates (e.g., monkeys) to offer insight
into how humans might respond to neurological
treatment. Human studies are rarely undertaken until
these other experiments have shown promising results.
While human transplant studies have been carried out
for decades in the case of Parkinson’s disease, animal
research continues to provide improved strategies to
generate an abundant supply of transplantable cells.

The intensive research aiming at curing Parkinson’s
disease with stem cells is a good example for the
various strategies, successful results, and remaining
challenges of stem cell-based brain repair. Parkinson’s
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disease is a progressive disorder of motor control that
affects roughly 2% of persons 65 years and older.
Triggered by the death of neurons in a brain region
called the substantia nigra, Parkinson’s disease begins
with minor tremors that progress to limb and bodily
rigidity and difficulty initiating movement. These
neurons connect via long axons to another region
called the striatum, composed of subregions called the
caudate nucleus and the putamen. These neurons that
reach from the substantia nigra to the striatum release
the chemical transmitter dopamine onto their target
neurons in the striatum. One of dopamine’s major roles
is to regulate the nerves that control body movement.
As these cells die, less dopamine is produced, leading
to the movement difficulties characteristic of
Parkinson’s disease. Currently, the causes of death of
these neurons are not well understood.

For many vyears, doctors have treated Parkinson’s
disease patients with the drug levodopa (L-dopa),
which the brain converts into dopamine. Although the
drug works well initially, levodopa eventually loses its
effectiveness, and side-effects increase. Ultimately,
many doctors and patients find themselves fighting
a losing battle. For this reason, a huge effort is
underway to develop new treatments, including
growth factors that help the remaining dopamine
neurons survive and transplantation procedures to
replace those that have died.

The strategy to use new cells to replace lost ones is not
new. Surgeons first attempted to transplant dopamine-
releasing cells from a patient’s own adrenal glands in
the 1980s.2.3 Although one of these studies reported a
dramatic improvement in the patients’ conditions, U.S.
surgeons were only able to achieve modest and
temporary improvement, insufficient to outweigh the
risks of such a procedure. As a result, these human
studies were not pursued further.

Another strategy was attempted in the 1970s, in which
cells derived from fetal tissue from the mouse substantia
nigra was transplanted into the adult rat eye and found
to develop into mature dopamine neurons.* In the
1980s, several groups showed that transplantation of
this type of tissue could reverse Parkinson’s-like
symptoms in rats and monkeys when placed in the
damaged areas.The success of the animal studies led to
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several human trials beginning in the mid-1980s.5¢ In
some cases, patients showed a lessening of their
symptoms. Also, researchers could measure an increase
in dopamine neuron function in the striatum of these
patients by using a brain-imaging method called
positron emission tomography (PET) (see Figure 3.2).7

The NIH has funded two large and well-controlled
clinical trials in the past 15 years in which researchers
transplanted tissue from aborted fetuses into the
striatum of patients with Parkinson’s disease.”.8 These
studies, performed in Colorado and New York,
included controls where patients received “sham”
surgery (no tissue was implanted), and neither the
patients nor the scientists who evaluated their progress
knew which patients received the implants. The
patients’ progress was followed for up to eight years.
Unfortunately, both studies showed that the
transplants offered little benefit to the patients as a
group. While some patients showed improvement,
others began to suffer from dyskinesias, jerky
involuntary movements that are often side effects of

Dopamine-Neuron Transplantation

long-term L-dopa treatment. This effect occurred in
15% of the patients in the Colorado study.” and
more than half of the patients in the New York
study.® Additionally, the New York study showed
evidence that some patients’ immune systems were
attacking the grafts.

However, promising findings emerged from these
studies as well. Younger and milder Parkinson’s patients
responded relatively well to the grafts, and PET scans of
patients showed that some of the transplanted
dopamine neurons survived and matured. Additionally,
autopsies on three patients who died of unrelated
causes, years after the surgeries, indicated the presence
of dopamine neurons from the graft. These cells
appeared to have matured in the same way as normal
dopamine neurons, which suggested that they were
acting normally in the brain.

Researchers in Sweden followed the severity of
dyskinesia in patients for eleven years after neural
transplantation and found that the severity was

Figure 3.2. Positron Emission Tomography (PET) images from a Parkinson’s patient before and after
fetal tissue transplantation. The image taken before surgery (left) shows uptake of a radioactive form
of dopamine (red) only in the caudate nucleus, indicating that dopamine neurons have degenerated.
Twelve months after surgery, an image from the same patient (right) reveals increased dopamine
function, especially in the putamen. (Reprinted with permission from N Eng J Med 2001;344

(10) p. 710.)
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typically mild or moderate. These results suggested
that dyskinesias were due to effects that were distinct
from the beneficial effects of the grafts.? Dyskinesias may
therefore be related to the ways that transplantation
disturbs other cells in the brain and so may be
minimized by future improvements in therapy. Another
study that involved the grafting of cells both into the
striatum (the target of dopamine neurons) and the
substantia nigra (where dopamine neurons normally
reside) of three patients showed no adverse effects
and some modest improvement in patient
movement.’ To determine the full extent of thera-
peutic benefits from such a procedure and confirm the
reliability of these results, this study will need to be
repeated with a larger patient population that includes
the appropriate controls.

The limited success of these studies may reflect
variations in the fetal tissue used for transplantation,
which is of limited quantity and can not be standard-
ized or well-characterized. The full complement of cells
in these fetal tissue samples is not known at present. As
a result, the tissue remains the greatest source of uncertainty
in patient outcome following transplantation.

The major goal for Parkinson’s investigators is to
generate a source of cells that can be grown in large
supply, maintained indefinitely in the laboratory, and
differentiated efficiently into dopamine neurons
that work when transplanted into the brain of a
Parkinson’s patient. Scientists have investigated the
behavior of stem cells in culture and the mechanisms
that govern dopamine neuron production during
development in their attempts to identify optimal
culture conditions that allow stem cells to turn into
dopamine-producing neurons.

Preliminary studies have been carried out using
immature stem cell-like precursors from the rodent
ventral midbrain, the region that normally gives rise to
these dopamine neurons. In one study these precursors
were turned into functional dopamine neurons, which
were then grafted into rats previously treated with
6-hydroxy-dopamine (6-OHDA) to kill the dopamine
neurons in their substantia nigra and induce
Parkinson’s-like symptoms. Even though the
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percentage of surviving dopamine neurons was low
following transplantation, it was sufficient to relieve the
Parkinson’s-like symptoms.”" Unfortunately, these fetal
cells cannot be maintained in culture for very long
before they lose the ability to differentiate into
dopamine neurons.

Cells with features of neural stem cells have been
derived from ES-cells, fetal brain tissue, brain tissue
from neurosurgery, and brain tissue that was obtained
after a person’s death. There is controversy about
whether other organ stem cell populations, such as
hematopoietic stem cells, either contain or give rise to
neural stem cells

Many researchers believe that the more primitive ES
cells may be an excellent source of dopamine neurons
because ES-cells can be grown indefinitely in a
laboratory dish and can differentiate into any cell type,
even after long periods in culture. Mouse ES cells
injected directly into 6-OHDA-treated rat brains led to
relief of Parkinson-like symptoms. Further investigation
showed that these ES cells had differentiated into both
dopamine and serotonin neurons.'2 This latter type of
neuron is generated in an adjacent region of the brain
and may complicate the response to transplantation.
Since ES cells can generate all cell types in the body,
unwanted cell types such as muscle or bone could
theoretically also be introduced into the brain. As a
result, a great deal of effort is being currently put into
finding the right “recipe” for turning ES cells into
dopamine neurons — and only this cell type — to treat
Parkinson’s disease. Researchers strive to learn more
about normal brain development to help emulate the
natural progression of ES cells toward dopamine
neurons in the culture dish.

The recent availability of human ES cells has led to
further studies to examine their potential for
differentiation into dopamine neurons. Recently,
dopamine neurons from human embryonic stem cells
have been generated.’> One research group used a
special type of companion cell, along with specific
growth factors, to promote the differentiation of the ES
cells through several stages into dopamine neurons.
These neurons showed many of the characteristic
properties of normal dopamine neurons.’ Further-
more, recent evidence of more direct neuronal
differentiation methods from mouse ES cells fuels hope
that scientists can refine and streamline the production
of transplantable human dopamine neurons.
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One method with great therapeutic potential is
nuclear transfer. This method fuses the genetic
material from one individual donor with a recipient
egg cell that has had its nucleus removed. The early
embryo that develops from this fusion is a genetic
match for the donor. This process is sometimes
called “therapeutic cloning” and is regarded by some
to be ethically questionable. However, mouse ES cells
have been differentiated successfully in this way into
dopamine neurons that corrected Parkinsonian
symptoms when transplanted into 6-OHDA-treated
rats.™ Similar results have been obtained using
parthenogenetic primate stem cells, which are cells
that are genetic matches from a female donor with no
contribution from a male donor.’> These approaches
may offer the possibility of treating patients with
genetically-matched cells, thereby eliminating the
possibility of graft rejection.

Scientists are also studying the possibility that the brain
may be able to repair itself with therapeutic support.
This avenue of study is in its early stages but may
involve administering drugs that stimulate the birth of
new neurons from the brain’s own stem cells. The
concept is based on research showing that new nerve
cells are born in the adult brains of humans. The
phenomenon occurs in a brain region called the
dentate gyrus of the hippocampus. While it is not yet
clear how these new neurons contribute to normal
brain function, their presence suggests that stem cells
in the adult brain may have the potential to re-wire
dysfunctional neuronal circuitry.

The adult brain’s capacity for self-repair has been
studied by investigating how the adult rat brain
responds to transforming growth factor alpha (TGFo),
a protein important for early brain development that is
expressed in limited quantities in adults.'¢ Injection of
TGFa into a healthy rat brain causes stem cells to divide
for several days before ceasing division. In 6-OHDA-
treated (Parkinsonian) rats, however, the cells
proliferated and migrated to the damaged areas.
Surprisingly, the TGFo.-treated rats showed few of
the behavioral problems associated with untreated
Parkinsonian rats.'® Additionally, in 2002 and 2003,
two research groups isolated small numbers of dividing
cells in the substantia nigra of adult rodents.17.18
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These findings suggest that the brain can repair
itself, as long as the repair process is triggered
sufficiently. It is not clear, though, whether stem cells
are responsible for this repair or if the TGFa activates a
different repair mechanism.

Many other diseases that affect the nervous system
hold the potential for being treated with stem cells.
Experimental therapies for chronic diseases of the
nervous system, such as Alzheimer’s disease, Lou
Gehrig’s disease, or Huntington’s disease, and for
acute injuries, such as spinal cord and brain trauma
or stoke, are being currently developed and tested.
These diverse disorders must be investigated within
the contexts of their unique disease processes and treated
accordingly with highly adapted cell-based approaches.

Although severe spinal cord injury is an area of intense
research, the therapeutic targets are not as clear-cut as
in Parkinson’s disease. Spinal cord trauma destroys
numerous cell types, including the neurons that carry
messages between the brain and the rest of the body.
In many spinal injuries, the cord is not actually severed,
and at least some of the signal-carrying neuronal axons
remain intact. However, the surviving axons no longer
carry messages because oligodendrocytes, which make
the axons’ insulating myelin sheath, are lost.
Researchers have recently made progress to replenish
these lost myelin-producing cells. In one study,
scientists cultured human ES cells through several
steps to make mixed cultures that contained
oligodendrocytes. When they injected these cells into
the spinal cords of chemically-demyelinated rats, the
treated rats regained limited use of their hind limbs
compared with un-grafted rats.'® Researchers are not
certain, however, whether the limited increase in
function observed in rats is actually due to the
remyelination or to an unidentified trophic effect of
the treatment.

Getting neurons to grow new axons through the injury
site to reconnect with their targets is even more
challenging. While myelin promotes normal neuronal
function, it also inhibits the growth of new axons
following spinal injury. In a recent study to attempt
post-trauma axonal growth, Harper and colleagues



treated ES cells with a combination of factors that are
known to promote motor neuron differentiation.20 The
researchers then transplanted these cells into adult rats
that had received spinal cord injuries. While many of
these cells survived and differentiated into neurons,
they did not send out axons unless the researchers also
added drugs that interfered with the inhibitory effects
of myelin. The growth effect was modest, and the
researchers have not yet seen evidence of functional
neuron connections. However, their results raise the
possibility that signals can be turned on and off in the
correct order to allow neurons to reconnect and function
properly. Spinal injury researchers emphasize that addi-
tional basic and preclinical research must be completed
before attempting human trials using stem cell therapies
to repair the trauma-damaged nervous system.

Since myelin loss is at the heart of many other
degenerative diseases, oligodendrocytes made from
ES cells may be useful to treat these conditions as well.
For example, scientists recently cultured human ES
cells with a combination of growth factors to generate
a highly enriched population of myelinating
oligodendrocyte precursors.2.22 The researchers then
tested these cells in a genetically-mutated mouse that
does not produce myelin properly. When the growth
factor-cultured ES cells were transplanted into affected
mice, the cells migrated and differentiated into mature
oligodendrocytes that made myelin sheaths around
neighboring axons. These researchers subsequently
showed that these cells matured and improved
movement when grafted in rats with spinal cord
injury.23 Improved movement only occurred when
grafting was completed soon after injury, suggesting
that some post-injury responses may interfere with
the grafted cells. However, these results are sufficiently
encouraging to plan clinical trials to test whether
replacement of myelinating glia can treat spinal
cord injury.

Amyotrophic lateral sclerosis (ALS), also known as
Lou Gehrig’s disease, is characterized by a progressive
destruction of motor neurons in the spinal cord.
Patients with ALS develop increasing muscle weakness
over time, which ultimately leads to paralysis and
death. The cause of ALS is largely unknown, and there
are no effective treatments. Researchers recently have
used different sources of stem cells to test in rat models
of ALS to test for possible nerve cell-restoring
properties. In one study, researchers injected cell
clusters made from embryonic germ (EG) cells into
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the spinal cord fluid of the partially-paralyzed rats.24
Three months after the injections, many of the
treated rats were able to move their hind limbs and
walk with difficulty, while the rats that did not receive
cell injections remained paralyzed. Moreover, the
transplanted cells had migrated throughout the spinal
fluid and developed into cells that displayed molecular
characteristics of mature motor neurons. However, too
few cells matured in this way to account for the
recovery, and there was no evidence that the trans-
planted cells formed functional connections with
muscles. The researchers suggest that the transplanted
cells may be promoting recovery in some other way,
such as by producing trophic factors.

This possibility was addressed in a second study in
which scientists grew human fetal CNS stem cells in
culture and genetically modified them to produce a
trophic factor that promotes the survival of cells that
are lost in ALS. When grafted into the spinal cords of
the ALS-like rats, these cells secreted the desired
growth factor and promoted the survival of the
neurons that are normally lost in the ALS-like rats.2
While promising, these results highlight the need for
additional basic research into functional recovery in
ALS disease models.

Stroke affects about 750,000 patients per year in the
U.S. and is the most common cause of disability in
adults. A stroke occurs when blood flow to the brain is
disrupted. As a consequence, cells in affected brain
regions die from insufficient amounts of oxygen.
The treatment of stroke with anti-clotting drugs has
dramatically improved the odds of patient recovery.
However, in many patients the damage cannot be
prevented, and the patient may permanently lose the
functions of affected areas of the brain. For these
patients, researchers are now considering stem cells
as a way to repair the damaged brain regions. This
problem is made more challenging because the
damage in stroke may be widespread and may affect
many cell types and connections.

However, researchers from Sweden recently observed
that strokes in rats cause the brain’s own stem cells to
divide and give rise to new neurons.26 However, these
neurons, which survived only a couple of weeks, are
few in number compared to the extent of damage
caused. A group from the University of Tokyo added a
growth factor, bFGF, into the brains of rats after stroke
and showed that the hippocampus was able to generate
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large numbers of new neurons.2” The researchers found
evidence that these new neurons were actually making
connections with other neurons. These and other
results suggest that future stroke treatments may be
able to coax the brain’s own stem cells to make
replacement neurons.

Taking an alternative approach, another group
attempted transplantation as a means to treat the loss
of brain mass after a severe stroke. By adding stem cells
onto a polymer scaffold that they implanted into the
stroke-damaged brains of mice, the researchers
demonstrated that the seeded stem cells differentiated
into neurons and that the polymer scaffold reduced
scarring.2¢ Two groups transplanted human fetal stem
cells in independent studies into the brains of stroke-
affected rodents; these stem cells not only survived but
migrated to the damaged areas of the brain.2%.30 These
studies increase our knowledge of how stem cells are
attracted to diseased areas of the brain.

There is also increasing evidence from numerous
animal disease models that stem cells are actively
drawn to brain damage. Once they reach these
damaged areas, they have been shown to exert
beneficial effects such as reducing brain inflammation
or supporting nerve cells. It is hoped that, once these
mechanisms are better understood, this stem cell
recruitment can potentially be exploited to mobilize a
patient’s own stem cells.

Similar lines of research are being considered with
other disorders such as Huntington’s Disease and
certain congenital defects. While much attention has
been called to the treatment of Alzheimer’s Disease, it is
still not clear if stem cells hold the key to its treatment.
But despite the fact that much basic work remains and
many fundamental questions are yet to be answered,
researchers are hopeful that repair for once-incurable
nervous system disorders may be amenable to stem cell
based therapies.

Considerable progress has been made the last few
years in our understanding of stem cell biology and
devising sources of cells for transplantation. New
methods are also being developed for cell delivery and
targeting to affected areas of the body. These advances
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have fueled optimism that new treatments will come
for millions of persons who suffer from neurological
disorders. But it is the current task of scientists to bring
these methods from the laboratory bench to the clinic
in a scientifically sound and ethically acceptable
fashion.

1. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD,
Gage FH. Functional neurogenesis in the adult hippocam-
pus. Nature. 2/28/2002 2002;415(6875):1030-1034.

2. Backlund EO, Granberg PO, Hamberger P, et al.
Transplantation of adrenal medullary tissue to striatum
in parkinsonism. First clinical trials. | Neurosurg.
1985;62:169-173.

3. Madrazo |, Drucker-Colin R, Diaz V, Martinez-Mata |,
Torres C, Becerril J]). Open microsurgical autograft of adrenal
medulla to the right caudate nucleus in two patients with
intractable Parkinson’s disease. N Engl | Med.
1987;316:831-834.

4. Olson L, Malmfors T. Growth characteristics of adrenergic
nerves in the adult rat. Fluorescence histochemical and
3H-noradrenaline uptake studies using tissue transplanta-
tions to the anterior chamber of the eye. Acta Physiol
Scand Suppl. 1970,;348:1-112.

5. Madrazo |, Leon V, Torres C, et al. Transplantation of fetal
substantia nigra and adrenal medulla to the caudate nucle-
us in two patients with Parkinson’s disease. N Engl | Med.
1988;318:51.

6. Lindvall O, Rehncrona S, Brundin P, et al. Human fetal
dopamine neurons grafted into the striatum in two patients
with severe Parkinson’s disease. A detailed account of
methodology and a 6-month follow-up. Arch Neurol.
1989;46:615-631.

7. Freed CR, Greene PE, Breeze RE, et al. Transplantation of
embryonic dopamine neurons for severe Parkinson'’s
disease. N Engl | Med. 2001;344:710-719.

8. Olanow CW, Goetz CG, Kordower JH, et al. A double-blind
controlled trial of bilateral fetal nigral transplantation in
Parkinson’s disease. Ann Neurol. 2003;54:403-414.

9. Hagell P, Piccini P, Bjorklund A, et al. Dyskinesias following
neural transplantation in Parkinson'’s disease. Nat Neurosci.
2002;5:627-628.

10. Mendez |, Dagher A, Hong M, et al. Simultaneous intra-
striatal and intranigral fetal dopaminergic grafts in patients
with Parkinson disease: a pilot study. Report of three cases.

J Neurosurg. 2002;96:589-596.

11. Studer L, Tabar V, McKay RD. Transplantation of expanded
mesencephalic precursors leads to recovery in parkinsonian
rats. Nat Neurosci. 1998;1:290-295.



14.

15.

16.

17.

18.

20.

21.

. Bjorklund LM, Sanchez-Pernaute R, Chung S, et al.

Embryonic stem cells develop into functional dopaminergic
neurons after transplantation in a Parkinsonian rat model.
Proc Natl Acad Sci USA. 2002;99:2344-2349.

. Perrier AL, Tabar V, Barberi T, et al. Derivation of midbrain

dopamine neurons from human embryonic stem cells.
Proc Natl Acad Sci USA. 2004;101:12543-12548.

Barberi T, Klivenyi P, Calingasan NY, et al. Neural subtype
specification of fertilization and nuclear transfer embryonic
stem cells and application in parkinsonian mice. Nat
Biotechnol. 2003;21:1200-1207.

