With more than 50 years of experience studying
blood-forming stem cells called hemartopoietic stem
cells, scientists have developed sufficient understana-
ing to actually use them as a therapy. Currently, no
other fype of stem cell, adult, fetal or embryonic,
has affained such status. Hemaropoietic stem cell
fransplants are now routinely used to freat patients
with cancers and other disorders of the blood and
immune systems. Recently, researchers have
observed in animal studies that hematopoietic stem
cells appear fo be able to form other kinds of cells,
such as muscle, blood vessels, and bone. If this can
be applied to human cells, it may eventually be
possible to use hemartopoietic stem cells to replace
a wider array of cells and tissues than once thought.

Despite the vast experience with hematopoietic stem
cells, scientists face major roadblocks in expanding
their use beyond the replacement of blood and
immune cells. First, hematopoietic stem cells are
unable fo proliferate (replicate themselves) and
differentiate (become specialized to other cell types) in
vifro (in the test tube or culture dish). Second, scientists
do not yet have an accurate method fo distinguish
stem cells from other cells recovered from the blood
or bone marrow. Until scientists overcome these
technical barriers, they believe it is unlikely that
hematopoietic sterm cells will be applied as cell
replacement therapy in diseases such as diabetfes,
Parkinson's Disease, spinal cord injury, and many others.

INTRODUCTION

Blood cells are responsible for constant maintenance
and immune protection of every cell type of the
body. This relentless and brutal work requires that
blood cells, along with skin cells, have the greatest
powers of self-renewal of any adult fissue.

The stem cells that form blood and immune cells are
known as hematopoietic stem cells (HSCs). They are

ultimately responsible for the constant renewal of
blood—the production of billions of new blood cells
each day. Physicians and basic researchers have
known and capitalized on this fact for more than 50
years in treating many diseases. The first evidence
and definition of blood-forming stem cells came
from studies of people exposed to lethal doses of
radiation in 1945,

Basic research soon followed. After duplicating
radiation sickness in mice, scientists found they could
rescue the mice from death with bone marrow
fransplants from healthy donor animals. In the early
1960s, Till and McCulloch began analyzing the bone
marrow 1o find out which components were respon-
sible for regenerating blood [56]. They defined what
remain the two hallmarks of an HSC: it can renew
itself and it can produce cells that give rise to all the
different types of blood cells (see Chapter 4. The
Adult Stem Cell).

WHAT IS A HEMATOPOIETIC
STEM CELL?

A hematopoietic stem cell is a cell isolated from the
blood or bone marrow that can renew itself, can
differentiate to a variety of specialized cells, can
mobilize out of the bone marrow into circulating
blood, and can undergo programmed cell death,
called apoptosis—a process by which cells that are
detrimental or unneeded self-destruct.

A maijor thrust of basic HSC research since the 1960s
has been identifying and characterizing these stem
cells. Because HSCs look and behave in culture like
ordinary white blood cells, this has been a difficult
challenge and this makes them difficult to identify by
morphology (size and shape). Even today, scientists
must rely on cell surface proteins, which serve, only
roughly, as markers of white blood cells.
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Identifying and characterizing properties of HSCs
began with studies in mice, which laid the ground-
work for human studies. The challenge is formidable
as about 1 in every 10,000 to 15,000 bone marrow
cells is thought to be a stem cell. In the blood stream
the proportion falls to 1 in 100,000 blood cells. To this
end, scientists began to develop tests for proving the
self-renewal and the plasticity of HSCs.

The “gold standard” for proving that a cell derived
from mouse bone marrow is indeed an HSC is still
based on the same proof described above and
used in mice many years ago. That is, the cells are
injected into a mouse that has received a dose of
iradiation sufficient fo kil its own blood-producing
cells. If the mouse recovers and all types of blood
cells reappear (bearing a genetic marker from the
donor animal), the fransplanted cells are deemed to
have included stem cells.

These studies have revealed that there appear to be
two kinds of HSCs. If bone marrow cells from the
fransplanted mouse can, in turn, be transplanted to
another lethally irradiated mouse and restore its

hematopoietic system over some months, they are
considered to e long-ferm stem cells that are
capable of self-renewal. Other cells from bone
marrow can immediately regenerate all the different
types of blood cells, but under normal circumstances
cannot renew themselves over the long term, and
these are referred to as short-ferm progenitor or
precursor cells. Progenitor or precursor cells are relo-
fively immature cells that are precursors 1o a fully
differentiated cell of the same tissue type. They are
capable of proliferating, but they have a limited
capacity to differentiate into more than one cell type
as HSCs do. For example, a blood progenitor cell
may only be able to make a red blood cell (see
Figure 5.1. Hematopoietic and Stromal Stem Cell
Differentiation).