Vrana KE, Hipp |D, Goss AM, et al. Nonhuman primate
parthenogenetic stem cells. Proc Natl Acad Sci USA.
2003;100 Suppl 1:11911-11916.

Fallon ], Reid S, Kinyamu R, et al. In vivo induction of mas-
sive proliferation, directed migration, and differentiation of
neural cells in the adult mammalian brain. Proc Natl Acad
Sci USA. 2000;97:14686-14691.

Lie DC, Dziewczapolski G, Willhoite AR, Kaspar BK,
Shults CW, Gage FH. The adult substantia nigra contains
progenitor cells with neurogenic potential. | Neurosci.
2002;22:6639-6649.

Zhao M, Momma S, Delfani K, et al. Evidence for
neurogenesis in the adult mammalian substantia nigra.
Proc Natl Acad Sci USA. 2003;100:7925-7930.

. Liu'S, QuY, Stewart TJ, et al. Embryonic stem cells

differentiate into oligodendrocytes and myelinate in culture
and after spinal cord transplantation. Proc Natl Acad Sci USA.
2000;97:6126-6131.

Harper JM, Krishnan C, Darman |S, et al. Axonal growth of
embryonic stem cell-derived motoneurons in vitro and in
motoneuron-injured adult rats. Proc Natl Acad Sci USA.
2004;101:7123-7128.

Nistor Gl, Totoiu MO, Haque N, Carpenter MK, Keirstead

HS. Human embryonic stem cells differentiate into oligo-

dendrocytes in high purity and myelinate after spinal cord
transplantation. Glia. Feb 2005;49(3):385-396.

43

22.

23.

24.

25.

26.

27.

28.

29.

30.

Repairing the Nervous System with Stem Cells

Brustle O, Jones KN, Learish RD, et al. Embryonic stem
cell-derived glial precursors: a source of myelinating
transplants. Science. 1999;285:754-756.

Keirstead HS, Nistor G, Bernal G, et al. Human embryonic
stem cell-derived oligodendrocyte progenitor cell trans-
plants remyelinate and restore locomotion after spinal cord
injury. | Neurosci. May 11 2005;25(19):4694-4705.

Kerr DA, Llado ], Shamblott MJ, et al. Human embryonic
germ cell derivatives facilitate motor recovery of rats
with diffuse motor neuron injury. / Neurosci.
2003;23:5131-5140.

Klein SM, Behrstock S, McHugh |, et al. GDNF delivery
using human neural progenitor cells in a rat model of ALS.
Hum Gene Ther. Apr 2005;16(4):509-521.

Arvidsson A, Collin T, Kirik D, Kokaia Z, Lindvall O. Neuronal
replacement from endogenous precursors in the adult brain
after stroke. Nat Med. 2002;8:963-970.

Nakatomi H, Kuriu T, Okabe S, et al. Regeneration of
hippocampal pyramidal neurons after ischemic brain injury
by recruitment of endogenous neural progenitors. Cell.
2002;110:429-441.

Park KI, Teng YD, Synder EY. The injured brain interacts
reciprocally with neural stem cells supported by scaffolds
to reconstitute lost tissue. Nat Biotechnol.
2002;20:1111-1117.

Kelly S, Bliss TM, Shah AK, et al. Transplanted human fetal
neural stem cells survive, migrate, and differentiate in
ischemic rat cerebral cortex. Proc Natl Acad Sci USA.
2004;101:11839-11844.

Imitola ], Raddassi K, Park KI, et al. Directed migration of
neural stem cells to sites of CNS injury by the stromal
cell-derived factor 1alpha/CXC chemokine receptor 4
pathway. Proc Natl Acad Sci USA. Dec 28
2004;101(52):18117-18122.



[This page intentionally left blank]

44



4. USE OF GENETICALLY MODIFIED STEM CELLS

IN EXPERIMENTAL GENE THERAPIES

by Thomas P. Zwaka*

INTRODUCTION

ene therapy is a novel therapeutic branch of
modern medicine. Its emergence is a direct

consequence of the revolution heralded by the
introduction of recombinant DNA methodology in the
1970s. Gene therapy is still highly experimental, but
has the potential to become an important treatment
regimen. In principle, it allows the transfer of genetic
information into patient tissues and organs. Conse-
quently, diseased genes can be eliminated or their
normal functions rescued. Furthermore, the procedure
allows the addition of new functions to cells, such as
the production of immune system mediator proteins
that help to combat cancer and other diseases.

Originally, monogenic inherited diseases (those caused
by inherited single gene defects), such as cystic fibrosis,
were considered primary targets for gene therapy.
For instance, in pioneering studies on the correction
of adenosine deaminase deficiency, a lymphocyte-
associated severe combined immunodeficiency (SCID),
was attempted.’ Although no modulation of immune
function was observed, data from this study, together
with other early clinical trials, demonstrated the potential
feasibility of gene transfer approaches as effective

therapeutic strategies. The first successful clinical trials
using gene therapy to treat a monogenic disorder
involved a different type of SCID, caused by mutation
of an X chromosome-linked lymphocyte growth
factor receptor.2

While the positive therapeutic outcome was celebrated
as a breakthrough for gene therapy, a serious drawback
subsequently became evident. By February 2005, three
children out of seventeen who had been successfully
treated for X-linked SCID developed leukemia because
the vector inserted near an oncogene (a cancer-causing
gene), inadvertently causing it to be inappropriately
expressed in the genetically-engineered lymphocyte
target cell.3 On a more positive note, a small number of
patients with adenosine deaminase-deficient SCID have
been successfully treated by gene therapy without any
adverse side effects.*

A small number of more recent gene therapy clinical
trials, however, are concerned with monogenic
disorders. Out of the approximately 1000 recorded
clinical trials (January 2005), fewer than 10% target
these diseases (see figure 4.1). The majority of current
clinical trials (66% of all trials) focus on polygenic
diseases, particularly cancer.

Phase |
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Gene therapy relies on similar principles
as traditional pharmacologic therapy;
specifically, regional specificity for the
targeted tissue, specificity of the
introduced gene function in relation to
disease, and stability and controllability
of expression of the introduced gene.
To integrate all these aspects into a
successful therapy is an exceedingly
complex process that requires expertise
from many disciplines, including
molecular and cell biology, genetics
and virology, in addition to bioprocess
manufacturing capability and clinical
laboratory infrastructure.

Figure 4.1. Indications Addressed by Gene Therapy Clinical Trials.
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Gene therapy can be performed either by direct
transfer of genes into the patient or by using living cells
as vehicles to transport the genes of interest. Both
modes have certain advantages and disadvantages.

Direct gene transfer is particularly attractive because
of its relative simplicity. In this scenario, genes are
delivered directly into a patient’s tissues or bloodstream
by packaging into liposomes (spherical vessels com-
posed of the molecules that form the membranes of
cells) or other biological microparticles. Alternately, the
genes are packaged into genetically-engineered viruses,
such as retroviruses or adenoviruses. Because of biosafety
concerns, the viruses are typically altered so that they are
not toxic or infectious (that is, they are replication
incompetent). These basic tools of gene therapists have
been extensively optimized over the past 10 years.

However, their biggest strength — simplicity — is
simultaneously their biggest weakness. In many cases,
direct gene transfer does not allow very sophisticated
control over the therapeutic gene. This is because the
transferred gene either randomly integrates into the
patient’s chromosomes or persists unintegrated for a
relatively short period of time in the targeted tissue.
Additionally, the targeted organ or tissue is not
always easily accessible for direct application of the
therapeutic gene.

On the other hand, therapeutic genes can be delivered
using living cells. This procedure is relatively complex
in comparison to direct gene transfer, and can be
divided into three major steps. In the first step, cells
from the patient or other sources are isolated and
propagated in the laboratory. Second, the therapeutic
gene is introduced into these cells, applying methods
similar to those used in direct gene transfer. Finally, the
genetically-modified cells are returned to the patient.
The use of cells as gene transfer vehicles has certain
advantages. In the laboratory dish (in vitro), cells can
be manipulated much more precisely than in the body
(in vivo). Some of the cell types that continue to divide
under laboratory conditions may be expanded signi-
ficantly before reintroduction into the patient.
Moreover, some cell types are able to localize to
particular regions of the human body, such as hema-
topoietic (blood-forming) stem cells, which return to
the bone marrow. This “homing” phenomenon may
be useful for applying the therapeutic gene with
regional specificity.
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A major disadvantage, however, is the additional
biological complexity brought into systems by living
cells. Isolation of a specific cell type requires not only
extensive knowledge of biological markers, but also
insight into the requirements for that cell type to stay
alive in vitro and continue to divide. Unfortunately,
specific biological markers are not known for many cell
types, and the majority of normal human cells cannot
be maintained for long periods of time in vitro without
acquiring deleterious mutations.

Stem cells can be classified as embryonic or adult,
depending on their tissue of origin. The role of adult
stem cells is to sustain an established repertoire of
mature cell types in essentially steady-state numbers
over the lifetime of the organism. Although adult
tissues with a high turnover rate, such as blood, skin,
and intestinal epithelium, are maintained by tissue-
specific stem cells, the stem cells themselves rarely
divide. However, in certain situations, such as during
tissue repair after injury or following transplantation,
stem cell divisions may become more frequent. The
prototypic example of adult stem cells, the hemato-
poietic stem cell, has already been demonstrated to
be of utility in gene therapy.#> Although they are
relatively rare in the human body, these cells can be
readily isolated from bone marrow or after mobilization
into peripheral blood. Specific surface markers allow
the identification and enrichment of hematopoietic
stem cells from a mixed population of bone marrow or
peripheral blood cells.

After in vitro manipulation, these cells may be re-
transplanted into patients by injection into the
bloodstream, where they travel automatically to the
place in the bone marrow in which they are
functionally active. Hematopoietic stem cells that
have been explanted, in vitro manipulated, and re-
transplanted into the same patient (autologous
transplantation) or a different patient (allogeneic
transplantation) retain the ability to contribute to all
mature blood cell types of the recipient for an
extended period of time (when patients’ cells are
temporarily grown “outside the body” before being
returned to them, the in vitro process is typically
referred to as an “ex vivo” approach).



Another adult bone marrow-derived stem cell type
with potential use as a vehicle for gene transfer is the
mesenchymal stem cell, which has the ability to form
cartilage, bone, adipose (fat) tissue, and marrow stroma
(the bone marrow microenvironment).6 Recently, a
related stem cell type, the multipotent adult progenitor
cell, has been isolated from bone marrow that can
differentiate into multiple lineages, including neurons,
hepatocytes (liver cells), endothelial cells (such as the
cells that form the lining of blood vessels), and other
cell types.” Other adult stem cells have been identified,
such as those in the central nervous system and heart,
but these are less well characterized and not as easily
accessible.8

The traditional method to introduce a therapeutic gene
into hematopoietic stem cells from bone marrow or
peripheral blood involves the use of a vector derived
from a certain class of virus, called a retrovirus. One
type of retroviral vector was initially employed to show
proof-of-principle that a foreign gene (in that instance
the gene was not therapeutic, but was used as a
molecular tag to genetically mark the cells) introduced
into bone marrow cells may be stably maintained for
several months.? However, these particular retroviral
vectors were only capable of transferring the thera-
peutic gene into actively dividing cells. Since most
adult stem cells divide at a relatively slow rate,
efficiency was rather low. Vectors derived from other
types of retroviruses (lentiviruses) and adenoviruses
have the potential to overcome this limitation, since
they also target non-dividing cells.

The major drawback of these methods is that the
therapeutic gene frequently integrates more or less
randomly into the chromosomes of the target cell. In
principle, this is dangerous, because the gene therapy
vector can potentially modify the activity of neighboring
genes (positively or negatively) in close proximity to
the insertion site or even inactivate host genes by
integrating into them. These phenomena are referred
to as “insertional mutagenesis.” In extreme cases, such
as in the X-linked SCID gene therapy trials, these
mutations contribute to the malignant transformation
of the targeted cells, ultimately resulting in cancer.

Another major limitation of using adult stem cells is
that it is relatively difficult to maintain the stem cell
state during ex vivo manipulations. Under current sub-
optimal conditions, adult stem cells tend to lose their
stem cell properties and become more specialized,
giving rise to mature cell types through a process
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termed “differentiation.” Recent advances in supportive
culture conditions for mouse hematopoietic stem cells
may ultimately facilitate more effective use of human
hematopoietic stem cells in gene therapy applications.0.1

Embryonic stem cells are capable of unlimited self-
renewal while maintaining the potential to differentiate
into derivatives of all three germ layers. Even after
months and years of growth in the laboratory, they
retain the ability to form any cell type in the body.
These properties reflect their origin from cells of the
early embryo at a stage during which the cellular
machinery is geared toward the rapid expansion and
diversification of cell types.

Murine (mouse) embryonic stem cells were isolated
over 20 years ago,'2'3 and paved the way for the
isolation of nonhuman primate, and finally human
embryonic stem cells.™ Much of the anticipated
potential surrounding human embryonic stem cells is
an extrapolation from pioneering experiments in the
mouse system. Experiments performed with human
embryonic stem cells in the last couple of years indicate
that these cells have the potential to make an impor-
tant impact on medical science, at least in certain
fields. In particular, this impact includes: a) differen-
tiation of human embryonic stem cells into various cell
types, such as neurons, cardiac, vascular, hemato-
poietic, pancreatic, hepatic, and placental cells, b) the
derivation of new cell lines under alternative conditions,
¢) and the establishment of protocols that allow the
genetic modification of these cells.

Following derivation, human embryonic stem cells are
easily accessible for controlled and specific genetic
manipulation. When this facility is combined with their
rapid growth, remarkable stability, and ability to mature
in vitro into multiple cell types of the body, human
embryonic stem cells are attractive potential tools for
gene therapy. Two possible scenarios whereby human
embryonic stem cells may benefit the gene therapy
field are discussed below.

First, human embryonic stem cells could be genetically
manipulated to introduce the therapeutic gene. This
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gene may either be active or awaiting later activation,
once the modified embryonic stem cell has differ-
entiated into the desired cell type. Recently published
reports establish the feasibility of such an approach.!s
Skin cells from an immunodeficient mouse were used
to generate cellular therapy that partially restored
immune function in the mouse. In these experiments,
embryonic stem cells were generated from an immu-
nodeficient mouse by nuclear transfer technology. The
nucleus of an egg cell was replaced with that from a
skin cell of an adult mouse with the genetic immuno-
deficiency. The egg was developed to the blastula stage
at which embryonic stem cells were derived. The
genetic defect was corrected by a genetic modification
strategy designated “gene targeting.” These “cured”
embryonic stem cells were differentiated into hema-
topoietic “stem” cells and transplanted into immuno-
deficient mice. Interestingly, the immune function in
these animals was partially restored. In principle, this
approach may be employed for treating human
patients with immunodeficiency or other diseases that
may be corrected by cell transplantation.

However, significant advances must first be made. The
levels of immune system reconstitution observed in the
mice were quite modest (<1% of normal), while the
methodology employed to achieve hematopoietic
engraftment is not clinically feasible. This methodology
involved using a more severely immunodeficient mouse
as a recipient (which also had the murine equivalent of
the human X-linked SCID mutation) and genetically
engineering the hematopoietic engrafting cells with a
potential oncogene prior to transplantation.

Embryonic stem cells may additionally be indirectly
beneficial for cellular gene therapy. Since these cells
can be differentiated in vitro into many cell types,
including presumably tissue-specific stem cells, they
may provide a constant in vitro source of cellular
material. Such “adult” stem cells derived from embryonic
stem cells may thus be utilized to optimize protocols
for propagation and genetic manipulation techniques.'¢
To acquire optimal cellular material from clinical samples
in larger quantities for experimental and optimization
purposes is usually rather difficult since access to these
samples is limited.

The therapeutic gene needs to be introduced into the
cell type used for therapy. Genes may be introduced
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into cells by transfection or transduction. Transfection
utilizes chemical or physical methods to introduce new
genes into cells. Usually, small molecules, such as
liposomes, as well as other cationic-lipid based particles
are employed to facilitate the entry of DNA encoding
the gene of interest into the cells. Brief electric shocks
are additionally used to facilitate DNA entry into living
cells. All of these techniques have been applied to
various stem cells, including human embryonic stem
cells. However, the destiny of the introduced DNA is
relatively poorly controlled using these procedures. In
most cells, the DNA disappears after days or weeks, and
in rare cases, integrates randomly into host chromo-
somal DNA. In vitro drug selection strategies allow
the isolation and expansion of cells that are stably
transfected, as long as they significantly express the
newly introduced gene.

Transduction utilizes viral vectors for DNA transfer.
Viruses, by nature, introduce DNA or RNA into cells
very efficiently. Engineered viruses can be used to
introduce almost any genetic information into cells.
However, there are usually limitations in the size of the
introduced gene. Additionally, some viruses (particularly
retroviruses) only infect dividing cells effectively,
whereas others (lentiviruses) do not require actively
dividing cells. In most cases, the genetic information
carried by the viral vector is stably integrated into the
host cell genome (the total complement of chromosomes
in the cell).

An important parameter that must be carefully
monitored is the random integration into the host
genome, since this process can induce mutations that
lead to malignant transformation or serious gene
dysfunction. However, several copies of the therapeutic
gene may also be integrated into the genome, helping
to bypass positional effects and gene silencing.
Positional effects are caused by certain areas within the
genome and directly influence the activity of the
introduced gene. Gene silencing refers to the pheno-
menon whereby over time, most artificially introduced
active genes are turned off by the host cell, a
mechanism that is not currently well understood. In
these cases, integration of several copies may help to
achieve stable gene expression, since a subset of the
introduced genes may integrate into favorable sites. In
the past, gene silencing and positional effects were a
particular problem in mouse hematopoietic stem
cells.’” These problems led to the optimization of retro-
viral and lentiviral vector systems by the addition of



genetic control elements (referred to as chromatin
domain insulators and scaffold/matrix attachment
regions) into the vectors, resulting in more robust
expression in differentiating cell systems, including
human embryonic stem cells.'8

In some gene transfer systems, the foreign transgene
does not integrate at a high rate and remains separate
from the host genomic DNA, a status denoted
“episomal”. Specific proteins stabilizing these episomal
DNA molecules have been identified as well as viruses
(adenovirus) that persist stably for some time in an
episomal condition. Recently, episomal systems have
been applied to embryonic stem cells."

An elegant way to circumvent positional effects and
gene silencing is to introduce the gene of interest
specifically into a defined region of the genome by the
gene targeting technique referred to previously.20 The
gene targeting technique takes advantage of a cellular
DNA repair process known as homologous recom-
bination.2! Homologous recombination provides a
precise mechanism for defined modifications of
genomes in living cells, and has been used extensively
with mouse embryonic stem cells to investigate gene
function and create mouse models of human diseases.
Recombinant DNA is altered in vitro, and the thera-
peutic gene is introduced into a copy of the genomic
DNA that is targeted during this process. Next,
recombinant DNA is introduced by transfection into
the cell, where it recombines with the homologous part
of the cell genome. This in turn results in the replace-
ment of normal genomic DNA with recombinant DNA
containing genetic modifications.

Homologous recombination is a very rare event in cells,
and thus a powerful selection strategy is necessary to
identify the cells in which it occurs. Usually, the
introduced construct has an additional gene coding for
antibiotic resistance (referred to as a selectable marker),
allowing cells that have incorporated the recombinant
DNA to be positively selected in culture. However,
antibiotic resistance only reveals that the cells have
taken up recombinant DNA and incorporated it
somewhere in the genome. To select for cells in which
homologous recombination has occurred, the end of
the recombination construct often includes the
thymidine kinase gene from the herpes simplex virus.
Cells that randomly incorporate recombinant DNA
usually retain the entire DNA construct, including the
herpes virus thymidine kinase gene. In cells that display
homologous recombination between the recombinant
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construct and cellular DNA, an exchange of homologous
DNA sequences is involved, and the non-homologous
thymidine kinase gene at the end of the construct is
eliminated. Cells expressing the thymidine kinase gene
are killed by the antiviral drug ganciclovir in a process
known as negative selection. Therefore, those cells
undergoing homologous recombination are unique in
that they are resistant to both the antibiotic and
ganciclovir, allowing effective selection with these
drugs (see Figure 4.2).

Cell resistant to neomycin and gancyclovir

Target gene

Targeted gene knockout

Knockout cassette

Random gene insertion

4
[ T 3 W )

Cell resistant to neomycin, killed by gancyclovir

. =Homologous regions
Figure 4.2. Gene targeting by homologous recombination.

Gene targeting by homologous recombination has
recently been applied to human embryonic stem cells.22
This is important for studying gene functions in vitro
for lineage selection and marking. For therapeutic
applications in transplantation medicine, the controlled
modification of specific genes should be useful for
purifying specific embryonic stem cell-derived, differ-
entiated cell types from a mixed population, altering
the antigenicity of embryonic stem cell derivatives, and
adding defined markers that allow the identification of
transplanted cells. Additionally, since the therapeutic
gene can now be introduced into defined regions of
the human genome, better controlled expression of
the therapeutic gene should be possible. This also
significantly reduces the risk of insertional mutagenesis.

Despite promising scientific results with genetically
modified stem cells, some major problems remain to
be overcome. The more specific and extensive the
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genetic modification, the longer the stem cells have to
remain in vitro. Although human embryonic stem cells
in the culture dish remain remarkably stable, the cells
may accumulate genetic and epigenetic changes that
might harm the patient (epigenetic changes regulate
gene activity without altering the genetic blueprint of
the cell). Indeed, sporadic chromosomal abnormalities
in human embryonic stem cell culture have been
reported, and these may occur more frequently when
the cells are passaged as bulk populations. This obser-
vation reinforces the necessity to optimize culture
conditions further, to explore new human embryonic
stem cell lines, and to monitor the existing cell
lines.23.24 Additionally undifferentiated embryonic stem
cells have the potential to form a type of cancer called
a teratocarcinoma. Safety precautions are therefore

necessary, and currently, protocols are being developed
to allow the complete depletion of any remaining
undifferentiated embryonic stem cells.25 This may be
achieved by rigorous purification of embryonic stem
cell derivatives or introducing suicide genes that can be
externally controlled.

Another issue is the patient’s immune system response.
Transgenic genes, as well as vectors introducing these
genes (such as those derived from viruses), potentially
trigger immune system responses. If stem cells are not
autologous, they eventually cause immuno-rejection of
the transplanted cell type. Strategies to circumvent
these problems, such as the expression of immune
system-modulating genes by stem cells, creation of
chimeric, immunotolerable bone marrow or suppression

Figure 4.3. Strategies for Delivering Therapeutic Transgenes into Patients.



of HLA genes have been suggested.?> In this context,
nuclear transfer technology has been recently extended
to human embryonic stem cells.26* Notably, immune-
matched human embryonic stem cells have now
been established from patients, including an individual
with an immunodeficiency disease, congenital
hypogammaglobulinemia.2”* Strategies that combine
gene targeting with embryonic stem cell-based therapy
are thus potential novel therapeutic options.

The addition of human embryonic stem cells to the
experimental gene therapy arsenal offers great promise
in overcoming many of the existing problems of cellular
based gene therapy that have been encountered in
clinic trials (see Figure 4.3). Further research is essential
to determine the full potential of both adult and
embryonic stem cells in this exciting new field.
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by Mark L. Rohrbaugh*

his report will provide an update in the area of

intellectual property issues related to human

pluripotent stem cells, and specifically, to human
embryonic stem cells (hESCs). As anticipated, the
patent landscape with respect to stem cells continues
to become more complex in the United States, with
new patents issued in various areas involving differ-
entiated or modified cells and methods to differentiate
cells. In Europe, some patent claims that involve
unmodified hESCs currently stand rejected, although
their ultimate outcomes are undetermined, as several
parties have appealed the rejections they have received.

Since Thomson and colleagues were issued a patent on
March 13, 2001 that specifically claimed hESCs,?
a number of patents have issued in the U.S. involving
claims to methods of using, maintaining, or inducing
differentiation of hESCs or to the modified or differ-
entiated cells themselves. According to data provided
by the United States Patent and Trademark Office
(USPTO) on October 22, 2004, nearly 300 patents had
been issued with claims to embryonic stem (ES) cells or
processes, of which approximately 38 encompass
human products or processes. Approximately 700
pending patent applications had been published with
claims to ES cells or processes, of which approximately
200 encompass human products or processes.
Approximately 150 published patient applications
encompass “totipotent” ES cells or processes. These
patents claim various cell types that would be used in
regenerative medicine (as described below) or auxiliary
technologies, such as conditioned medium for cell
growth, that support the use of hESCs.2

Among the patents issued more recently, one stands
out in particular — a patent issued to Geron with broad

claims to cells grown feeder-free.3 One broad claim
from this patent states, “A cellular composition
comprising undifferentiated primate primordial stem
(pPS) cells proliferating on an extracellular matrix,
wherein the composition is free of feeder cells.”
Another recites, “A cell population consisting
essentially of primate embryonic stem (ES) cells
proliferating in culture on an extracellular matrix in a
manner such that at least 50% of the proliferating
ES cells are undifferentiated.” The term “primordial” as
used in the application refers to pluripotent or
totipotent cells such as embryonic germ cells and ES
cells. The claims cover cells that have been weaned
from feeder cells as well as those that were derived
de novo in feeder-free cultures. This patented technology,
along with the original Thomson hESC technology, will
likely be necessary in the use of many anticipated
therapeutic applications of hESCs.

Other patents have issued to methods of inducing
differentiation and to partially or fully differentiated
cells. Such patents include the University of Utah's
patent claiming neuroepithelial stem cells and Geron'’s
patent claiming “directed differentiation of human
pluripotent stem cells to cells of the hepatocyte
lineage.”* The Thomson patent will dominate such
technologies to the extent that they utilize hESCs
as starting or intermediate materials. However, tech-
nologies exist that do not require the use of the Thomson
patent claims because they rely on lineage-specific
stem cells obtained from sources other than hESCs. One
such technology patented by Snyder et al. is a “pluripotent
and self-renewing neural stem cell of human origin”
isolated from embryonic neural tissue.5> Another patent
claim is directed to a method of obtaining a “sub-
stantially homogeneous population of pluripotent brain
stem cells” from brain tissue rather than from hESCs.6

* Director, National Institutes of Health Office of Technology Transfer, Bethesda, MD 20892, Email: rohrbaugh@nih.gov
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Scientists and physicians envision therapeutic uses
of stem cells that are genetically modified in some
manner to enhance their utility. For example, a
pluripotent stem cell could be modified with a gene
construct that enhances the ability to remove trace
undifferentiated hESCs from an otherwise differen-
tiated population of cells. This construct might include
a gene encoding an enzyme that converts a pro-drug
to a toxic drug linked to a promoter that is active only
in undifferentiated hESCs. After isolating a differ-
entiated population of cells modified in this manner,
the pro-drug could be added to the culture, where it
would be converted to a toxin in any residual undif-
ferentiated cells.” The depletion of undifferentiated cells
from a population of differentiated cells prior to
implantation into patients reduces the risk that “con-
taminating” undifferentiated cells would form tumors.

In Europe, the first patents claiming unmodified stem
cells have been denied based on a European Patent
Convention (EPC) rule that excludes inventions
involving the use of human embryos for industrial or
commercial purposes. These denials include that of
James Thomson of the Wisconsin Alumni Research
Foundation (WARF).8-1© While it does not appear that
unmodified human embryonic stem cell patents will
issue in Europe, the door has not yet been closed, as
these decisions are currently being appealed.’

In arriving at the decision to deny the WARF application,
the Examining Division maintained that the EPC rule
against patenting embryos did not apply to down-
stream products from embryos as long as those
products did not necessitate the use of a human
embryo. Because the WARF technology necessitates
use of a human embryo, it could not be patented.
Commentators opposed to this decision view the rule
more narrowly, arguing that the limits of ethical accept-
ability as defined by the rule should not be so broad as
to include claims that involve starting materials that are
already embryonic cells or cell mixtures. Such
reasoning would limit the exclusion to claims that
include a preliminary step of producing freshly
disaggregated cells by destroying a human embryo,
but not necessarily to isolated human embryonic
stem cells per se, which are available through legal
importation in many European countries.0
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Several new model agreements have been approved by
NIH for use in distributing hESCs under Infrastructure
Grants. These include model material transfer
agreements (MTAs) from MizMedi Hospital, Seoul,
Korea; Technion-Israel Institute of Technology, Haifa,
Israel; and Cellartis, AB, Goteborg, Sweden (for details,
see http://stemcells.nih.gov/research/registry/eligibility
Criteria.asp). The terms are similar to the previous
model agreements that the NIH has entered into or
approved for use with NIH-funded hESC distribution.

To date, two patents, one from WARF and one from
Geron, dominate most of the anticipated commercial
uses of hESCs in the U.S. Europe has taken a different
course by not currently permitting the patenting of
unmodified hESCs. In both North America and Europe,
it is likely that more patents will continue to issue on
other types of pluripotent stem cells, tissue-specific
stem cells, methods that use these cells, and materials
and methods associated with their propagation. More
stem cells are now available for broad distribution
with U.S. Federal funding under terms that permit
reasonably unrestricted use in non-profit research.

While many scientists have received hESCs for
non-profit research, fewer have been able to reach
agreements with providers for collaborative research
that directly benefits the commercial sector. In these
instances, the research is high-risk and often does not
result in new intellectual property, yet the industrial
collaborator seeks an agreement in advance that
includes the right to license new inventions,
particularly new uses of the materials, should they
occur. The industrial collaborator usually must
negotiate an agreement and pay a fee in advance to
patent holders and owners of the cell lines. This can be
a high hurdle for small companies that have limited
funds and for large companies that do not have a
strong interest in the field but want to protect their
investment in proprietary materials while providing
them to non-profit researchers. Finally, WiCell, recipient
of the NIH contract for the National Stem Cell Bank,
must reach agreements with owners of patents and
proprietary cell lines to facilitate the distribution of the
cells through the Bank while protecting the interests of
all parties.



The NIH experience with agreements to transfer
proprietary materials from companies to government
researchers suggests that only a small fraction of these
collaborations lead to new inventions, yet they result in
important scientific publications that advance
biomedical research. Hopefully, patent owners, cell
providers, and researchers will work together to
facilitate these public-private partnerships.
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6. MENDING A BROKEN HEART:

STEM CELLS AND CARDIAC REPAIR

Charles A. Goldthwaite, Jr., Ph.D.

HEART FAILURE:
THE DISEASE AND ITS CAUSES

ardiovascular disease (CVD), which includes

hypertension, coronary heart disease (CHD),

stroke, and congestive heart failure (CHF), has
ranked as the number one cause of death in the United
States every year since 1900 except 1918, when the
nation struggled with an influenza epidemic." In 2002,
CVD claimed roughly as many lives as cancer, chronic
lower respiratory diseases, accidents, diabetes mellitus,
influenza, and pneumonia combined. According to
data from the 1999-2002 National Health and
Nutrition Examination Survey (NHANES), CVD caused
approximately 1.4 million deaths (38.0 percent of all
deaths) in the U.S. in 2002. Nearly 2600 Americans die
of CVD each day, roughly one death every 34 seconds.
Moreover, within a year of diagnosis, one in five
patients with CHF will die. CVD also creates a growing
economic burden; the total health care cost of CVD
in 2005 was estimated at $393.5 billion dollars.

Given the aging of the U.S. population and the
relatively dramatic recent increases in the prevalence
of cardiovascular risk factors such as obesity and type
2 diabetes,”> CVD will continue to be a significant
health concern well into the 21st century. However,
improvements in the acute treatment of heart attacks
and an increasing arsenal of drugs have facilitated
survival. In the U.S. alone, an estimated 7.1 million
people have survived a heart attack, while 4.9 million
live with CHF." These trends suggest an unmet need for
therapies to regenerate or repair damaged cardiac tissue.

Ischemic heart failure occurs when cardiac tissue
is deprived of oxygen. When the ischemic insult is
severe enough to cause the loss of critical amounts of
cardiac muscle cells (cardiomyocytes), this loss initiates
a cascade of detrimental events, including formation
of a non-contractile scar, ventricular wall thinning,
an overload of blood flow and pressure, ventricular

remodeling (the overstretching of viable cardiac cells
to sustain cardiac output), heart failure, and eventual
death.* Restoring damaged heart muscle tissue,
through repair or regeneration, therefore represents
a fundamental mechanistic strategy to treat heart
failure. However, endogenous repair mechanisms,
including the proliferation of cardiomyocytes under
conditions of severe blood vessel stress or vessel
formation and tissue generation via the migration
of bone-marrow-derived stem cells to the site of
damage, are in themselves insufficient to restore
lost heart muscle tissue (myocardium) or cardiac
function.> Current pharmacologic interventions for
heart disease, including beta-blockers, diuretics, and
angiotensin-converting enzyme (ACE) inhibitors, and
surgical treatment options, such as changing the
shape of the left ventricle and implanting assistive
devices such as pacemakers or defibrillators, do not
restore function to damaged tissue. Moreover, while
implantation of mechanical ventricular assist devices
can provide long-term improvement in heart function,
complications such as infection and blood clots remain
problematic.® Although heart transplantation offers
a viable option to replace damaged myocardium in
selected individuals, organ availability and transplant
rejection complications limit the widespread practical
use of this approach.

The difficulty in regenerating damaged myocardial
tissue has led researchers to explore the application
of embryonic and adult-derived stem cells for cardiac
repair. Anumber of stem cell types, including embryonic
stem (ES) cells, cardiac stem cells that naturally reside
within the heart, myoblasts (muscle stem cells), adult
bone marrow-derived cells, mesenchymal cells (bone
marrow-derived cells that give rise to tissues such as
muscle, bone, tendons, ligaments, and adipose tissue),
endothelial progenitor cells (cells that give rise to the
endothelium, the interior lining of blood vessels), and
umbilical cord blood cells, have been investigated to
varying extents as possible sources for regenerating
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damaged myocardium. All have been tested in mouse
or rat models, and some have been tested in large
animal models such as pigs. Preliminary clinical data
for many of these cell types have also been gathered in
selected patient populations.

However, clinical trials to date using stem cells to
repair damaged cardiac tissue vary in terms of the
condition being treated, the method of cell delivery,
and the primary outcome measured by the study,
thus hampering direct comparisons between trials.”
Some patients who have received stem cells for
myocardial repair have reduced cardiac blood flow
(myocardial ischemia), while others have more
pronounced congestive heart failure and still others
are recovering from heart attacks. In some cases, the
patient’s underlying condition influences the way that
the stem cells are delivered to his/her heart (see the
section, “Methods of Cell Delivery” for details). Even
among patients undergoing comparable procedures,
the clinical study design can affect the reporting of
results. Some studies have focused on safety issues
and adverse effects of the transplantation procedures;
others have assessed improvements in ventricular
function or the delivery of arterial blood. Furthermore,
no published trial has directly compared two or more
stem cell types, and the transplanted cells may be
autologous (i.e., derived from the person on whom
they are used) or allogeneic (i.e., originating from
another person) in origin. Finally, most of these trials
use unlabeled cells, making it difficult for investigators
to follow the cells’ course through the body after
transplantation (see the section “Considerations for
Using These Stem Cells in the Clinical Setting” at the
end of this article for more details).

Despite the relative infancy of this field, initial results
from the application of stem cells to restore cardiac
function have been promising. This article will review
the research supporting each of the aforementioned
cell types as potential source materials for myocardial
regeneration and will conclude with a discussion of
general issues that relate to their clinical application.

MECHANISMS OF ACTION

In 2001, Menasche, et.al. described the successful
implantation of autologous skeletal myoblasts (cells
that divide to repair and/or increase the size of
voluntary muscles) into the post-infarction scar of
a patient with severe ischemic heart failure who

was undergoing coronary artery bypass surgery.®
Following the procedure, the researchers used imaging
techniques to observe the heart’s muscular wall and to
assess its ability to beat. When they examined patients
5 months after treatment, they concluded that treated
hearts pumped blood more efficiently and seemed to
demonstrate improved tissue health. This case study
suggested that stem cells may represent a viable
resource for treating ischemic heart failure, spawning
several dozen clinical studies of stem cell therapy for
cardiac repair (see Boyle, et.al.’” for a complete list)
and inspiring the development of Phase | and Phase |l
clinical trials. These trials have revealed the complexity
of using stem cells for cardiac repair, and considerations
for using stem cells in the clinical setting are discussed
in a subsequent section of this report.

The mechanism by which stem cells promote cardiac
repair remains controversial, and it is likely that the cells
regenerate myocardium through several pathways.
Initially, scientists believed that transplanted cells
differentiated into cardiac cells, blood vessels, or other
cells damaged by CVD.”'" However, this model has
been recently supplanted by the idea that transplanted
stem cells release growth factors and other molecules
that promote blood vessel formation (angiogenesis)
or stimulate “resident” cardiac stem cells to repair
damage.'*'* Additional mechanisms for stem-cell
mediated heart repair, including strengthening of the
post-infarct scar'® and the fusion of donor cells with
host cardiomyocytes,'® have also been proposed.

METHODS OF CELL DELIVERY

Regardless of which mechanism(s) will ultimately prove
to be the most significant in stem-cell mediated
cardiac repair, cells must be successfully delivered to
the site of injury to maximize the restored function.
In preliminary clinical studies, researchers have used
several approaches to deliver stem cells. Common
approaches include intravenous injection and direct
infusion into the coronary arteries. These methods
can be used in patients whose blood flow has been
restored to their hearts after a heart attack, provided
that they do not have additional cardiac dysfunction
that results in total occlusion or poor arterial flow.'*
Of these two methods, intracoronary infusion offers the
advantage of directed local delivery, thereby increasing
the number of cells that reach the target tissue relative
to the number that will home to the heart once they
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have been placed in the circulation. However, these
strategies may be of limited benefit to those who have
poor circulation, and stem cells are often injected
directly into the ventricular wall of these patients. This
endomyocardial injection may be carried out either via
a catheter or during open-heart surgery.'®

To determine the ideal site to inject stem cells, doctors
use mapping or direct visualization to identify the
locations of scars and viable cardiac tissue. Despite
improvements in delivery efficiency, however, the
success of these methods remains limited by the
death of the transplanted cells; as many as 90% of
transplanted cells die shortly after implantation as a
result of physical stress, myocardial inflammation, and
myocardial hypoxia.* Timing of delivery may slow the
rate of deterioration of tissue function, although this
issue remains a hurdle for therapeutic approaches.

TYPES OF STEM CELLS INVESTIGATED
TO REGENERATE DAMAGED
MYOCARDIAL TISSUE

Embryonic and adult stem cells have been investigated
to regenerate damaged myocardial tissue in animal
models and in a limited number of clinical studies. A
brief review of work to date and specific considerations
for the application of various cell types will be discussed
in the following sections.

Embryonic Stem (ES) Cells

Because ES cells are pluripotent, they can potentially
give rise to the variety of cell types that are instrumental
in regenerating damaged myocardium, including
cardiomyocytes, endothelial cells, and smooth
muscle cells. To this end, mouse and human ES cells
have been shown to differentiate spontaneously to
form endothelial and smooth muscle cells in vitro'
and in vivo,2>?' and human ES cells differentiate into
myocytes with the structural and functional properties
of cardiomyocytes.?** Moreover, ES cells that were
transplanted into ischemically-injured myocardium in
rats differentiated into normal myocardial cells that
remained viable for up to four months,? suggesting
that these cells may be candidates for regenerative
therapy in humans.

However, several key hurdles must be overcome before
human ES cells can be used for clinical applications.
Foremost, ethical issues related to embryo access

currently limit the avenues of investigation. In addition,
human ES cells must go through rigorous testing and
purification procedures before the cells can be used
as sources to regenerate tissue. First, researchers must
verify that their putative ES cells are pluripotent. To
prove that they have established a human ES cell line,
researchers inject the cells into immunocompromised
mice; i.e., mice that have a dysfunctional immune
system. Because the injected cells cannot be destroyed
by the mouse’s immune system, they survive and
proliferate. Under these conditions, pluripotent cells
will form a teratoma, a multi-layered, benign tumor
that contains cells derived from all three embryonic
germ layers. Teratoma formation indicates that the
stem cells have the capacity to give rise to all cell types
in the body.

The pluripotency of ES cells can complicate their
clinical application. While undifferentiated ES cells may
possibly serve as sources of specific cell populations
used in myocardial repair, it is essential that tight
quality control be maintained with respect to the
differentiated cells. Any differentiated cells that would
be used to regenerate heart tissue must be purified
before transplantation can be considered. If injected
regenerative cells are accidentally contaminated with
undifferentiated ES cells, a tumor could possibly form
as a result of the cell transplant.* However, purification
methodologies continue to improve; one recent report
describes a method to identify and select cardiomyo-
cytes during human ES cell differentiation that may
make these cells a viable option in the future.?®

This concern illustrates the scientific challenges that
accompany the use of all human stem cells, whether
derived from embryonic or adult tissues. Predictable
control of cell proliferation and differentiation requires
additional basic research on the molecular and genetic
signals that regulate cell division and specialization.
Furthermore, long-term cell stability must be well
understood before human ES-derived cells can be used
in regenerative medicine. The propensity for genetic
mutation in the human ES cells must be determined, and
the survival of differentiated, ES-derived cells following
transplantation must be assessed. Furthermore, once
cells have been transplanted, undesirable interactions
between the host tissue and the injected cells must
be minimized. Cells or tissues derived from ES cells
that are currently available for use in humans are not
tissue-matched to patients and thus would require
immunosuppression to limit immune rejection. '
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Skeletal Myoblasts

While skeletal myoblasts (SMs) are committed progeni-
tors of skeletal muscle cells, their autologous origin,
high proliferative potential, commitment to a myogenic
lineage, and resistance to ischemia promoted their use
as the first stem cell type to be explored extensively
for cardiac application. Studies in rats and humans
have demonstrated that these cells can repopulate
scar tissue and improve left ventricular function
following transplantation.”” However, SM-derived
cardiomyocytes do not function in complete concert
with native myocardium. The expression of two key
proteins involved in electromechanical cell integration,
N-cadherin and connexin 43, are downregulated in
vivo,® and the engrafted cells develop a contractile
activity phenotype that appears to be unaffected by
neighboring cardiomyocytes.?’