Harrison et al. write that short-term blood-progenitor
cells in a mouse may restore hematopoiesis for three
to four months [36]. The longevity of short-term stem
cells for humans is not firmly established. A true stem
cell, capable of self-renewal, must be able to renew
itself for the entire lifespan of an organism. It is these
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long-term replicating HSCs that are most important
for developing HSC-based cell therapies. Unfortu-
nately, to date, researchers cannot distinguish the
long-term from the short-term cells when they are
removed from the bloodstream or bone marrow.

The central problem of the assays used to identify
long-term stem cells and short-term progenitor cells is
that they are difficult, expensive, and time-consuming
and cannot be done in humans. A few assays are
now available that test cells in culture for their ability
to form primitive and long-lasting colonies of cells,
but these tests are not accepted as proof that a cell
is a long-term stem cell. Some genetically altered
mice can receive transplanted human HSCs to test
the cells’ self-renewal and hematopoietic capabilities
during the life of a mouse, but the relevance of this
test for the cells in humans—who may live for
decades—is open to question.

The difficulty of HSC assays has contributed to two
mutually confounding research problems. definitively
identifying the HSC and getting it to proliferate, or
increase its numbers, in a culture dish. More rapid
research progress on characterizing and using HSCs
would be possible if they could be readily grown in
the laboratory. Conversely, progress in identifying
growth conditions suitable for HSCs and getting the
cells fo multiply would move more quickly if scientists
could reliably and readily identify tfrue HSCs.

CAN CELL MARKERS BE USED
TO IDENTIFY HEMATOPOIETIC
STEM CELLS?

HSCs have an identity problem. First, the ones with
long-term replicating ability are rare. Second, there
are multiple types of stem cells. And, third, the stem
cells look like many other blood or bone marrow cells.
So how do researchers find the desired cell populo-
tions? The most common approach is through
markers that appear on the surface of cells. (For a
more detailed discussion, see Appendix E.i. Markers:
How Do Researchers Use Them 1o Identify Stem Cells?)
These are useful, but not perfect tools for the
research laboratory.

In 1988, in an effort fo develop a reliable means of
identifying these cells, Irving Weisssnan and his
collaborators focused attention on a set of protein
markers on the surface of mouse blood cells that
were associated with increased likelihood that the

cell was a long-term HSC [50]. Four years later, the
laboratory proposed a comparable set of markers for
the human stem cell [3]. Weissman proposes the
markers shown in Table 5.1 as the closest markers for
mouse and human HSCs [62].

Table 5.1. Proposed cell-surface markers of
undifferentiated hematopoietic stem cells.

Listed here are cell surface markers found on mouse
and human hematopoietic stem cells as they exist in
their undifferentiated state in vivo and in vifro. As these
cells begin to develop as distinct cell lineages the cell
surface markers are no longer identified.

Mouse Human

CD34low- CD 34+

SCA-1+ CD59+*

Thy 1 +flow Thy1+

CD38+ CD38low-

C-kit* C-kit -/low

lin-" lin-""

* Only one of a family of CD59 markers has thus far been

evaluated.

** |in- cells lack 13 fo 14 different mature blood-lineage
markers.

Such cell markers can be tagged with monoclonal
antibodies bearing a fluorescent label and culled out
of bone marrow with fluorescence-activated cell
sorting (FACS).

The groups of cells thus sorted by surface markers are
heterogeneous and include some cells that are frue,
long-term self-renewing stem cells, some shorter-term
progenitors, and some non-stem cells. Weissman's
group showed that as few as five genetically fagged
cells, injected along with larger doses of stem cells
into lethally irradiated mice, could establish them-
selves and produce marked donor cells in all blood
cell lineages for the lifetime of the mouse. A single
tagged cell could produce all lineages for as many
as seven weeks, and 30 purified cells were sufficient
to rescue mice and fully repopulate the bone mar-
row without extra doses of backup cells to rescue the
mice [49]. Despite these efforts, researchers remain
divided on the most consistently expressed set of HSC
markers [27, 32]. Connie Eaves of the University of
British Columbia says none of the markers are tied to
unique stem cell functions or fruly define the stem
cell [14]. "Almost every marker | am aware of has
been shown to be fickle,” she says.
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More recently, Diane Krause and her colleagues at
Yale University, New York University, and Johns Hopkins
University, used a new technigue to home in on a sin-
gle cell capable of reconstituting all blood cell line-
ages of an iradiated mouse [27]. Affer marking bone
marrow cells from donor male mice with a nontoxic
dye, they injected the cells into female recipient
mice that had been given a lethal dose of radiation.
Over the next two days, some of the injected cells
migrated, or homed, to the bone marrow of the
recipients and did not divide; when fransplanted into
a second set of iradiated female mice, they eventu-
ally proved to be a concentrated pool of self-renew-
ing stem cells. The cells also reconstituted blood pro-
duction. The scientists estimate that their technique
concentrated the long-term stem cells 500 to 1,000-
fold compared with bone marrow.