To date, the safety and feasibility of transplanting SM
cells have been explored in a series of small studies
enrolling a collective total of nearly 100 patients. Most
of these procedures were carried out during open-heart
surgery, although a couple of studies have investigated
direct myocardial injection and transcoronary
administration. Sustained ventricular tachycardia, a
life-threatening arrhythmia and unexpected side-effect,
occurred in early implantation studies, possibly resulting
from the lack of electrical coupling between SM-derived
cardiomyocytes and native tissue.>*3' Changes in pre-
implantation protocols have minimized the occurrence
of arrhythmias in conjunction with the use of SM cells,
and Phase Il studies of skeletal myoblast therapy are
presently underway.

Human Adult Bone-Marrow Derived Cells

In 2001, Jackson, et.al. demonstrated that cardiomyo-
cytes and endothelial cells could be regenerated in a
mouse heart attack model through the introduction
of adult mouse bone marrow-derived stem cells.” That
same year, Orlic and colleagues showed that direct
injection of mouse bone marrow-derived cells into the
damaged ventricular wall following an induced heart
attack led to the formation of new cardiomyocytes,
vascular endothelium, and smooth muscle cells."’ Nine
days after transplanting the stem cells, the newly-
formed myocardium occupied nearly 70 percent of
the damaged portion of the ventricle, and survival
rates were greater in mice that received these cells
than in those that did not. While several subsequent
studies have questioned whether these cells actually

differentiate into cardiomyocytes,*3* the evidence to
support their ability to prevent remodeling has been
demonstrated in many laboratories.”

Based on these findings, researchers have investigated
the potential of human adult bone marrow as a source of
stem cells for cardiac repair. Adult bone marrow contains
several stem cell populations, including hematopoietic
stem cells (which differentiate into all of the cellular
components of blood), endothelial progenitor cells, and
mesenchymal stem cells; successful application of these
cells usually necessitates isolating a particular cell type
on the basis of its’ unique cell-surface receptors. In the
past three years, the transplantation of bone marrow
mononuclear cells (BMMNCs), a mixed population of
blood and cells that includes stem and progenitor cells,
has been explored in more patients and clinical studies
of cardiac repair than any other type of stem cell.7

Theresultsfromclinical studiesofBMMNCtransplantation
have been promising but mixed. However, it should be
noted that these studies have been conducted under
a variety of conditions, thereby hampering direct
comparison. The cells have been delivered via open-
heart surgery and endomyocardial and intracoronary
catheterization. Several studies, including the Bone
Marrow Transfer to Enhance ST-Elevation Infarct
Regeneration (BOOST) and the Transplantation of
Progenitor Cells and Regeneration Enhancement in
Acute Myocardial Infarction (TOPCARE-AMI) trials,
have shown that intracoronary infusion of BMMNCs
following a heart attack significantly improves the left
ventricular (LV) ejection fraction, or the volume of blood
pumped out of the left ventricle with each heartbeat.**
36 However, other studies have indicated either no
improvementin LV ejection fraction upon treatment®” or
an increased LV ejection fraction in the control group.?
An early study that used endomyocardial injection
to enhance targeted delivery indicated a significant
improvement in overall LV function.** Discrepancies
such as these may reflect differences in cell preparation
protocols or baseline patient statistics. As larger trials
are developed, these issues can be explored more
systematically.

Mesenchymal (Bone Marrow Stromal) Cells

Mesenchymal stem cells (MSCs) are precursors
of non-hematopoietic tissues (e.g., muscle, bone,
tendons, ligaments, adipose tissue, and fibroblasts)
that are obtained relatively easily from autologous bone
marrow. They remain multipotent following expan-
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sion in vitro, exhibit relatively low immunogenicity,
and can be frozen easily. While these properties
make the cells amenable to preparation and delivery
protocols, scientists can also culture them under
special conditions to differentiate them into cells that
resemble cardiac myocytes. This property enables their
application to cardiac regeneration. MSCs differentiate
into endothelial cells when cultured with vascular
endothelial growth factor*® and cardiomyogenic (CMG)
cells when treated with the DNA-demethylating
agent, 5-azacytidine.41 More important, however,
is the observation that MSCs can differentiate into
cardiomyocytes and endothelial cells in vivo when
transplanted to the heart following myocardial infarct
(MI) or non-injury in pig, mouse, or rat models.***
Additionally, the ability of MSCs to restore functionality
may be enhanced by the simultaneous transplantation
of other stem cell types.*®

Several animal model studies have shown that treat-
ment with MSCs significantly increases myocardial
function and capillary formation.>*' One advantage
of using these cells in human studies is their low
immunogenicity; allogeneic MSCs injected into
infarcted myocardium in a pig model regenerated myo-
cardium and reduced infarct size without evidence of
rejection.*s A randomized clinical trial implanting MSCs
after Ml has demonstrated significant improvement in
global and regional LV function,*” and clinical trials
are currently underway to investigate the application
of allogeneic and autologous MSCs for acute Ml and
myocardial ischemia, respectively.

Resident Cardiac Stem Cells

Recent evidence suggests that the heart contains a
small population of endogenous stem cells that most
likely facilitate minor repair and turnover-mediated
cell replacement.” These cells have been isolated and
characterized in mouse, rat, and human tissues.*®*
The cells can be harvested in limited quantity from
human endomyocardial biopsy specimens®® and can
be injected into the site of infarction to promote
cardiomyocyte formation and improvements in systolic
function.*’ Separation and expansion ex vivo over
a period of weeks are necessary to obtain sufficient
quantities of these cells for experimental purposes.
However, their potential as a convenient resource for
autologous stem cell therapy has led the National
Heart, Lung, and Blood Institute to fund forthcoming
clinical trials that will explore the use of cardiac stem
cells for myocardial regeneration.

Endothelial Progenitor Cells

The endothelium is a layer of specialized cells that
lines the interior surface of all blood vessels (including
the heart). This layer provides an interface between
circulating blood and the vessel wall. Endothelial
progenitor cells (EPCs) are bone marrow-derived stem
cells that are recruited into the peripheral blood in
response to tissue ischemia.* EPCs are precursor cells
that express some cell-surface markers characteristic
of mature endothelium and some of hematopoietic
cells.’3153 EPCs home in on ischemic areas, where
they differentiate into new blood vessels; following
a heart attack, intravenously injected EPCs home
to the damaged region within 48 hours.'? The new
vascularization induced by these cells prevents cardio-
myocyte apoptosis (programmed cell death) and LV
remodeling, thereby preserving ventricular function.'
However, no change has been observed in non-infarcted
regions upon EPC administration. Clinical trials are
currently underway to assess EPC therapy for growing
new blood vessels and regenerating myocardium.

Other Cells: Umbilical Cord Blood Stem Cells,
Fibroblasts, and Peripheral Blood CD34* Cells

Several other cell populations, including umbilical
cord blood (UCB) stem cells, fibroblasts (cells that
synthesize the extracellular matrix of connective tissues),
and peripheral blood CD34" cells, have potential
therapeutic uses for regenerating cardiac tissue.
Although these cell types have not been investigated
in clinical trials of heart disease, preliminary studies in
animal models indicate several potential applications
in humans.

Umbilical cord blood contains enriched populations of
hematopoietic stem cells and mesencyhmal precursor
cells relative to the quantities present in adult blood or
bone marrow.>*>* When injected intravenously into the
tail vein in a mouse model of MI, human mononuclear
UCB cells formed new blood vessels in the infarcted
heart.>® A human DNA assay was used to determine the
migration pattern of the cells after injection; although
they homed only to injured areas within the heart, they
were also detected in the marrow, spleen, and liver.
When injected directly into the infarcted area in a rat
model of MI, human mononuclear UCB cells improved
ventricular function.’” Staining for CD34 and other
markers found on the cell surface of hematopoietic
stem cells indicated that some of the cells survived in
the myocardium. Results similar to these have been
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observed following the injection of human unrestricted
somatic stem cells from UCB into a pig MI model.*®

Adult peripheral blood CD34" cells offer the advantage
of being obtained relatively easily from autologous
sources.* Although some studies using a mouse model
of MI claim that these cells can transdifferentiate into
cardiomyocytes, endothelial cells, and smooth muscle
cells at the site of tissue injury,%® this conclusion is
highly contested. Recent studies that involve the
direct injection of blood-borne or bone marrow-
derived hematopoietic stem cells into the infarcted
region of a mouse model of MI found no evidence of
myocardial regeneration following injection of either
cell type.® Instead, these hematopoietic stem cells
followed traditional differentiation patterns into blood
cells within the microenvironment of the injured heart.
Whether these cells will ultimately find application in
myocardial regeneration remains to be determined.

Autologous fibroblasts offer a different strategy to
combat myocardial damage by replacing scar tissue
with a more elastic, muscle-like tissue and inhibiting
host matrix degradation.* The cells may be manipulated
to express muscle-specific transcription factors that
promote their differentiation into myotubes such as
those derived from skeletal myoblasts.®’ One month
after these cells were implanted into the post-infarction
scar in a rat model of MI, they occupied a large portion
of the scar but were not functionally integrated.®'
Although the effects on ventricular function were not
evaluated in this study, authors noted that modified
autologous fibroblasts may ultimately prove useful in
elderly patients who have a limited population of auto-
logous skeletal myoblasts or bone marrow stem cells.

CONSIDERATIONS FOR USING THESE
STEM CELLS IN THE CLINICAL SETTING

As these examples indicate, many types of stem
cells have been applied to regenerate damaged
myocardium. In select applications, stem cells have
demonstrated sufficient promise to warrant further
exploration in large-scale, controlled clinical trials.
However, the current breadth of application of these
cells has made it difficult to compare and contextualize
the results generated by the various trials. Most
studies published to date have enrolled fewer than
25 patients, and the studies vary in terms of cell types
and preparations used, methods of delivery, patient

populations, and trial outcomes. However, the mixed
results that have been observed in these studies do not
necessarily argue against using stem cells for cardiac
repair. Rather, preliminary results illuminate the many
gaps in understanding of the mechanisms by which
these cells regenerate myocardial tissue and argue
for improved characterization of cell preparations and
delivery methods to support clinical applications.

Future clinical trials that use stem cells for myocardial
repair must address two concerns that accompany
the delivery of these cells: 1) safety and 2) tracking
the cells to their ultimate destination(s). Although
stem cells appear to be relatively safe in the majority
of recipients to date, an increased frequency of non-
sustained ventricular tachycardia, an arrhythmia, has
been reported in conjunction with the use of skeletal
myoblasts.>*6%* While this proarrhythmic effect occurs
relatively early after cell delivery and does not appear
to be permanent, its presence highlights the need for
careful safety monitoring when these cells are used.
Additionally, animal models have demonstrated that
stem cells rapidly diffuse from the heart to other
organs (e.g., lungs, kidneys, liver, spleen) within a
few hours of transplantation,®%® an effect observed
regardless of whether the cells are injected locally
into the myocardium. This migration may or may not
cause side-effects in patients; however, it remains a
concern related to the delivery of stem cells in humans.
(Note: Techniques to label stem cells for tracking
purposes and to assess their safety are discussed in
more detail in other articles in this publication).

In addition to safety and tracking, several logistical issues
must also be addressed before stem cells can be used
routinely in the clinic. While cell tracking methodologies
allow researchers to determine migration patterns, the
stem cells must target their desired destination(s) and be
retained there for a sufficient amount of time to achieve
benefit. To facilitate targeting and enable clinical use,
stem cells must be delivered easily and efficiently to
their sites of application. Finally, the ease by which the
cells can be obtained and the cost of cell preparation
will also influence their transition to the clinic.

CONCLUSIONS

The evidence to date suggests that stem cells
hold promise as a therapy to regenerate damaged
myocardium. Given the worldwide prevalence of
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cardiac dysfunction and the limited availability of
tissue for cardiac transplantation, stem cells could
ultimately fulfill a large-scale unmet clinical need and
improve the quality of life for millions of people with
CVD. However, the use of these cells in this setting is
currently in its infancy — much remains to be learned
about the mechanisms by which stem cells repair and
regenerate myocardium, the optimal cell types and
modes of their delivery, and the safety issues that
will accompany their use. As the results of large-scale
clinical trials become available, researchers will begin
to identify ways to standardize and optimize the use of
these cells, thereby providing clinicians with powerful
tools to mend a broken heart.
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7. ARE STEM CELLS THE NEXT FRONTIER

FOR DIABETES TREATMENT?

Charles A. Goldthwaite, Jr., Ph.D.

iabetes is a devastating disease that affects
D millions of people worldwide. The major forms

of the disease are type 1 and type 2 diabetes. In
type 1 diabetes, the body’s immune system aberrantly
destroys the insulin-producing beta cells (B-cells) of
the pancreas. Type 2 diabetes, the more common
form, is characterized both by insulin resistance, a
condition in which various tissues in the body no
longer respond properly to insulin action, and by
subsequent progressive decline in B-cell function to
the point that the cells can no longer produce enough
additional insulin to overcome the insulin resistance.
Researchers are actively exploring cell replacement
therapy as a potential strategy to treat type 1 diabetes,
because patients with this disease have lost all or nearly
all B-cell function. However, if a safe and cost-effective
means for replenishing B-cells were developed, such a
treatment strategy could also be useful for the larger
population with type 2 diabetes. One of the major
challenges of cell replacement therapy is the current
insufficient supply of B-cells from human organ donors.
This article focuses on stem cells as potential sources for
deriving new [-cells.

DIABETES: A CRITICAL HEALTH ISSUE
FOR THE 21ST CENTURY

According to the International Diabetes Federation,
diabetes currently affects 7% of the world’s population
— nearly 250 million individuals worldwide." This total
is expected to rise to 380 million by 2025 as a result
of aging populations, changing lifestyles, and a recent
worldwide increase in obesity. Although projections
for increases in diabetes prevalence suggest that the
greatest percentage gains will occur in Asia and South
America,?* all nations will experience a rising disease
burden.

According to the National Diabetes Fact Sheet, which
was compiled using information from the Centers for

Disease Control and Prevention and other Federal and
non-Federal organizations, 20.8 million U.S. children
and adults have diabetes (6.2 million of whom are
currently undiagnosed).” An estimated 54 million
Americans have “pre-diabetes”, a condition defined
by blood glucose levels that are above normal but not
sufficiently high to be diagnosed as diabetes. In 2005,
1.5 million new cases of diabetes were diagnosed in
Americans aged 20 years or older.* If present trends
continue, 1 in 3 Americans (1 in 2 minorities) born in
2000 will develop diabetes in their lifetimes.

Diabetes is currently the sixth leading cause of death
in the U.S.* It is associated with numerous health
complications, including increased risk for heart disease,
stroke, kidney disease, blindness, and amputations.
In 2007, the total annual economic cost of diabetes
was estimated to be $174 billion dollars.’ Direct
medical expenditures account for the vast majority of
this total ($116 billion), although lost productivity and
other indirect costs approached nearly $58 billion. The
American Diabetes Association estimates that one out
of every 10 health care dollars currently spent in the
U.S. is used for diabetes and its complications.®

While diabetes can be managed, at present it cannot
be cured. As a result, it is a lifelong and often disabling
disease that can severely impact the quality of life
of those who are afflicted. Based on several recent
discoveries, however, researchers have begun to ask if a
new treatment approach is on the horizon — can stem
cells that are derived from adult or embryonic tissues
generate new pancreatic f-cells to replace those that
have failed or been destroyed? Cell replacement therapy
is one of many research avenues being pursued as a
potential treatment strategy for type 1 diabetes. The
strategy may also have implications for ameliorating
type 2 diabetes. One of the key obstacles to advancing
such therapy is the current inadequate supply of
cadaveric donor pancreata as a source of cells for
transplantation. Additionally, it is not currently possible
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to induce a patient’'s own cells to regenerate new
B-cells within the body. Thus, researchers are actively
investigating potential sources of new beta cells,
including different types of stem cells. This article
will focus on the various types of stem cells that are
candidates for use in pancreatic regeneration and will
discuss the challenges of using such cells as therapy
for diabetes.

DEFINING DIABETES

Diabetes results from the body’s inability to regulate
the concentration of sugar (glucose) in the blood.
Blood glucose concentration is modulated by insulin, a
hormone produced by pancreatic -cells and released
into the bloodstream to maintain homeostasis. In
healthy individuals, B-cells counteract sharp increases
in blood glucose, such as those caused by a meal,
by releasing an initial “spike” of insulin within a
few minutes of the glucose challenge. This acute
release is then followed by a more sustained release
that may last for several hours, depending on the
persistence of the elevated blood glucose concentra-
tion. The insulin release gradually tapers as the body’s
steady-state glucose concentration is reestablished.
While postprandial insulin release is stimulated by
factors other than blood glucose, the blood sugar
concentration is the major driver. When the B-cells fail
to produce enough insulin to meet regulatory needs,
however, the blood glucose concentration rises. This
elevated concentration imposes a metabolic burden
on numerous body systems, dramatically increasing
the risk of premature cardiovascular disease, stroke,
and kidney failure. Moreover, the risk for certain
diabetes-related complications increases even at
blood glucose concentrations below the threshold for
diagnosing diabetes.

At present, there is no cure for diabetes. B-cell failure
is progressive’; once the condition is manifest, full
function usually cannot be restored. Those with type 1
diabetes require daily insulin administration to survive.
Persons with type 2 diabetes must control their
elevated blood glucose levels through various means,
including diet and exercise, oral antihyperglycemic
(blood glucose-lowering) drugs, and/or daily insulin
shots. Most people who live with type 2 diabetes for a
period of time will eventually require insulin to survive.

As noted earlier, there are different forms of diabetes.
Type 1 diabetes results when a person’s immune

system mistakenly attacks and destroys the B-cells.
This type of diabetes was once referred to as “juvenile-
onset diabetes,” because it usually begins in childhood.
Type 1 diabetes accounts for 5-10% of diabetes cases,
and people with type 1 diabetes depend on daily
insulin administration to survive.

By contrast, type 2 diabetes is a metabolic disorder
that results from a decline in B-cell function combined
with insulin resistance, or the inability to use insulin
effectively in peripheral tissues such as the liver, muscles,
and fat.® Onset is associated with genetic factors and
with obesity, and type 2 diabetes disproportionately
affects certain minority groups.? Unlike type 1 diabetes,
type 2 is largely preventable. Numerous studies have
suggested that the environmental and behavioral
factors that promote obesity (e.g., a sedentary lifestyle,
a high-calorie diet) have profoundly influenced the
recent rise in the prevalence of type 2 diabetes.” This
trend suggests that type 2 diabetes will continue to be
a major health care issue.

THE CASE FOR STEM CELLS

There is great interest in developing strategies to expand
the population of functional B-cells. Possible ways to
achieve this include physically replacing the B-cell
mass via transplantation, increasing B-cell replication,
decreasing B-cell death, and deriving new B-cells from
appropriate progenitor cells.'® In 1990, physicians at
the Washington University Medical Center in St. Louis
reported the first successful transplant of donor-
supplied pancreatic islet tissue (which includes B-cells;
see below) in humans with type 1 diabetes.'"’ By the
end of the decade, many other transplants had been
reported using various protocols, including the widely-
known “Edmonton protocol” (named for the islet
transplantation researchers at the University of Alberta
in Edmonton).'*'* This protocol involves isolating islets
from the cadaveric pancreatic tissue of multiple donors
and infusing them into the recipient’s portal vein.
However, the lack of available appropriate donor tissue
and the strenuous regimen of immunosuppressive
drugs necessary to keep the body from rejecting
the transplanted tissue limit the widespread use of
this approach. Moreover, the isolation process for
islets damages the transplantable tissue; as such, 2-3
donors are required to obtain the minimal B-cell mass
sufficient for transplantation into a single recipient.'?
While these strategies continue to be improved, islet
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Figure 7.1. Insulin Production in the Human Pancreas.

The pancreas is located in the abdomen, adjacent to the duodenum (the first portion of the small intestine). A cross-section of the pancreas
shows the islet of Langerhans which is the functional unit of the endocrine pancreas. Encircled is the beta cell that synthesizes and secretes
insulin. Beta cells are located adjacent to blood vessels and can easily respond to changes in blood glucose concentration by adjusting insulin
production. Insulin facilitates uptake of glucose, the main fuel

source, into cells of tissues such as muscle.
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function declines relatively rapidly post-transplant. For
example, a long-term follow-up study of Edmonton
transplant patients indicated that less than 10% of
recipients remained insulin-independent five years
after transplant.'®

These challenges have led researchers to explore the
use of stem cells a possible therapeutic option. Type 1
diabetes is an appropriate candidate disease for stem
cell therapy, as the causative damage is localized to
a particular cell type. In theory, stem cells that can
differentiate into B-cells in response to molecular
signals in the local pancreatic environment could be
introduced into the body, where they would migrate
to the damaged tissue and differentiate as necessary
to maintain the appropriate B-cell mass. Alternately,
methods could be developed to coax stem cells
grown in the laboratory to differentiate into insulin-
producing B-cells. Once isolated from other cells, these
differentiated cells could be transplanted into a patient.
As such, stem cell therapy would directly benefit
persons with type 1 diabetes by replenishing B-cells
that are destroyed by autoimmune processes, although
it would still be necessary to mitigate the autoimmune
destruction of B-cells. The strategy would also benefit
those with type 2 diabetes to a lesser extent by
replacing failing B-cells, although the insulin resistance
in peripheral tissues would remain present. As discussed
in the following sections, however, debate continues
about potential source(s) of pancreatic stem cells.

SEARCHING FOR THE
“PANCREATIC STEM CELL”

The pancreas is a complex organ made up of many cell
types. The majority of its mass is comprised of exocrine
tissue, which contains acinar cells that secrete pancreatic
enzymes into the intestine to aid in food digestion.
Dispersed throughout this tissue are thousands of islets
of Langerhans, clusters of endocrine cells that produce
and secrete hormones into the blood to maintain
homeostasis. The insulin-producing B-cell is one type
of endocrine cell in the islet; other types include alpha
cells (o-cells), which produce glucagon, gamma cells
(y-cells), which produce pancreatic polypeptide, and
delta cells (5-cells), which produce somatostatin.

Each of these cell types arises from a precursor cell type
during the process of development. Therefore, the key
step for using stem cells to treat diabetes is to identify
the precursor cell(s) that ultimately give rise to the

-cell. However, generating these cells is more complex
than simply isolating a hypothetical “pancreatic stem
cell.” Experiments have indicated that embryonic and
adult stem cells can serve as sources of insulin-secreting
cells,'® leading researchers to explore several avenues
through which stem cells could feasibly be used to
regenerate B-cells. However, many challenges must
be addressed before a particular cell type will become
established for this approach.

The human body has inherent mechanisms to repair
damaged tissue, and these mechanisms remain active
throughout life. Thus, there is reason to speculate that
the adult pancreas may be aided by some type of
regenerative system that replaces worn-out cells and
repairs damaged tissue in response to injury. Such a
system could theoretically be supported by precursor
or stem cells, located in the endocrine pancreas or
elsewhere, which could be coaxed to differentiate
in response to select molecular or chemical stimuli.
But do these cells exist? If so, how can they be
recognized, isolated, and cultured for therapeutic use?
How quickly could they produce sufficient numbers of
[-cells to offset damage caused by diabetes processes?
Alternately, what if cells that have the capability to
regenerate B-cells exist in the body but are committed
to differentiate into some other cell type? Could
embryonic stem (ES) cell lines, which have the potential
to develop into cells from all lineages, then be derived
in vitro and be directed to differentiate into B-cells?
These questions will be explored in the following
sections, which review the types of candidate stem cells
for diabetes.

ARE ADULT PANCREATIC STEM CELLS
PRESENT IN THE PANCREAS?

Whether (-cell progenitors are present in the adult
pancreas is a controversial topic in diabetes research.
Several recent studies in rodents have indicated that
the adult pancreas contains some type of endocrine
progenitor cells that can differentiate toward B-cells.'®
However, researchers have not reached consensus
about the origin of the bona fide pancreatic stem
cell (if it exists) or the mechanism(s) by which B-cells
are regenerated.' For example, a pivotal study by
Dor and colleagues used genetic lineage tracing in
adult mice to determine how stem cells contribute to
the development of B-cells."® Their analysis indicated
that new B-cells arise from pre-existing ones, rather
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than from pluripotent stem cells, in adult mice. As
such, the authors noted that B-cells can proliferate
in vivo, thereby “cast[ing] doubt on the idea that
adult stem cells have a significant role in beta-cell
replenishment.” Soon after this report was published,
Seaberg and coworkers reported the identification
of multipotent precursor cells from the adult mouse
pancreas.' These novel cells proliferated in vitro to
form colonies that could differentiate into pancreatic
o-, B-, and d-cells as well as exocrine cells, neurons, and
glial cells. Moreover, the beta-like cells demonstrated
glucose-dependent insulin release, suggesting possible
therapeutic application to diabetes. Several subsequent
studies have also reported the existence of pancreatic
stem/precursor cells in vitro or in vivo.?>*? One recent
report suggests that such cells exist in the pancreatic
ductal lining and can be activated autonomously in
response to injury, increasing the B-cell mass through
differentiation and proliferation.?

The study of pancreatic regeneration continues to
evolve, and many claims have been made regarding cells
believed to be involved in the process. In the last decade,
reports have described various putative pancreatic stem
cells embedded in the pancreatic islets,**? pancreatic
ducts,??¢ among the exocrine acinar cells,?®?' and in
unspecified pancreatic locales'®?” in rodent models, as
well as from human adult pancreatic cell lines,”® islet
tissue,?’ and non-islet tissues discarded after islets have
been removed for transplantation.>**? These cells are
identified by the presence of one or more cell-surface
proteins, or markers, known to be associated with a
particular stem cell lineage. However, these studies
illustrate several challenges shared by all researchers
who seek to identify the “pancreatic stem cell”. First,
all potential stem cell candidates identified to date
are relatively rare; for instance, the precursor cells
identified by Seaberg are present at the rate of 1 cell
per 3,000-9,000 pancreatic cells.' Because there are
so few of these putative stem cells, they can be difficult
to identify. Additionally, the choice of marker can
select for certain stem cell populations while possibly
excluding others. Interestingly, the progenitor cells
identified in the Seaberg study lacked some known
B-cell markers such as HNF3p, yet they were able to
generate B-cells. Thus, a hypothetical experiment that
used only HNF3f as a marker for B-cell differentiation
would likely not identify this stem cell population.
Moreover, techniques used to study the pancreatic
tissue, such as the genetic lineage technique of
Dor, et.al. could possibly interfere with the generation

of new B-cells from stem or precursor cells.*?

As such, the possibility remains that B-cells could be
regenerated by differentiation of endogenous stem cells,
by proliferation of existing B-cells, or a combination of
the two mechanisms.

Further research to elucidate conditions under
which B-cells can proliferate may help to develop
new therapeutic approaches. For example, several
advances have recently been made from studies of
pregnancy and pregnancy-related diabetes (gestational
diabetes) in mice. During pregnancy, pancreatic islet
cells normally expand in number to meet increased
metabolic demands. Researchers have found that the
protein HNF4-alpha helps increase B-cell mass, and
that pregnancy-related decreases in levels of another
protein, menin, also enable B-cell proliferation.?*3*
Insights may also arise from research on another organ,
the liver. Unlike the pancreas, the liver has an inherently
high capacity for regeneration. New strategies for
inducing pancreatic islet cell growth may emerge from
knowledge of how liver cells develop from progenitor
cells during early development such that the resulting
adult organ retains substantial regenerative capacity.*®
In another research avenue, scientists are exploring
whether it may be possible to redirect adult pancreatic
cells in the body to change from their original cell type
into B-cells.

OTHER POTENTIAL SOURCES OF STEM
CELLS DERIVED FROM ADULT CELLS

Furthermore, various reports have also described
putative stem cells in the liver, spleen, central nervous
system, and bone marrow that can differentiate into
insulin-producing cells." While it is possible that
such pathways may exist, these results are currently
under debate within the research community. In
another research avenue, scientists recently reported
that differentiated cells, including adult human skin
cells, can be genetically “reprogrammed” to revert
to a pluripotent state, resembling that of embryonic
stem (ES) cells.’” The researchers refer to these cells
as induced pluripotent stem (iPS) cells. Their method
involved introducing a defined set of genes into the
differentiated cells. This approach may facilitate the
establishment of human iPS cell lines from patients
with specific diseases that could be used as research
tools. This technique, or variations of it, may also one
day allow patient-specific stem cells to be generated
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for use in stem cell-based therapies. However, the
genes used for reprogramming were introduced into
the cells using a virus-based method, which could
have adverse clinical effects. If, however, safe alternate
methods based on this research can be developed for
reprogramming cells, then iPS cells may lead to novel,
personalized therapies.

CAN EMBRYONIC STEM CELLS BE USED?

The challenges associated with identifying and isolating
adult “pancreatic stem cells” has led some researchers
to explore the use of ES cells as a source of insulin-
producing cells. Several factors make ES cells attractive
for this application.*® First, given the complexity of
pancreatic tissue, identified B-cell precursors would
likely be difficult to isolate from the adult pancreas.
If isolated, the cells would then need to be replicated
ex vivo while keeping them directed toward a B-cell
lineage. Second, protocols to grow and expand mature
B-cells in culture have met with technical challenges.
ES cells, which are pluripotent cell lines (they can give
rise to all cell types of the embryo) that can be induced
to develop into various lineages based on culture
conditions, may therefore represent a future option for
B-cell regeneration.

To date, several human ES cells lines have been
successfully derived.*®*® While these cell lines serve as
resources for exploring the mechanisms of development,
their potential use in a clinical setting is limited by
several factors, most notably ethical concerns and the
risk of teratoma development. (For a more detailed
discussion of the scientific challenges associated with
clinical application of ES cells, see Chapter 6, “Mending
a Broken Heart: Stem Cells and Cardiac Repair,” p.59).
In addition, researchers are only beginning to unlock
the myriad factors that come into play as a once-
pluripotent cell differentiates into a unipotent cell, one
that can contribute to only one mature cell type.*' For
example, several recent reports indicate that mouse*
and human*® ES cells can be successfully differentiated
into endodermal cells, the precursors of pancreatic
cells. In addition, insulin-producing cells have been
derived from mouse**** and human?® ES cells.

However, it should be noted that directed differentiation
of ES cells toward the B-cell has not been reported.
Beta cells appear relatively late during embryonic
development, suggesting that their presence involves
the temporal control of a considerable number of

genes. Moreover, the creation of patient-specific,
stem cell-derived B-cells for transplantation requires
genetic matching to lessen the immune response.
Generating immune-matched tissues requires the
therapeutic cloning of human ES cells, which has not
been accomplished to date. A fraudulent claim to the
contrary in 2005 by South Korean researcher Woo Suk
Hwang*’ ignited international controversy within the
scientific community*® and illustrated the scientific
and ethical challenges of using ES cells as a source of
transplant tissue. Despite current gaps in knowledge,
researchers recognize the potential of ES cells as
sources of specialized cells such as the B-cell, and the
study of ES cells provides insight into the processes that
govern differentiation and specialization.

CLINICAL CHALLENGES

Clearly, using stem cells to treat diabetes will require
additional knowledge, both in the laboratory and in
the clinic. This section will suggest several envisioned
approaches for stem-cell derived diabetes therapies
and discuss key considerations that must be addressed
for their successful application.

Contingent upon the development of appropriate
protocols, stem cells could theoretically be used to treat
diabetes through two approaches.”” Both strategies
would require the isolation and in vitro expansion of
a homogenous population of B-cell precursor cells
from appropriate donor tissue. Once a population of
these cells has been generated, they could either 1) be
induced to differentiate into insulin-producing cells in
vitro and then be transplanted into the diabetic patient’s
liver, or 2) be injected into the circulation along with
stem cell stimulators, with the hope that the cells will
“home in” to the injured islets and differentiate into a
permanent self-renewing B-cell population.

Because type 1 diabetes is an autoimmune disease,
controlling the autoimmune response is critical to the
success of any potential stem cell-based therapy. Type 1
diabetes is characterized by the action of B-cell-specific,
autoreactive T-cells. Even if the regenerative properties
of the pancreas remain functional, the continued
presence of these T-cells effectively counteracts
any endogenous repair and would likely decimate
populations of newly-regenerated or transplanted
insulin-producing cells. However, the autoimmune
response has been successfully averted in non-obese
diabetic mice either by using anti-T-cell antibodies to
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eliminate the majority of the autoreactive cells®® or by
transplanting bone marrow from a diabetes-resistant
donor (with a sublethal dose of irradiation) into the
diabetic animal.”'** Both strategies appear to enable
the replenishment of insulin-secreting cells and the
eventual restoration of normal blood glucose levels,
although the process requires weeks to months and
may necessitate additional therapy. Other strategies
being explored include altering the immune tolerance
through the use of monoclonal antibodies,** proteins,*
and oligonucleotides.*®

Other clinical challenges, including safety, tracking
of the stem cells, delivery of the cells to the targeted
tissue within a clinically relevant time frame (for
transplanted cells), identification of ways to promote
long-term survival and functioning of regenerated
B-cells, ease of obtaining the cells, and cost, parallel
those encountered with all applications of stem cell-
based regenerative therapy. These issues must be
addressed once the “pancreatic stem cell” population
has been identified conclusively. Given current debate
on this issue, the routine clinical application of stem-
cell based regenerative therapy for the treatment
of diabetes remains a future goal, albeit one with
great potential.

As an additional source of information, an extensive
discussion of research challenges and strategies for
achieving the goal of cell replacement therapy for
Type 1 diabetes is presented in Advances and Emerging
Opportunities in Type 1 Diabetes Research: A Strategic
Plan, available on the NIH web site at http://www2.
niddk.nih.gov/AboutNIDDK/ResearchAndPlanning/
TypelDiabetes/.

CONCLUSIONS

The results discussed in this article demonstrate the
many challenges that must be addressed before stem
cells can be used to regenerate islet tissue in persons
with diabetes. Debate continues on the identification
of the “pancreatic stem cell,” and at present it is
difficult to ascertain which cell type has the greatest
potential for diabetes therapy. Moreover, modulating
the autoimmune response in type 1 diabetes remains a
significant challenge regardless of the type of cell that
is transplanted, and it will also be important to address
the insulin resistance in type 2 diabetes, as well as
factors that contribute to obesity. However, diabetes
is a disease with a major deficiency in the functioning

of one type of cell, and there is potential of stem cells
to treat type 1 diabetes and to improve the quality of
life for those with type 2 diabetes. As researchers learn
more about the mechanisms that govern stem cell
programming, differentiation, and renewal, their ability
to identify, isolate, and culture candidate stem cells will
continue to improve. While stem cells can be currently
considered a frontier for diabetes therapy, they may
one day become its basis.
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8. ALTERNATE METHODS FOR PREPARING

PLURIPOTENT STEM CELLS

James F. Battey, Jr., MD, PhD; Laura K. Cole, PhD; and Charles A. Goldthwaite, Jr., PhD

THE CLINICAL APPLICATION OF
PLURIPOTENT CELLS: THE PROMISE
AND THE CHALLENGES

Stem cells are distinguished from other cells by two
characteristics: (1) they can divide to produce copies of
themselves (self-renewal) under appropriate conditions
and (2) they are pluripotent, or able to differentiate
into any of the three germ layers: the endoderm
(which forms the lungs, gastrointestinal tract, and
interior lining of the stomach), mesoderm (which
forms the bones, muscles, blood, and urogenital
tract), and ectoderm (which forms the epidermal
tissues and nervous system). Pluripotent cells, which

to differentiate into specialized cell types and to use
them for research, drug discovery, and transplantation
therapy (see Figure 8.1). However, before stem
cell derivatives are suitable for clinical application,
scientists require a more complete understanding
of the molecular mechanisms that drive pluripotent
cells into differentiated cells. Scientists will need to
pilot experimental transplantation therapies in animal
model systems to assess the safety and long-term
stable functioning of transplanted cells. In particular,
they must be certain that any transplanted cells do not
continue to self-renew in an unregulated fashion after
transplantation, which may result in a teratoma, or stem

can differentiate into any mature cell type,
are distinct from multipotent cells (such as
hematopoietic, or blood-forming, cells) that
can differ into a limited number of mature cell
types. Because of their pluripotency and capacity
for self-renewal, stem cells hold great potential
to renew tissues that have been damaged by
conditions such as type 1 diabetes, Parkinson’s
disease, heart attacks, and spinal cord injury.
Although techniques to transplant multipotent
or pluripotent cells are being developed for
many specific applications, some procedures
are sufficiently mature to be established options
for care. For example, human hematopoietic
cells from the umbilical cord and bone marrow
are currently being used to treat patients with
disorders that require replacement of cells made
by the bone marrow, including Fanconi’s anemia
and chemotherapy-induced bone marrow failure
after cancer treatment.

However, differentiation is influenced by
numerous factors, and investigators are just
beginning to understand the fundamental
properties of human pluripotent cells. Researchers
are gradually learning how to direct these cells
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Figure 8.1. The Scientific Challenge of Human Stem Cells

The state of the science currently lies in the development of fundamental
knowledge of the properties of human pluripotent cells. The scientific capacity
needs to be built, an understanding of the molecular mechanisms that drive cell
specialization needs to be advanced, the nature and regulation of interaction
between host and transplanted cells needs to be explored and understood, cell
division needs to be understood and regulated, and the long-term stability of the
function in transplanted cells needs to be established.
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cell tumor. In addition, scientists must ascertain that
cells transplanted into a patient are not recognized as
foreign by the patient’s immune system and rejected.

Stem cells derived from an early-stage human blastocyst
(an embryo fertilized in vitro and grown approximately
five days in culture) have the capacity to renew
indefinitely, and can theoretically provide an unlimited
supply of cells. It is also possible to derive stem cells
from non-embryonic tissues, including amniotic fluid,
placenta, umbilical cord, brain, gut, bone marrow, and
liver. These stem cells are sometimes called “adult”
stem cells, and they are typically rare in the tissue of
origin. For example, blood-forming (hematopoietic)
stem cell experts estimate that only 1 in 2000 to fewer
than 1 in 10,000 cells found in the bone marrow is
actually a stem cell." Because so-called “adult” stem
cells include cells from the placenta and other early
stages of development, they are more correctly termed
“non-embryonic stem cells.” Non-embryonic stem
cells are more limited in their capacity to self renew in
the laboratory, making it more difficult to generate a
large number of stem cells for a specific experimental
or therapeutic application. Under normal conditions,
non-embryonic stem cells serve as a repair pool for the
body, so they typically differentiate only into the cell
types found in the organ of origin. Moreover, there
is little compelling evidence for trans-differentiation,
whereby a stem cell from one organ differentiates into
a mature cell type of a different organ. New discoveries
may overcome these limitations of stem cells derived
from non-embryonic sources, and research directed
toward this goal is currently underway in a number of
laboratories.

THE ROLE OF CULTURED CELLS IN
UNDERSTANDING THE DIFFERENTIATION
PROCESS

Cultures of human pluripotent, self-renewing cells
enable researchers to understand the molecular
mechanisms that regulate differentiation (see Figure
8.2), including epigenetic changes (traits that may be
inherited that do not arise from changes in the DNA
sequence) in the chromatin structure, developmental
changes in gene expression, exposure to growth factors,
and interactions between adjacent cells. Understanding
these basic mechanisms may enable future scientists to
mobilize and differentiate endogenous populations
of pluripotent cells to replace a cell type ravaged by

injury or disease. Alternatively, scientists may some
day be able to coax human pluripotent cells grown in
the laboratory to become a specific type of specialized
cell, which physicians could subsequently transplant
into a patient to replace cells damaged by these same
disease processes.

Scientists are gradually learning to direct the
differentiation of pluripotent cell cultures into a specific
type of cell, which can then be used as cellular models
of human disease for drug discovery or toxicity studies.
While it is not possible to predict the myriad ways
that a basic understanding of stem cell differentiation
may lead to new approaches for treating patients with
cellular degenerative diseases, some avenues can be
theorized. For example, in the case of Huntington’s
disease, a fatal neurodegenerative disorder, one could
imagine that pluripotent cells derived from an embryo
that carries Huntington'’s disease and differentiated into
neurons in culture could be used to test drugs to delay
or prevent degeneration.

Despite the incredible growth in knowledge that has
occurred in stem cell research within the last couple
of decades, investigators are just beginning to unravel
the process of differentiation. Human pluripotent cell
lines are an essential tool to understand this process
and to facilitate the ultimate use of these cells in the
clinic. To provide background on this fundamental
topic, this article reviews the various potential sources
and approaches that have been used to generate
human pluripotent and multipotent cell lines, both of
embryonic and non-embryonic origin.