WHAT ARE THE SOURCES OF
HEMATOPOIETIC STEM CELLS?

Bone Marrow

The classic source of hematopoietic stem cells (HSCs)
is bone marrow. For more than 40 years, doctors
performed bone marrow fransplants by anesthetizing
the stem cell donor, puncturing a bone—typically a
hipbone—and drawing out the bone marrow cells
with a syringe. About 1 in every 100,000 cells in the
marrow is a long-term, blood-forming stem cell; other
cells present include stromal cells, stromal stem cells,
blood progenitor cells, and mature and maturing
white and red blood cells.

Peripheral Blood

As a source of HSCs for medical tfreatments, bone
marrow retrieval directly from bone is quickly fading
into history. For clinical fransplantation of human
HSCs, doctors now prefer to harvest donor cells from
peripheral, circulating blood. It has been known for
decades that a small number of stem and progenitor
cells circulate in the bloodstream, but in the past 10
years, researchers have found that they can coax the
cells to migrate fromm marrow to blood in greater
numbers by injecting the donor with a cytokine, such
as granulocyte-colony stimulating factor (GCSF). The
donor is injected with GCSF a few days before the
cell harvest. To collect the cells, doctors insert an
intravenous tube into the donor’s vein and pass his
blood through a filtering system that pulls out CD34+*
white blood cells and retumns the red blood cells to
the donor. Of the cells collected, just 5 to 20 percent

will be tfrue HSCs. Thus, when medical researchers
commonly refer to peripherally harvested “stem
cells,” this is something of a misnomer. As is frue for
bone marrow, the CD34+ cells are a mixture of stem
cells, progenitors, and white blood cells of various
degrees of maturity.

In the past three years, the maijority of autologous
(where the donor and recipient are the same person)
and allogeneic (where the donor and recipient are
different individuals) “bone marrow” fransplants have
actually been white blood cells drawn from peripheral
circulation, not bone marrow. Richard Childs, an infra-
mural investigator at the NIH, says peripheral harvest
of cells is easier on the donor—with minimal pain, no
anesthesia, and no hospital stay—but also yields
better cells for transplants [6]. Childs points to evi-
dence that patients receiving peripherally harvested
cells have higher survival rates than bone marrow
recipients do. The peripherally harvested cells contain
twice as many HSCs as stem cells taken from bone
marrow and engraft more quickly. This means
patients may recover white blood cells, platelets, and
their immune and clotting protection several days
faster than they would with a bone marrow graft.
Scientists at Stanford report that highly purified,
mobilized peripheral cells that have CD34+ and
Thy-1+ surface markers engraft swiftly and without
complication in breast cancer patients receiving an
autologous fransplant of the cells after intensive
chemotherapy [41].

Umbilical Cord Blood

In the late 1980s and early 1990s, physicians began
to recognize that blood from the human umbilical
cord and placenta was a rich source of HSCs. This
fissue supports the developing fetus during pregnancy,
is delivered along with the baby, and, is usually dis-
carded. Since the first successful umbilical cord
blood transplants in children with Fanconi anemia,
the collection and therapeutic use of these cells has
grown quickly. The New York Blood Center’s Placental
Blood Program, supported by NIH, is the largest U.S.
public umbilical cord blood bank and now has
13,000 donations available for transplantation into
small patients who need HSCs. Since it began col-
lecting umbilical cord blood in 1992, the center has
provided thousands of cord blood units to patients.
Umbilical cord blood recipients—typically children—
have now lived in excess of eight years, relying on the
HSCs from an umbilical cord blood fransplant [31, 57].
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There is a substantial amount of research being con-
ducted on umbilical cord blood to search for ways to
expand the number of HSCs and compare and con-
frast the biological properties of cord blood with adult
bone marrow stem cells. There have been sugges-
tions that umbilical cord blood contains stem cells
that have the capability of developing cells of multi-
ple germ layers (multipotent) or even all germ layers,
e.g., endoderm, ectoderm, and mesoderm
(pluripotent). To date, there is no published scientific
evidence to support this claim. While umbilical cord
blood represents a valuable resource for HSCs,
research data have not conclusively shown qualita-
tive differences in the differentiated cells produced
between this source of HSCs and peripheral blood
and bone marrow.