ESTABLISHING HUMAN PLURIPOTENT
STEM CELL LINES FROM EMBRYONIC OR
FETAL TISSUES

Currently, at least six embryonic sources have been
used to establish human pluripotent stem cell lines.
All approaches involve isolation of viable cells during
an early phase of development, followed by growth of
these cells in appropriate culture medium. The various
sources of these initial cell populations are discussed in
brief below. It should be noted that the manipulation
and use of embryonic tissues has raised a number of
ethical issues.?* This article focuses on the scientific and
technical issues associated with creating pluripotent
cells, with the understanding that some of these
techniques are currently subject to debates that extend
beyond discussions of their scientific merits.
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Figure 8.2. The Promise of Stem Cell Research

Stem cell research provides a useful tool for unraveling the molecular mechanisms that determine the differentiation fate of a pluripotent cell
and for understanding the gene expression properties and epigenetic modifications essential to maintain the pluripotent state. In the future, this
knowledge may be used to generate cells for transplantation therapies, whereby a specific cell population compromised by disease is replaced
with new, functional cells. Differentiated derivatives of human pluripotent cells may also prove to be useful as models for understanding the
biology of disease and developing new drugs, particularly when there is no animal model for the disease being studied. The greatest promise of
stem cell research may lie in an area not yet imagined.

Traditional Human Embryonic Stem Cell (hESC) for additional children if desired. It is estimated that
Line Generation there are approximately 400,000 such spare embryos
worldwide.” If these embryos are never used by the
Drawing upon twenty years of communal expertise couple, they either remain in storage or are discarded
with mouse ES cells® and on human inner cell mass as medical waste. Alternatively, these embryos can
culture conditions developed by Ariff Bongso and potentially be used to generate a hESC line.
colleagues®, James Thomson and colleagues at the
University of Wisconsin generated the first hESC lines in To generate a hESC line, scientists begin with a
1998 using tissue from embryos fertilized in vitro.® This donated blastocyst-stage embryo, at approximately
method uses embryos generated for in vitro fertilization five days after IVF (see Figure 8.3a). The blastocyst
(IVF) that are no longer needed for reproductive consists of approximately 150-200 cells that form a
purposes. During IVF, medical professionals usually hollow sphere of cells, the outer layer of which is called
produce more embryos than a couple attempting to the trophectoderm. During normal development, the
start a family may need. Spare embryos are typically trophoblast becomes the placenta and umbilical cord.
stored in a freezer to support possible future attempts At one pole of this hollow sphere, 30-50 cells form a
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cluster that is called the inner cell mass (ICM), which
would give rise to the developing fetus. ICM cells are
pluripotent, possessing the capacity to become any of
the several hundred specialized cell types found in a
developed human, with the exception of the placenta
and umbilical cord.

Scientists remove the ICM from the donated blastocyst
and place these cells into a specialized culture medium.
In approximately one in five attempts, a hESC line
begins to grow. Stem cells grown in such a manner can
then be directed to differentiate into various lineages,
including neural precursor cells,® cardiomyocytes,® and
hematopoietic (blood forming) precursor cells."

However, hESC lines are extremely difficult to grow
in culture; the cells require highly specialized growth
media that contain essential ingredients that are
difficult to standardize. Yet the culture conditions
are critical to maintain the cells’ self-renewing and
pluripotent properties. Culture requires the support
of mouse or human cells, either directly as a “feeder”
cell layer®'"'2 or indirectly as a source of conditioned
medium in feeder-free culture systems.'* The feeder
cells secrete important nutrients and otherwise support
stem cell growth, but are treated so they cannot divide.
Although the complete role of these feeder cells is
not known, they promote stem cell growth, including
detoxifying the culture medium and secreting proteins
that participate in cell growth.' hESC lines used to
produce human cells for transplantation therapies may
need to be propagated on a human feeder cell layer
to reduce the risk of contamination by murine viruses
or other proteins that may cause rejection. Thus, hESC
lines often grow only under highly specific culture
conditions, and the identification of ideal growth
conditions presents a challenge regardless of the
source of the hESCs.

Furthermore, human ES cell cultures must be expanded
using an exacting protocol to avoid cell death and to
control spontaneous differentiation. Since a limited
number of laboratories in the United States are growing
these cells, there is a shortage of people well-versed in
the art and science of successful hESC culture. In the
short term, challenges of working with these cells
include developing robust culture conditions and
protocols, understanding the molecular mechanisms
that direct differentiation into specific cell types, and
developing the infrastructure to advance this scientific
opportunity. Once these challenges have been met,

scientists will need to conduct transplantation studies
in animal models (rodent and non-human primates)
to demonstrate safety, effectiveness, and long-term
benefit before stem cell therapies may enter clinical
trials.

hESC Lines from Human Primordial Germ Cells

A second method for generating human pluripotent
stem cell lines was published in 1998 by John Gearhart
and coworkers at The Johns Hopkins Medical School."
These researchers isolated specialized cells known as
primordial germ cells (PGCs) from a 5-7-week-old
embryo and placed these cells into culture (see Figure
8.3b). PGCs are destined to become either oocytes or
sperm cells, depending on the sex of the developing
embryo. The resulting cell lines are called embryonic
germ cell lines, and they share many properties with ES
cells. As with ES cells, however, PGCs present challenges
with sustained growth in culture.'®!” Spontaneous
differentiation, which hinders the isolation of pure
clonal lines, is a particular issue. Therefore, the clinical
application of these cells requires a more complete
understanding of their derivation and maintenance
in vitro.

hESC Lines from Dead Embryos

Embryos that stop dividing after being fertilized in vitro
are not preferentially selected for implantation in a
woman undergoing fertility treatment. These embryos
are typically either frozen for future use or discarded
as medical waste. In 2006, scientists at the University
of Newcastle, United Kingdom, generated hESC lines
from IVF embryos that had stopped dividing.'® These
scientists used similar methods as described under
“Traditional hESC Line Generation” except that their
source material was so-called “dead” IVF embryos
(see Figure 8.3c). The human stem cells created using
this technique behaved like pluripotent stem cells,
including producing proteins critical for “stemness”
and being able to produce cells from all three germ
layers. It has been proposed that an IVF embryo can
be considered dead when it ceases to divide." If one
accepts this definition, such an embryo that “dies”
from natural causes presumably cannot develop into
a human being, thereby providing a source to derive
human ES cells without destroying a living embryo.
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hESC Lines from Genetically Abnormal Embryos

Couples who have learned that they carry a genetic
disorder sometimes use pre-implantation genetic
diagnosis (PGD) and IVF to have a child that does not

carry the disorder. PGD requires scientists to remove
one cell from a very early IVF human embryo and test it
for diseases known to be carried by the hopeful couple.
Normally, embryos identified with genetic disorders are
discarded as medical waste. However, Dr.Yuri Verlinsky
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and colleagues have capitalized on these embryos as
a way to further our understanding of the diseases
they carry (see Figure 8.3d) by deriving hESC lines
from them.? These stem cell lines can then be used to
help scientists understand genetically-based disorders
such as muscular dystrophy, Huntington’s disease,
thalessemia, Fanconi’s anemia, Marfan syndrome,
adrenoleukodystrophy, and neurofibromatosis.

hESC Lines from Single Cell Embryo Biopsy

In 2006, Dr. Robert Lanza and colleagues demonstrated
that it is possible to remove a single cell from
a pre-implantation mouse embryo and generate a
mouse ES cell line.?’ This work was based upon their
experience with cleavage-stage mouse embryos. Later
that same year, Dr. Lanza’s laboratory reported that
it had successfully established hESC lines (see Figure
8.3e) from single cells taken from pre-implantation
human embryos.?? The human stem cells created using
this technique behaved like pluripotent stem cells,
including making proteins critical for “stemness” and
producing cells from all three germ layers. Proponents
of this technique suggest that since it requires only
one embryonic cell, the remaining cells may yet be
implanted in the womb and develop into a human
being. Therefore, scientists could potentially derive
human embryonic stem cells without having to destroy
an embryo. However, ethical considerations make it
uncertain whether scientists will ever test if the cells
remaining after removal of a single cell can develop
into a human being, at least in embryos that are not
at risk for carrying a genetic disorder. Moreover, it
is unclear whether the single cell used to generate a
pluripotent stem cell line has the capacity to become
a human being.

hESC Lines Created via Parthenogenesis

Parthenogenesis is the creation of an embryo without
fertilizing the egg with a sperm, thus omitting the
sperm’s genetic contributions. To achieve this feat,
scientists “trick” the egg into believing it is fertilized,
so that it will begin to divide and form a blastocyst
(see Figure 8.3f). In 2007, Dr. E.S. Revazova and
colleagues reported that they successfully used
parthenogenesis to derive hESCs.”> These stem cell
lines, derived and grown using a human feeder cell
layer, retained the genetic information of the egg donor
and demonstrated characteristics of pluripotency. This

technique may lead to the ability to generate tissue-
matched cells for transplantation to treat women who
are willing to provide their own egg cells.?* It also
offers an alternate method for deriving tissue-matched
hESCs that does not require destruction of a fertilized
embryo.

HUMAN STEM CELL LINES WHOSE POTENCY
IS CURRENTLY BEING DETERMINED:
AMNIOTIC FLUID STEM CELLS

Amniotic fluid surrounding the developing fetus
contains cells shed by the fetus and is regularly collected
from pregnant women during amniocentesis. In 2003,
researchers identified a subset of cells in amniotic fluid
that express Oct-4, a marker for pluripotent human
stem cells that is expressed in ES cells and embryonic
germ cells.? Since then, investigators have shown that
amniotic fluid stem cells can differentiate into cells of
all three embryonic germ layers and that these cells do
not form tumors in vivo.?%?’

For example, Anthony Atala and colleagues at the
Wake Forest University have recently generated non-
embryonic stem cell lines from cells found in human
and rat amniotic fluid.”” They named these cells
amniotic fluid-derived stem cells (AFS). Experiments
demonstrate that AFS can produce cells that originate
from each of the three embryonic germ layers, and
the self-renewing cells maintained the normal number
of chromosomes after a prolonged period in culture.
However, undifferentiated AFS did not produce all of
the proteins expected of pluripotent cells, and they
were not capable of forming a teratoma. The scientists
developed in vitro conditions that enabled AFS to
produce nerve cells, liver cells, and bone-forming
cells. AFS-derived human nerve cells could make
proteins typical of specialized nerve cells and were
able to integrate into a mouse brain and survive for at
least two months. Cultured AFS-derived human liver
cells secreted urea and made proteins characteristic
of normal human liver cells. Cultured AFS-derived
human bone cells made proteins expected of human
bone cells and formed bone in mice when seeded
onto scaffolds and implanted under the mouse’s
skin. Although scientists do not yet know how many
different cell types AFS can generate, AFS may one
day allow researchers to establish a bank of cells for
transplantation into humans.
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STRATEGIES TO “REPROGRAM”
NON-PLURIPOTENT CELLS TO BECOME
PLURIPOTENT CELLS

An alternative to searching for an existing population
of stem cells is to create a new one from a population
of non-pluripotent cells. This strategy, which may or
may not involve the creation of an embryo, is known
as “reprogramming.” This section will summarize
reprogramming approaches, including several recent
breakthroughs in the field.

Reprogramming through Somatic Cell Nuclear
Transfer (SCNT)

In SCNT (see Figure 8.3g), human oocytes (eggs) are
collected from a volunteer donor who has taken drugs
that stimulate the production of more than one oocyte
during the menstrual cycle. Scientists then remove the
nucleus from the donated oocyte and replace it with the
nucleus from a somatic cell, a differentiated adult cell
from elsewhere in the body. The oocyte with the newly-
transferred nucleus is then stimulated to develop. The
oocyte may develop only if the transplanted nucleus is
returned to the pluripotent state by factors present in
the oocyte cytoplasm. This alteration in the state of the
mature nucleus is called nuclear reprogramming. When
development progresses to the blastocyst stage, the
ICM is removed and placed into culture in an attempt
to establish a pluripotent stem cell line. To date, the
technique has been successfully demonstrated in two
primates: macaque monkeys? and humans.?”’

However, successful SCNT creates an embryo-like
entity, thereby raising the ethical issues that confront
the use of spare IVF embryos. However, pluripotent
cell lines created by embryos generated by SCNT offer
several advantages over ES cells. First, the nuclear
genes of such a pluripotent cell line will be identical to
the genes in the donor nucleus. If the nucleus comes
from a cell that carries a mutation underlying a human
genetic disease such as Huntington’s disease, then all
cells derived from the pluripotent cell line will carry
this mutation. In this case, the SCNT procedure would
enable the development of cellular models of human
genetic disease that can inform our understanding of
the biology of disease and facilitate development of
drugs to slow or halt disease progression. Alternatively,

if the cell providing the donor nucleus comes from
a specific patient, all cells derived from the resulting
pluripotent cell line will be genetically matched to
the patient with respect to the nuclear genome. If
these cells were used in transplantation therapy, the
likelihood that the patient’s immune system would
recognize the transplanted cells as foreign and initiate
tissue rejection would be reduced. However, because
mitochondria also contain DNA, the donor oocyte will
be the source of the mitochondrial genome, which is
likely to carry mitochondrial gene differences from the
patient which may still lead to tissue rejection.

A technique reported in 2007 by Dr. Kevin Eggan
and colleagues at Harvard University may expand
scientists’ options when trying to “reprogram” an
adult cell’s DNA*. Previously, successful SCNT relied
upon the use of an unfertilized egg. Now, the Harvard
scientists have demonstrated that by using a drug to
stop cell division in a fertilized mouse egg (zygote)
during mitosis, they can successfully reprogram an
adult mouse skin cell by taking advantage of the
“reprogramming factors” that are active in the zygote
at mitosis. They removed the chromosomes from
the single-celled zygote’s nucleus and replaced them
with the adult donor cell’s chromosomes (see Figure
8.3h). The active reprogramming factors present in
the zygote turned genes on and off in the adult
donor chromosomes, to make them behave like the
chromosomes of a normally fertilized zygote. After the
zygote was stimulated to divide, the cloned mouse
embryo developed to the blastocyst stage, and the
scientists were able to harvest embryonic stem cells
from the resulting blastocyst. When the scientists
applied their new method to abnormal mouse zygotes,
they succeeded at reprogramming adult mouse skin
cells and harvesting stem cells. If this technique can
be repeated with abnormal human zygotes created
in excess after IVF procedures, scientists could use them
for research instead of discarding them as medical
waste.

Reprogramming Through Altered Nuclear
Transfer (ANT)

Altered nuclear transfer is a variation on standard SCNT
that proposes to create patient-specific stem cells
without destroying an embryo. In ANT, scientists turn
off a gene needed for implantation in the uterus (Cdx2)
in the patient cell nucleus before it is transferred into
the donor egg (see Figure 8.3i). In 2006, Dr. Rudolph
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Jaenisch and colleagues at MIT demonstrated that ANT
can be carried out in mice.>' Mouse ANT entities whose
Cdx2 gene is switched off are unable to implant in the
uterus and do not survive to birth. Although ANT has
been used to create viable stem cell lines capable of
producing almost all cell types, the authors point out
that this technique must still be tested with monkey
and human embryos. Moreover, the manipulation
needed to control Cdx2 expression introduces another
logistical hurdle that may complicate the use of ANT
to derive embryonic stem cells. Proponents of ANT,
such as William Hurlbut of the Stanford University
Medical Center, suggest that the entity created by
ANT is not a true embryo because it cannot implant
in the uterus.>>** However, the technique is highly
controversial, and its ethical implications remain a
source of current debate.*>?

Reprogramming Through Cell Fusion

In 2005, Kevin Eggan and colleagues at Harvard
University reported that they had fused cultured adult
human skin cells with hESCs (see Figure 8.3j).*® The
resulting “hybrid” cells featured many characteristics
of hESCs, including a similar manner of growth and
division and the manufacture of proteins typically
produced by hESCs. Some factor(s) within the hESCs
enabled them to “reprogram” the adult skin cells
to behave as hESCs. However, these cells raised a
significant technical barrier to clinical use. Because
fused cells are tetraploid (they contain four copies of
the cellular DNA rather than the normal two copies),
scientists would need to develop a method to remove
the extra DNA without eliminating their hESC-like
properties. The fusion method serves as a useful model
system for studying how stem cells “reprogram” adult
cells to have properties of pluripotent cells. However,
if the reprogramming technique could be carried
out without the fusion strategy, a powerful avenue
for creating patient-specific stem cells without using

human eggs could be developed.

Induced Pluripotent Stem Cells (iPSCs):
Reprogramming Adult Somatic Cells to Become
Pluripotent Stem Cells

In 2007, two independent research groups published
manuscripts that described successful genetic
reprogramming of human adult somatic cells into
pluripotent human stem cells.>*3> Although some

technical limitations remain, this strategy suggests
a promising new avenue for generating pluripotent
cell lines that can inform drug development, models
of disease, and ultimately, transplantation medicine.
These experiments, which are discussed below, were
breakthroughs because they used adult somatic cells
to create pluripotent stem cells that featured hallmarks
of ES cells.

In 2006, Shinya Yamanaka and colleagues at Kyoto
University reported that they could use a retroviral
expression vector to introduce four important stem cell
factors into adult mouse cells and reprogram them to
behave like ES cells (see Figure 8.3k).>” They called the
reprogrammed cells “iPSCs,” for induced pluripotent
stem cells. However, iPSCs produced using the original
technique failed to produce sperm and egg cells when
injected into an early mouse blastocyst and did not
make certain critical DNA changes. These researchers
then modified the technique to select for iPSCs that
can produce sperm and eggs,*® results that have since
been reproduced by Rudolph Jaenisch and colleagues
at the Massachusetts Institute of Technology (MIT).*
In addition, the MIT scientists determined that iPSCs
DNA is modified in a manner similar to ES cells, and
important stem cell genes are expressed at similar
levels. They also demonstrated that iPSCs injected into
an early mouse blastocyst can produce all cell types
within the developing embryo, and such embryos can
complete gestation and are born alive.

Once these research advances were made in mice,
they suggested that similar techniques might be used
to reprogram adult human cells. In 2007, Yamanaka
and coworkers reported that introducing the same four
genetic factors that reprogrammed the mouse cells
into adult human dermal fibroblasts reprogrammed
the cells into human iPSCs.?* These iPSCs were similar
to human ES cells in numerous ways, including
morphology, proliferative capacity, expression of cell
surface antigens, and gene expression. Moreover,
the cells could differentiate into cell types from the
three embryonic germ layers both in vitro and in
teratoma assays. Concurrent with the Yamanaka
report, James Thomson and coworkers at the University
of Wisconsin published a separate manuscript that
detailed the creation of human iPSCs through somatic
cell reprogramming using four genetic factors (two of
which were in common with the Yamanaka report).>
The cells generated by the Thomson group met all
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defining criteria for ES cells, with the exception that
they were not derived from embryos.

These breakthroughs have spurred interest in the
field of iPSCs research. In early 2008, investigators
at the Massachusetts General Hospital®® and the
University of California, Los Angeles*' reported
generating reprogrammed cells. As scientists explore
the mechanisms that govern reprogramming, it is
anticipated that more reports will be forthcoming in
this emerging area. Although these reprogramming
methods require the use of a virus, non-viral strategies
may also be possible in the future. In any case, these
approaches have created powerful new tools to enable
the “dedifferentation” of cells that scientists had
previously believed to be terminally differentiated.***?

Although further study is warranted to determine if iPS
and ES cells differ in clinically significant ways, these
breakthrough reports suggest that reprogramming is
a promising strategy for future clinical applications.
Induced pluripotent cells offer the obvious advantage
that they are not derived from embryonic tissues,
thereby circumventing the ethical issues that surround
use of these materials. Successful reprogramming of
adult somatic cells could also lead to the development
of stem cell lines from patients who suffer from
genetically-based diseases, such as Huntington'’s
Disease, spinal muscular atrophy, muscular dystrophy,
and thalessemia. These lines would be invaluable
research tools to understand the mechanisms of
these diseases and to test potential drug treatments.
Additionally, reprogrammed cells could potentially be
used to repair damaged tissues; patient-specific cell
lines could greatly reduce the concerns of immune
rejection that are prevalent with many transplantation
strategies.

However, several technical hurdles must be overcome
before iPSCs can be used in humans. For example,
in preliminary experiments with mice, the virus used
to introduce the stem cell factors sometimes caused
cancers.>” The viral vectors used in these experiments
will have to be selected carefully and tested fully to
verify that they do not integrate into the genome,
thereby harboring the potential to introduce genetic
mutations at their site of insertion. This represents a
significant concern that must be addressed before the
technique can lead to useful treatments for humans.
However, this strategy identifies a method for creating

pluripotent stem cells that, together with studies
of other types of pluripotent stem cells, will help
researchers learn how to reprogram cells to repair
damaged tissues in the human body.

OTHER SOURCES OF PLURIPOTENT
AND/OR MULTIPOTENT CELLS

Stem cell research is a rapidly evolving field, and
researchers continue to isolate new pluripotent cells and
create additional cell lines. This section briefly reviews
other sources of pluripotent cells and the implications
that their discovery may have on future research.

Epiblast Cells. While rodent and human ES cells are
pluripotent, they maintain their respective pluripo-
tencies through different molecular signaling pathways.
It is not known why these differences exist. Recently,
several research groups have reported the generation
of stable, pluripotent cell lines from mouse and rat
epiblast, a tissue of the post-implantation embryo that
ultimately generates the embryo proper.**** These
cells are distinct from mouse ES cells in terms of the
signals that control their differentiation. However, the
cells share patterns of gene expression and signaling
responses with human ES cells. The establishment of
epiblast cell lines can therefore provide insight into the
distinctions between pluripotent cells from different
species and illuminate ways that pluripotent cells
pursue distinct fates during early development.

Existing Adult Stem Cells. As has been discussed in other
chapters, numerous types of precursor cells have been
isolated in adult tissues.*® Although these cells tend
to be relatively rare and are dispersed throughout the
tissues, they hold great potential for clinical application
and tissue engineering. For example, tissues created
using stem cells harvested from an adult patient could
theoretically be used clinically in that patient without
engendering an immune response. Moreover, the use
of adult stem cells avoids the ethical concerns associated
with the use of ES cells. In addition, adult-derived stem
cells do not spontaneously differentiate as do ES cells,
thus eliminating the formation of teratomas often seen
with implantation of ES cells. The potential of adult
stem cells for regenerative medicine is great; it is likely
that these various cells will find clinical application in
the upcoming decades.
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CONCLUSION: PLURIPOTENT CELL LINES
ARE TOOLS FOR FUTURE RESEARCH

Although the recent advances in reprogramming of
adult somatic cells has generated a wave of interest in
the scientific community, these cell lines will not likely
replace hESC lines as tools for research and discovery.
Rather, both categories of cells will find unique uses in
the study of stem cell biology and the development
and evaluation of therapeutic strategies. Pluripotent
cells offer a number of potential clinical applications,
especially for diseases with a genetic basis. However,
researchers are just beginning to unlock the many
factors that govern the cells’ growth and differentiation.
As scientists make strides toward understanding how
these cells can be manipulated, additional applications,
approaches, and techniques will likely emerge. As
such, pluripotent cells will play a pivotal role in future
research into the biology of development and the
treatment of disease.
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9. ARE STEM CELLS INVOLVED IN CANCER?

Charles A. Goldthwaite, Jr., Ph.D.

CANCER: IMPACT AND CHALLENGES

ata from 2007 suggest that approximately
D 1.4 million men and women in the U.S.
population should be diagnosed with cancer,
and approximately 566,000 American adults should
die from cancer in 2008." Based on prevalence rates
from 2003-2005, it has been estimated that 40% of
men and women born today will develop cancer in
their lifetimes.' Data collected between 1996 and 2004
indicate that the overall 5-year survival rate for cancers
from all sites, relative to the expected survival from a
comparable set of people without cancer, is 65.3%.'
However, survival and recurrence rates following
diagnosis vary greatly as a function of cancer type and
the stage of development at diagnosis. For example,
in 2000, the relative survival rate five years following
diagnosis of melanoma (skin cancer) was greater than
90%; that of cancers of the brain and nervous system
was 35%. Once a cancer has metastasized (or spread
to secondary sites via the blood or lymph system),
however, the survival rate usually declines dramatically.
For example, when melanoma is diagnosed at the
localized stage, 99% of people will survive more than
five years, compared to 65% of those diagnosed with
melanoma that has metastasized regionally and 15%
of those whose melanoma has spread to distant sites.?

The term “cancer” describes a group of diseases that
are characterized by uncontrolled cellular growth,
cellular invasion into adjacent tissues, and the
potential to metastasize if not treated at a sufficiently
early stage. These cellular aberrations arise from
accumulated genetic modifications, either via changes
in the underlying genetic sequence or from epigenetic
alterations (e.g., modifications to gene activation- or
DNA-related proteins that do not affect the genetic
sequence itself).>* Cancers may form tumors in solid
organs, such as the lung, brain, or liver, or be present
as malignancies in tissues such as the blood or lymph.
Tumors and other structures that result from aberrant

cell growth, contain heterogeneous cell populations
with diverse biological characteristics and potentials.
As such, a researcher sequencing all of the genes
from tumor specimens of two individuals diagnosed
with the same type of lung cancer will identify
some consistencies along with many differences. In
fact, cancerous tissues are sufficiently heterogeneous
that the researcher will likely identify differences in
the genetic profiles between several tissue samples
from the same specimen. While some groupings of
genes allow scientists to classify organ- or tissue-
specific cancers into subcategories that may ultimately
inform treatment and provide predictive information,
the remarkable complexity of cancer biology continues
to confound treatment efforts.

Once a cancer has been diagnosed, treatments vary
according to cancer type and severity. Surgery,
radiation therapy, and systemic treatments such
as chemotherapy or hormonal therapy represent
traditional approaches designed to remove or Kkill
rapidly-dividing cancer cells. These methods have
limitations in clinical use. For example, cancer surgeons
may be unable to remove all of the tumor tissue due
to its location or extent of spreading. Radiation and
chemotherapy, on the other hand, are non-specific
strategies — while targeting rapidly-dividing cells,
these treatments often destroy healthy tissue as well.
Recently, several agents that target specific proteins
implicated in cancer-associated molecular pathways
have been developed for clinical use. These include
trastuzumab, a monoclonal antibody that targets the
protein HER2 in breast cancer,® gefitinib and erlotnib,
which target epidermal growth factor receptor (EGFR)
in lung cancer,® imatinib, which targets the BCR-ABL
tyrosine kinase in chronic myelogenous leukemia,” the
monoclonal antibodies bevacizumab, which targets
vascular endothelial growth factor in colorectal and
lung cancer,® and cetuximab and panitumumab, which
target EGFR in colorectal cancer.® These agents have
shown that a targeted approach can be successful,
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although they are effective only in patients who feature
select subclasses of these respective cancers.

All of these treatments are most successful when a
cancer is localized; most fail in the metastatic setting.’
The key to treatment therefore lies in the ability to
retard or halt the processes of aberrant cell division
common to all cancers. To address this challenge,
researchers have sought to understand how tumor
cells override the signals for cell division that restrain
other cells and how cancer cells can successfully
create a neoplasm in a new tissue microenvironment.
Based on what is known about tumoral heterogeneity
and the replication process, cells that initiate tumor
formation must somehow accomplish two feats:
1) generate numerous daughter cells without dying
and 2) differentiate into a variety of cell types. Given
that stem cells renew themselves indefinitely and have
the potential to differentiate into various cell types,
researchers have begun to gather evidence to support
a “cancer stem cell” (CSC) hypothesis, an evolving
theory that explains tumor formation as the outcome
of consecutive genetic changes in a small population of
stem cell-like, tumor-forming cells.*™"" This article will
discuss the CSC hypothesis and its supporting evidence
and provide some perspectives on how CSCs could
impact the development of future cancer therapy.

DEFINING THE “CANCER STEM CELL”

A consensus panel convened by the American
Association of Cancer Research has defined a CSC as
“a cell within a tumor that possesses the capacity to
self-renew and to cause the heterogeneous lineages
of cancer cells that comprise the tumor.”'? It should
be noted that this definition does not indicate the
source of these cells — these tumor-forming cells
could hypothetically originate from stem, progenitor,
or differentiated cells.”> As such, the terms “tumor-
initiating cell” or “cancer-initiating cell” are sometimes
used instead of “cancer stem cell” to avoid confusion.
Tumors originate from the transformation of normal
cells through the accumulation of genetic modifications,
but it has not been established unequivocally that stem
cells are the origin of all CSCs. The CSC hypothesis
therefore does not imply that cancer is always caused
by stem cells or that the potential application of
stem cells to treat conditions such as heart disease or
diabetes as discussed in other chapters of this guide
will result in tumor formation. Rather, tumor-initiating

cells possess stem-like characteristics to a degree
sufficient to warrant the comparison with stem cells;
the observed experimental and clinical behaviors of
metastatic cancer cells are highly reminiscent of the
classical properties of stem cells.’

THE CSC HYPOTHESIS AND THE
SEARCH FOR CSCs

The CSC hypothesis suggests that the malignancies
associated with cancer originate from a small population
of stem-like, tumor-initiating cells. Although cancer
researchers first isolated CSCs in 1994,' the concept
dates to the mid-19th century. In 1855, German
pathologist Rudolf Virchow proposed that cancers
arise from the activation of dormant, embryonic-like
cells present in mature tissue.'® Virchow argued that
cancer does not simply appear spontaneously; rather,
cancerous cells, like their non-cancerous counterparts,
must originate from other living cells. One hundred
and fifty years after Virchow's observation, Lapidot and
colleagues provided the first solid evidence to support
the CSC hypothesis when they used cell-surface protein
markers to identify a relatively rare population of stem-
like cells in acute myeloid leukemia (AML).'* Present
in the peripheral blood of persons with leukemia
at approximately 1:250,000 cells, these cells could
initiate human AML when transplanted into mice with
compromised immune systems. Subsequent analysis
of populations of leukemia-initiating cells from various
AML subtypes indicated that the cells were relatively
immature in terms of differentiation.'® In other words,
the cells were “stem-like” — more closely related to
primitive blood-forming (hematopoietic) stem cells
than to more mature, committed blood cells.

The identification of leukemia-inducing cells has
fostered an intense effort to isolate and characterize
CSCs in solid tumors. Stem cell-like populations have
since been characterized using cell-surface protein
markers in tumors of the breast,'” colon,'® brain,"
pancreas,’®?' and prostate.?>?*> However, identifying
markers that unequivocally characterize a population of
CSCs remains challenging, even when there is evidence
that putative CSCs exist in a given solid tumor type. For
example, in hepatocellular carcinoma, cellular analysis
suggests the presence of stem-like cells.?* Definitive
markers have yet to be identified to characterize these
putative CSCs, although several potential candidates
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have been proposed recently.”>% In other cancers
in which CSCs have yet to be identified, researchers
are beginning to link established stem-cell markers
with malignant cancer cells. For instance, the proteins
Nanog, nucleostemin, and musashil, which are highly
expressed in embryonic stem cells and are critical to
maintaining those cells’ pluripotency, are also highly
expressed in malignant cervical epithelial cells.?” While
this finding does not indicate the existence of cervical
cancer CSCs, it suggests that these proteins may play
roles in cervical carcinogenesis and progression.

DO CSCs ARISE FROM STEM CELLS?

Given the similarities between tumor-initiating cells
and stem cells, researchers have sought to determine
whether CSCs arise from stem cells, progenitor cells,
or differentiated cells present in adult tissue. Of
course, different malignancies may present different
answers to this question. The issue is currently
under debate,”'? and this section will review several
theories about the cellular precursors of cancer cells
(see Fig. 9.1).
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Figure 9.1. How Do Cancer Stem Cells Arise?

The molecular pathways that maintain “stem-ness” in stem cells are also active in numerous cancers. This similarity has led scientists
to propose that cancers may arise when some event produces a mutation in a stem cell, robbing it of the ability to regulate cell division.
This figure illustrates 3 hypotheses of how a cancer stem cell may arise: (1) A stem cell undergoes a mutation, (2) A progenitor cell undergoes
two or more mutations, or (3) A fully differentiated cell undergoes several mutations that drive it back to a stem-like state. In all 3 scenarios,
the resultant cancer stem cell has lost the ability to regulate its own cell division.




Are Stem Cells Involved in Cancer?

Hypothesis #1: Cancer Cells Arise from Stem Cells.
Stem cells are distinguished from other cells by two
characteristics: (1) they can divide to produce copies of
themselves, or self-renew, under appropriate conditions
and (2) they are pluripotent, or able to differentiate
into most, if not all, mature cell types. If CSCs arise
from normal stem cells present in the adult tissue,
de-differentiation would not be necessary for tumor
formation. In this scenario, cancer cells could simply
utilize the existing stem-cell regulatory pathways to
promote their self-renewal. The ability to self-renew
gives stem cells long lifespans relative to those of
mature, differentiated cells.’® It has therefore been
hypothesized that the limited lifespan of a mature cell
makes it less likely to live long enough to undergo
the multiple mutations necessary for tumor formation
and metastasis.

Several characteristics of the leukemia-initiating cells
support the stem-cell origin hypothesis. Recently,
the CSCs associated with AML have been shown
to comprise distinct, hierarchically-arranged classes
(similar to those observed with hematopoietic stem
cells) that dictate distinct fates.?' To investigate
whether these CSCs derive from hematopoietic stem
cells, researchers have used a technique known as serial
dilution to determine the CSCs’ ability to self-renew.
Serial dilution involves transplanting cells (usually
hematopoietic stem cells, but in this case, CSCs)
into a mouse during a bone-marrow transplant. Prior
to the transplant, this “primary recipient” mouse’s
natural supply of hematopoietic stem cells is ablated.
If the transplant is successful and if the cells undergo
substantial self-renewal, the primary recipient can
then become a successful donor for a subsequent,
or serial, transplant. Following cell division within
primary recipients, a subset of the AML-associated
CSCs divided only rarely and underwent self-renewal
instead of committing to a lineage. This heterogeneity
in self-renewal potential supports the hypothesis that
these CSCs derive from normal hematopoietic stem
cells.3! It should be noted, however, that the leukemia-
inducing cells are the longest-studied of the known
CSCs; the identification and characterization of other
CSCs will allow researchers to understand more about
the origin of these unique cells.

Hypothesis #2: Cancer Cells Arise from Progenitor
Cells. The differentiation pathway from a stem cell
to a differentiated cell usually involves one or more
intermediate cell types. These intermediate cells, which

are more abundant in adult tissue than are stem cells,
are called progenitor or precursor cells. They are partly-
differentiated cells present in fetal and adult tissues that
usually divide to produce mature cells. However, they
retain a partial capacity for self-renewal. This property,
when considered with their abundance relative to
stem cells in adult tissue, has led some researchers
to postulate that progenitor cells could be a source
of CSCs.?%33

Hypothesis #3: Cancer Cells Arise from Differentiated
Cells. Some researchers have suggested that cancer
cells could arise from mature, differentiated cells that
somehow de-differentiate to become more stem cell-
like. In this scenario, the requisite oncogenic (cancer-
causing) genetic mutations would need to drive the
de-differentiation process as well as the subsequent
self-renewal of the proliferating cells. This model leaves
open the possibility that a relatively large population
of cells in the tissue could have tumorigenic potential;
a small subset of these would actually initiate the
tumor. Specific mechanisms to select which cells would
de-differentiate have not been proposed. However, if a
tissue contains a sufficient population of differentiated
cells, the laws of probability indicate that a small portion
of them could, in principle, undergo the sequence
of events necessary for de-differentiation. Moreover,
this sequence may contain surprisingly few steps;
researchers have recently demonstrated that human
adult somatic cells can be genetically “re-programmed”
into pluripotent human stem cells by applying only four
stem-cell factors (see the chapter, “Alternate Methods
for Preparing Pluripotent Stem Cells” for detailed
discussion of inducing pluripotent stem cells).?®%#

HOW CANCER STEM CELLS COULD
SUPPORT METASTASIS

Metastasis is a complex, multi-step process that
involves a specific sequence of events; namely, cancer
cells must escape from the original tumor, migrate
through the blood or lymph to a new site, adhere to
the new site, move from the circulation into the local
tissue, form micrometastases, develop a blood supply,
and grow to form macroscopic and clinically relevant
metastases.”**** Perhaps not surprisingly, metastasis
is highly inefficient.” It has been estimated that less
than 2% of solitary cells that successfully migrate to a
new site are able to initiate growth once there.?*3¢3’
Moreover, less than 1% of cells that initiate growth
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at the secondary site are able to maintain this growth
sufficiently to become macroscopic metastases.*® These
observations suggest that a small, and most likely
specialized, subset of cancer cells drives the spread of
disease to distant organs.

Some researchers have proposed that these unique
cells may be CSCs.?3%32333% |n this hypothesis,
metastatic inefficiency may reflect the relative rarity
of CSCs combined with the varying compatibilities
of these cells with destination microenvironments.
Researchers have demonstrated that stem cells and
metastatic cancer cells share several properties that
are essential to the metastatic process, including
the requirement of a specific microenvironment (or
“niche”) to support growth and provide protection,
the use of specific cellular pathways for migration,
enhanced resistance to cell death, and an increased
capacity for drug resistance.” There is emerging, albeit
limited, evidence that these properties may also hold
for CSCs.” Metastatic sites for a given cancer type
could therefore represent those tissues that provide
or promote the development of a compatible CSC
niche, from which CSCs could expand through normal
or dysregulated cellular signaling. Moreover, normal
stem cells tend to be quiescent unless activated
to divide.*” If the CSC hypothesis holds true, then
undifferentiated, dormant CSCs would be relatively
resistant to chemotherapeutic agents, which act mainly
on dividing cells."® As such, this subpopulation could
form the kernel of cells responsible for metastasis and
cancer recurrence following treatment and remission.

HOW THE CSC MODEL COULD AFFECT
CANCER THERAPY

As noted previously, most contemporary cancer
treatments have limited selectivity — systemic therapies
and surgeries remove or damage normal tissue
in addition to tumor tissue. These methods must
therefore be employed judiciously to limit adverse
effects associated with treatment. Moreover, these
approaches are often only temporarily effective; cancers
that appear to be successfully eliminated immediately
following treatment may recur at a later time and
often do so at a new site. Agents that target molecules
implicated in cancer pathways have illustrated the
power of a selective approach, and many researchers
and drug developers are shifting toward this paradigm.
If the CSC hypothesis proves to be correct, then a

strategy designed to target CSCs selectively could
potentially stop the “seeds” of the tumor before they
have a chance to germinate and spread.

The CSC hypothesis accounts for observed patterns
of cancer recurrence and metastasis following an
apparently successful therapeutic intervention.
In clinical practice, however, some cancers prove
quite aggressive, resisting chemotherapy or radiation
even when administered at relatively early stages of
tumor progression. These tumors therefore have an
increased likelihood of metastasizing, confounding
further treatment strategies while compromising the
cancer patient’s quality of life. The presence of CSC
in some malignancies may account for some of these
metastases. So why do some tumors succumb to
therapy, while others resist it? Some scientists have
suggested that the tumor aggressiveness may correlate
with the proportion of CSCs within a corresponding
tumor.*®*? In this scenario, less aggressive cancers
contain fewer CSCs and a greater proportion of
therapy-sensitive non-CSCs.’

There is also some evidence to suggest that CSCs may be
able to selectively resist many current cancer therapies,
although this property has yet to be proven in the
clinic.” For example, normal stem cells and metastatic
cancer cells over-express several common, known
drug-resistance genes.*® As a result, breast cancer CSCs
express increased levels of several membrane proteins
implicated in resistance to chemotherapy.'” These cells
have also been shown to express intercellular signaling
molecules such as Hedgehog and Bmi-1,* which are
essential for promoting self-renewal and proliferation
of several types of stem cells.*> Moreover, experiments
in cell lines from breast cancer*® and glioma* have
shown that CSCs (as identified by cell-surface markers)
are more resistant to radiotherapy than their non-CSC
counterparts. In the face of radiation, the CSCs appear
to survive preferentially, repair their damaged DNA
more efficiently, and begin the process of self-renewal.

These discoveries have led researchers to propose
several avenues for treating cancer by targeting
molecules involved in CSC renewal and proliferation
pathways. Potential strategies include interfering with
molecular pathways that increase drug resistance,
targeting proteins that may sensitize CSCs to radiation,
or restraining the CSCs’ self-renewal capacity by
modifying their cell differentiation capabilities.” In
each case, successful development of a therapy
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would require additional basic and clinical research.
Researchers must characterize the CSCs associated
with a given tumor type, identify relevant molecules
to target, develop effective agents, and test the
agents in pre-clinical models, such as animals or cell
lines. However, by targeting fundamental CSC cellular
signaling processes, it is possible that a given treatment
could be effective against multiple tumor types.

CONCLUSION

Cancer represents a major health challenge for the
21st century. Governed by an intricate, complex
interplay of molecular signals, cancers often resist
systemic treatments. Yet the uncontrolled cellular
growth that characterizes cancers may paradoxically
hold the key to understanding the spread of disease.
It has long been postulated that tumors form and
proliferate from the actions of a small population of
unique cells. The observation that metastatic cancer
cells exhibit experimental and clinical behaviors highly
reminiscent of the classical properties of stem cells
has led researchers to search for and to characterize
“cancer stem cells” believed to be implicated in the
cancer process.

The discovery of CSCs in some tumor types has
ushered in a new era of cancer research. Cancer stem
cell science is an emerging field that will ultimately
impact researchers’ understanding of cancer processes
and may identify new therapeutic strategies. However,
much remains to be learned about these unique
cells, which as of yet have not been identified in
all tumor types. At present, evidence continues to
mount to support a CSC Hypothesis — that cancers are
perpetuated by a small population of tumor-initiating
cells that exhibit numerous stem cell-like properties.
Whether or not the Hypothesis ultimately proves true in
all cases, understanding the similarities between cancer
cells and stem cells will illuminate many molecular
pathways that are triggered in carcinogenesis. Thus,
the question, “Are stem cells involved in cancer?” has
no simple answer. However, the characterization of
CSCs will likely play a role in the development of novel
targeted therapies designed to eradicate the most
dangerous tumor cells, that may be resistant to current
chemotherapy regimens, thereby providing researchers
and clinicians with additional targets to alleviate the
burden of cancer.
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10. THE PROMISE OF INDUCED

PLURIPOTENT STEM CELLS (iPSCs)

Charles A. Goldthwaite, Jr., Ph.D.

identified conditions that would allow specialized

adult cells to be genetically “reprogrammed”
to assume a stem cell-like state. These adult cells,
called induced pluripotent stem cells (iPSCs), were
reprogrammed to an embryonic stem cell-like state
by introducing genes important for maintaining the
essential properties of embryonic stem cells (ESCs). Since
this initial discovery, researchers have rapidly improved
the techniques to generate iPSCs, creating a powerful
new way to “de-differentiate” cells whose developmental
fates had been previously assumed to be determined.

I n 2006, researchers at Kyoto University in Japan

Although much additional research is needed,
investigators are beginning to focus on the potential
utility of iPSCs as a tool for drug development,
modeling of disease, and transplantation medicine.
The idea that a patient’s tissues could provide him/
her a copious, immune-matched supply of pluripotent
cells has captured the imagination of researchers
and clinicians worldwide. Furthermore, ethical issues
associated with the production of ESCs do not apply
to iPSCs, which offer a non-controversial strategy
to generate patient-specific stem cell lines. As an
introduction to this exciting new field of stem cell
research, this chapter will review the characteristics of
iPSCs, the technical challenges that must be overcome
before this strategy can be deployed, and the cells’
potential applications to regenerative medicine.

“REPROGRAMMING” CELLS: ACHIEVING
PLURIPOTENCY

As noted in other chapters, stem cells represent a
precious commodity. Although present in embryonic
and adult tissues, practical considerations such as
obtaining embryonic tissues and isolating relatively
rare cell types have limited the large-scale production
of populations of pure stem cells (see the Chapter,
“Alternate Methods for Preparing Pluripotent Stem

Cells” for details). As such, the logistical challenges
of isolating, culturing, purifying, and differentiating
stem cell lines that are extracted from tissues have
led researchers to explore options for “creating”
pluripotent cells using existing non-pluripotent cells.
Coaxing abundant, readily available differentiated cells
to pluripotency would in principle eliminate the search
for rare cells while providing the opportunity to culture
clinically useful quantities of stem-like cells.

One strategy to accomplish this goal is nuclear repro-
gramming, a technique that involves experimentally
inducing a stable change in the nucleus of a mature
cell that can then be maintained and replicated as
the cell divides through mitosis. These changes are
most frequently associated with the reacquisition of
a pluripotent state, thereby endowing the cell with
developmental potential. The strategy has historically
been carried out using techniques such as somatic
cell nuclear transfer (SCNT),'? altered nuclear transfer
(ANT),** and methods to fuse somatic cells with ESCs >¢
(see “Alternate Methods for Preparing Pluripotent
Stem Cells” for details of these approaches). From
a clinical perspective, these methods feature several
drawbacks, such as the creation of an embryo or the
development of hybrid cells that are not viable to treat
disease. However, in 2006, these efforts informed the
development of nuclear reprogramming in vitro, the
breakthrough method that creates iPSCs.

This approach involves taking mature “somatic” cells
from an adult and introducing the genes that encode
critical transcription factor proteins, which themselves
regulate the function of other genes important for
early steps in embryonic development (See Fig. 10.1).
In the initial 2006 study, it was reported that only
four transcription factors (Oct4, Sox2, Klf4, and c-Myc)
were required to reprogram mouse fibroblasts (cells
found in the skin and other connective tissue) to an
embryonic stem cell-like state by forcing them to
express genes important for maintaining the defining
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Figure 10.1. Generating Induced Pluripotent Stem Cells (iPSCs)

properties of ESCs.” These factors were chosen because
they were known to be involved in the maintenance
of pluripotency, which is the capability to generate all
other cell types of the body. The newly-created iPSCs
were found to be highly similar to ESCs and could be
established after several weeks in culture.”® In 2007,
two different research groups reached a new milestone
by deriving iPSCs from human cells, using either
the original four genes’ or a different combination
containing Oct4, Sox2, Nanog, and Lin28.'° Since
then, researchers have reported generating iPSCs from
somatic tissues of the monkey'' and rat.'>'?

However, these original methods of reprogramming
are inefficient, yielding iPSCs in less than 1% of the
starting adult cells."*"> The type of adult cell used also
affects efficiency; fibroblasts require more time for factor
expression and have lower efficiency of reprogramming
than do human keratinocytes, mouse liver and stomach
cells, or mouse neural stem cells.’*"?

Several approaches have been investigated to improve
reprogramming efficiency and decrease potentially
detrimental side effects of the reprogramming
process. Since the retroviruses used to deliver the
four transcription factors in the earliest studies can
potentially cause mutagenesis (see below), researchers
have investigated whether all four factors are absolutely
necessary. In particular, the gene c-Myc is known to
promote tumor growth in some cases, which would
negatively affect iPSC usefulness in transplantation
therapies. To this end, researchers tested a three-factor
approach that uses the orphan nuclear receptor Esrrb
with Oct4 and Sox2, and were able to convert mouse
embryonic fibroblasts to iPSCs.?° This achievement
corroborates other reports that c-Myc is dispensable
for direct reprogramming of mouse fibroblasts.?'
Subsequent studies have further reduced the number of
genes required for reprogramming,?*?¢ and researchers
continue to identify chemicals that can either substitute

for or enhance the efficiency of transcription factors in
this process.?” These breakthroughs continue to inform
and to simplify the reprogramming process, thereby
advancing the field toward the generation of patient-
specific stem cells for clinical application. However,
as the next section will discuss, the method by which
transcription factors are delivered to the somatic cells is
critical to their potential use in the clinic.

CURRENT CHALLENGES IN
iPSC RESEARCH

Reprogramming poses several challenges for
researchers who hope to apply it to regenerative
medicine. To deliver the desired transcription factors,
the DNA that encodes their production must be
introduced and integrated into the genome of
the somatic cells. Early efforts to generate iPSCs
accomplished this goal using retroviral vectors. A
retrovirus is an RNA virus that uses an enzyme,
reverse transcriptase, to replicate in a host cell and
subsequently produce DNA from its RNA genome.
This DNA incorporates into the host's genome,
allowing the virus to replicate as part of the host cell’s
DNA. However, the forced expression of these genes
cannot be controlled fully, leading to unpredictable
effects.”® While other types of integrating viruses,
such as lentiviruses, can increase the efficiency of
reprogramming,'® the expression of viral transgenes
remains a critical clinical issue. Given the dual needs
of reducing the drawbacks of viral integration and
maximizing reprogramming efficiency, researchers are
exploring a number of strategies to reprogram cells in
the absence of integrating viral vectors®’=° or to use
potentially more efficient integrative approaches.?'?

Before reprogramming can be considered for use
as a clinical tool, the efficiency of the process must
improve substantially. Although researchers have
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begun to identify the myriad molecular pathways
that are implicated in reprogramming somatic cells,"
much more basic research will be required to identify
the full spectrum of events that enable this process.
Simply adding transcription factors to a population of
differentiated cells does not guarantee reprogramming
— the low efficiency of reprogramming in vitro suggests
that additional rare events are necessary to generate
iPSCs, and the efficiency of reprogramming decreases
even further with fibroblasts that have been cultured
for long time periods.* Furthermore, the differentiation
stage of the starting cell appears to impact directly the
reprogramming efficiency; mouse hematopoietic stem
and progenitor cells give rise to iPSCs up to 300 times
more efficiently than do their terminally-differentiated
B- and T-cell counterparts.*® As this field continues to
develop, researchers are exploring the reprogramming
of stem or adult progenitor cells from mice?*253435
and humans®*% as one strategy to increase efficiency
compared to that observed with mature cells.

As these discussions suggest, clinical application of
iPSCs will require safe and highly efficient generation
of stem cells. As scientists increase their understanding
of the molecular mechanisms that underlie
reprogramming, they will be able to identify the cell
types and conditions that most effectively enable the
process and use this information to design tools for
widespread use. Clinical application of these cells will
require methods to reprogram cells while minimizing
DNA alterations. To this end, researchers have found
ways to introduce combinations of factors in a single
viral “cassette” into a known genetic location.?¢
Evolving tools such as these will enable researchers to
induce programming more safely, thereby informing
basic iPSC research and moving this technology closer
to clinical application.

ARE iPSCs TRULY EQUIVALENT TO ESCs?

ESCs and iPSCs are created using different strategies
and conditions, leading researchers to ask whether
the cell types are truly equivalent. To assess this issue,
investigators have begun extensive comparisons to
determine pluripotency, gene expression, and function
of differentiated cell derivatives. Ultimately, the two cell
types exhibit some differences, yet they are remarkably
similar in many key aspects that could impact
their application to regenerative medicine. Future
experiments will determine the clinical significance (if
any) of the observed differences between the cell types.

Other than their derivation from adult tissues, iPSCs
meet the defining criteria for ESCs. Mouse and
human iPSCs demonstrate important characteristics of
pluripotent stem cells, including expressing stem cell
markers, forming tumors containing cell types from all
three primitive embryonic layers, and displaying the
capacity to contribute to many different tissues when
injected into mouse embryos at a very early stage of
development. Initially, it was unclear that iPSCs were
truly pluripotent, as early iPSC lines contributed to
mouse embryonic development but failed to produce
live-born progeny as do ESCs. In late 2009, however,
several research groups reported mouse iPSC lines that
are capable of producing live births,>’® noting that
the cells maintain a pluripotent potential that is “very
close to” that of ESCs.*® Therefore, iPSCs appear to be
truly pluripotent, although they are less efficient than
ESCs with respect to differentiating into all cell types.>®
In addition, the two cell types appear to have similar
defense mechanisms to thwart the production of DNA-
damaging reactive oxygen species, thereby conferring
the cells with comparable capabilities to maintain
genomic integrity.

Undifferentiated iPSCs appear molecularly indistin-
guishable from ESCs. However, comparative genomic
analyses reveal differences between the two cell types.
For example, hundreds of genes are differentially
expressed in ESCs and iPSCs,* and there appear to
be subtle but detectable differences in epigenetic
methylation between the two cell types.*'*? Genomic
differences are to be expected; it has been reported
that gene-expression profiles of iPSCs and ESCs
from the same species differ no more than observed
variability among individual ESC lines.”* It should be
noted that the functional implications of these findings
are presently unknown, and observed differences may
ultimately prove functionally inconsequential.**

Recently, some of the researchers who first generated
human iPSCs compared the ability of iPSCs and human
ESCs to differentiate into neural cells (e.g., neurons
and glia).* Their results demonstrated that both
cell types follow the same steps and time course
during differentiation. However, although human
ESCs differentiate into neural cells with a similar
efficiency regardless of the cell line used, iPSC-derived
neural cells demonstrate lower efficiency and greater
variability when differentiating into neural cells. These
observations occurred regardless of which of several
iPSC-generation protocols were used to reprogram

99


http:glia).45
http:inconsequential.44
http:lines.43
http:integrity.39
http:types.38
http:location.36
http:counterparts.34
http:periods.33

The Promise of Induced Pluripotent Stem Cells (iPSCs)

the original cell to the pluripotent state. Experimental
evidence suggests that individual iPSC lines may be
“epigenetically unique” and predisposed to generate
cells of a particular lineage. However, the authors
believe that improvements to the culturing techniques
may be able to overcome the variability and inefficiency
described in this report.

These findings underpin the importance of
understanding the inherent variability among discrete
cell populations, whether they are iPSCs or ESCs.
Characterizing the variability among iPSC lines will be
crucial to apply the cells clinically. Indeed, the factors
that make each iPSC line unique may also delay the
cells’ widespread use, as differences among the cell
lines will affect comparisons and potentially influence
their clinical behavior. For example, successfully
modeling disease requires being able to identify the
cellular differences between patients and controls that
lead to dysfunction. These differences must be framed
in the context of the biologic variability inherent in
a given patient population. If iPSC lines are to be
used to model disease or screen candidate drugs,
then variability among lines must be minimized and
characterized fully so that researchers can understand
how their observed results match to the biology of the
disease being studied. As such, standardized assays
and methods will become increasingly important for
the clinical application of iPSCs, and controls must be
developed that account for variability among the iPSCs
and their derivatives.

Additionally, researchers must understand the factors
that initiate reprogramming towards pluripotency in
different cell types. A recent report has identified
one factor that initiates reprogramming in human
fibroblasts,* setting the groundwork for developing
predictive models to identify those cells that will
become iPSCs. An iPSC may carry a genetic “memory”
of the cell type that it once was, and this “memory”
will likely influence its ability to be reprogrammed.
Understanding how this memory varies among differ-
ent cell types and tissues will be necessary to reprogram
successfully.

POTENTIAL MEDICAL APPLICATIONS
OF IPSCs

iPSCs have the potential to become multipurpose
research and clinical tools to understand and model
diseases, develop and screen candidate drugs,
and deliver cell-replacement therapy to support

regenerative medicine. This section will explore the
possibilities and the challenges that accompany these
medical applications, with the caveat that some
uses are more immediate than others. For example,
researchers currently use stem cells to test/screen
drugs or as study material to identify molecules
or genes implicated in regeneration. Conducting
experiments or testing candidate drugs on human cells
grown in culture enables researchers to understand
fundamental principles and relationships that will
ultimately inform the use of stem cells as a source of
tissue for transplantation. Therefore, using iPSCs in
cell-replacement therapies is a future application of
these cells, albeit one that has tremendous clinical
potential. The following discussion will highlight
recent efforts toward this goal while recognizing the
challenges that must be overcome for these cells to
reach the clinic.

Reprogramming technology offers the potential to
treat many diseases, including Alzheimer’s disease,
Parkinson’s disease, cardiovascular disease, diabetes,
and amyotrophic lateral sclerosis (ALS; also known as
Lou Gehrig’s disease). In theory, easily-accessible cell
types (such as skin fibroblasts) could be biopsied from
a patient and reprogrammed, effectively recapitulating
the patient’s disease in a culture dish. Such cells could
then serve as the basis for autologous cell replacement
therapy. Because the source cells originate within
the patient, immune rejection of the differentiated
derivatives would be minimized. As a result, the
need for immunosuppressive drugs to accompany
the cell transplant would be lessened and perhaps
eliminated altogether. In addition, the reprogrammed
cells could be directed to produce the cell types that
are compromised or destroyed by the disease in
question. A recent experiment has demonstrated the
proof of principle in this regard,*’ as iPSCs derived from
a patient with ALS were directed to differentiate into
motor neurons, which are the cells that are destroyed
in the disease.

Although much additional basic research will be
required before iPSCs can be applied in the clinic,
these cells represent multi-purpose tools for medical
research. Using the techniques described in this article,
researchers are now generating myriad disease-specific
iPSCs. For example, dermal fibroblasts and bone
marrow-derived mesencyhmal cells have been used to
establish iPSCs from patients with a variety of diseases,
including ALS, adenosine deaminase deficiency-related
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severe combined immunodeficiency, Shwachman-
Bodian-Diamond syndrome, Gaucher disease type lll,
Duchenne and Becker muscular dystrophies, Parkinson’s
disease, Huntington'’s disease, type 1 diabetes mellitus,
Down syndrome/trisomy 21, and spinal muscular
atrophy.*’~* iPSCs created from patients diagnosed
with a specific genetically-inherited disease can then be
used to model disease pathology. For example, iPSCs
created from skin fibroblasts taken from a child with
spinal muscular atrophy were used to generate motor
neurons that showed selective deficits compared to
those derived from the child’s unaffected mother.*
As iPSCs illuminate the development of normal and
disease-specific pathologic tissues, it is expected that
discoveries made using these cells will inform future
drug development or other therapeutic interventions.

One particularly appealing aspect of iPSCs is that, in
theory, they can be directed to differentiate into a
specified lineage that will support treatment or tissue
regeneration. Thus, somatic cells from a patient with
cardiovascular disease could be used to generate iPSCs
that could then be directed to give rise to functional
adult cardiac muscle cells (cardiomyocytes) that
replace diseased heart tissue, and so forth. Yet while
iPSCs have great potential as sources of adult mature
cells, much remains to be learned about the processes
by which these cells differentiate. For example,
iPSCs created from human*® and murine fibroblasts®'~>
can give rise to functional cardiomyocytes that display
hallmark cardiac action potentials. However, the
maturation process into cardiomyocytes is impaired
when iPSCs are used - cardiac development of iPSCs
is delayed compared to that seen with cardiomyocytes
derived from ESCs or fetal tissue. Furthermore, variation
exists in the expression of genetic markers in the iPSC-
derived cardiac cells as compared to that seen in
ESC-derived cardiomyocytes. Therefore, iPSC-derived
cardiomyocytes demonstrate normal commitment
but impaired maturation, and it is unclear whether
observed defects are due to technical (e.g., incomplete
reprogramming of iPSCs) or biological barriers (e.g.,
functional impairment due to genetic factors). Thus,
before these cells can be used for therapy, it will
be critical to distinguish between iPSC-specific and
disease-specific phenotypes.

However, it must be noted that this emerging field is
continually evolving; additional basic iPSC research will
be required in parallel with the development of disease
models. Although the reprogramming technology that

creates iPSCs is currently imperfect, these cells will
likely impact future therapy, and “imperfect” cells can
illuminate many areas related to regenerative medicine.
However, iPSC-derived cells that will be used for therapy
will require extensive characterization relative to what
is sufficient to support disease modeling studies. To this
end, researchers have begun to use imaging techniques
to observe cells that are undergoing reprogramming to
distinguish true iPSCs from partially-reprogrammed
cells.>* The potential for tumor formation must also
be addressed fully before any iPSC derivatives can be
considered for applied cell therapy. Furthermore, in
proposed autologous therapy applications, somatic
DNA mutations (e.g., non-inherited mutations that
have accumulated during the person’s lifetime) retained
in the iPSCs and their derivatives could potentially
impact downstream cellular function or promote tumor
formation (an issue that may possibly be circumvented
by creating iPSCs from a “youthful” cell source such
as umbilical cord blood).>® Whether these issues will
prove consequential when weighed against the cells’
therapeutic potential remains to be determined. While
the promise of iPSCs is great, the current levels of
understanding of the cells’ biology, variability, and
utility must also increase greatly before iPSCs become
standard tools for regenerative medicine.

CONCLUSION

Since their discovery four years ago, induced pluripotent
stem cells have captured the imagination of researchers
and clinicians seeking to develop patient-specific
therapies. Reprogramming adult tissues to embryonic-
like states has countless prospective applications to
regenerative medicine, drug development, and basic
research on stem cells and developmental processes. To
this point, a PubMed search conducted in April 2010
using the term “induced pluripotent stem cells”
(which was coined in 2006) returned more than 1400
publications, indicating a highly active and rapidly-
developing research field.

However, many technical and basic science issues
remain before the promise offered by iPSC technology
can be realized fully. For putative regenerative
medicine applications, patient safety is the foremost
consideration. Standardized methods must be
developed to characterize iPSCs and their derivatives.
Furthermore, reprogramming has demonstrated a
proof-of-principle, yet the process is currently too
inefficient for routine clinical application. Thus,
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unraveling the molecular mechanisms that govern
reprogramming is a critical first step toward
standardizing protocols. A grasp on the molecular
underpinnings of the process will shed light on the
differences between iPSCs and ESCs (and determine
whether these differences are clinically significant).
Moreover, as researchers delve more deeply into
this field, the effects of donor cell populations can
be compared to support a given application; i.e., do
muscle-derived iPSCs produce more muscle than skin-
derived cells? Based on the exciting developments
in this area to date, induced pluripotent stem cells
will likely support future therapeutic interventions,
either directly or as research tools to establish novel
models for degenerative disease that will inform drug
development. While much remains to be learned
in the field of iPSC research, the development of
reprogramming techniques represents a breakthrough
that will ultimately open many new avenues of research
and therapy.
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