Fetal Hematopoietic System

An important source of HSCs in research, but not in
clinical use, is the developing blood-producing tissues
of fetal animals. Hematopoietic cells appear early in
the development of all vertebrates. Most extensively
studied in the mouse, HSC production sweeps
through the developing embryo and fetus in waves.
Beginning af about day 7 in the life of the mouse
embryo, the earliest hematopoietic activity is indicat-
ed by the appearance of blood islands in the yolk
sac (see Appendix A. Early Development). The point is
disputed, but some scientists contend that yolk sac
blood production is transient and will generate some
blood cells for the emlbryo, but probably not the bulk
of the HSCs for the adult animal [12, 26, 44].
According to this proposed scenario, most stem cells
that will be found in the adult bone marrow and
circulation are derived from cells that appear slightly
later and in a different location. This other wave of
hematopoietic stem cell production occurs in the
AGM—the region where the aorta, gonads, and fetal
kidney (mesonephros) begin to develop. The cells
that give rise to the HSCs in the AGM may also give
rise to endothelial cells that line blood vessels. [13].
These HSCs arise at around days 10to 11 in the
mouse embryo (weeks 4 to 6 in human gestation),
divide, and within a couple of days, migrate o the
liver [11]. The HSCs in the liver continue to divide and
migrate, spreading o the spleen, thymus, and—near
the time of birth—to the bone marrow.

Whereas an increasing body of fetal HSC research is
emerging from mice and other animals, there is
much less information about human fetal and

embryonic HSCs. Scientists in Europe, including
Coulombel, Peault, and colleagues, first described
hematopoietic precursors in human embryos only a
few years ago [20, 53]. Most recently, Gallacher and
others reported finding HSCs circulating in the blood
of 12- fo 18-week aborted human fetuses [16, 28, 54]
that was rich in HSCs. These circulating cells had
different markers than did cells from fetal liver, fetal
bone marrow, or umbilical cord blood.

Embryonic Stem Cells and Embryonic Germ Cells

In 1985, it was shown that it is possible 1o obtain
precursors to many different blood cells from mouse
embryonic stem cells [9]. Perkins was able to obtain
all the major lineages of progenitor cells from mouse
embryoid bodies, even without adding hemato-
poietic growth factors [45].

Mouse embryonic stem cells in culfure, given the right
growth factors, can generate most, if not all, the
different blood cell types [19], but no one has yet
achieved the “gold standard” of proof that they can
produce long-term HSCs from these sources—namely
by obtaining cells that can be transplanted into
lethally iradiated mice fo reconstitute long-term
hematopoiesis [32].

The picture for human embryonic stem and germ
cells is even less clear. Scientists from James
Thomson's laboratory reported in 1999 that they were
able to direct human emibryonic stem cells—which
can now be cultured in the lalb—to produce blood
progenitor cells [23]. Israeli scientists reported that
they had induced human ES cells to produce
hematopoietic cells, as evidenced by their produc-
fion of a blood protein, gamma-globin [21]. Cell lines
derived from human embryonic germ cells (cultured
cells derived originally from cells in the embryo that
would ultimately give rise 1o eggs or sperm) that are
cultured under certain conditions will produce CD34+
cells [47]. The blood-producing cells derived from
human ES and embryonic germ (EG) cells have not
been rigorously tested for long-term self-renewal or
the ability o give rise to all the different blood cells.

As sketchy as data may be on the hematopoietic
powers of human ES and EG cells, blood experts are
intrigued by their clinical potential and their potential
to answer basic questions on renewal and differen-
fiation of HSCs [19]. Connie Eaves, who has made
comparisons of HSCs from fetal liver, cord blood,
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Ihor Lemischka and colleagues at Princefon University
and the Computational Biology and Informatics
Laboratory at the University of Pennsylvania are collo-
borating to record all the findings about hematopoietic
stem cell (HSC) genes and markers in the Stem Cell
Database.

The collaborators started the database five years ago.
Its goal is listing and annotating all the genes that are
differentially expressed in mouse liver HSCs and their
cellular progeny. The database is growing fo include
human HSCs from different blood sources, and a

The Stem Cell Database
http://stemcell.princeton.edu

related database, constructed in collaboration with
Kateri A. Moore, also at Princeton University, will docu-
ment all genes active in stromal cells, which provide the
microenvironment in which stem cells are maintained.
The combined power of the two databases, along with
new fools and methods for studying molecular biology,
will help researchers put together a complete portrait of
the hematopoietic stem cell and how it works. The
databases will contfinue to grow and take advantage
of other efforts, such as those o complete the gene
sequences of mammails. Data will be publicly available
to researchers around the world.

and adult bone marrow, expects cells derived from
embryonic tissues 1o have some interesting fraits. She
says actively dividing blood-producing cells from ES
cell culture—if they are like other dividing cells—wiill
not themselves engraft or rescue hematopoiesis in an
animal whose bone marrow has been destroyed.
However, they may play a critical role in developing
an abundant supply of HSCs grown in the lab.
Indications are that the dividing cells will also more
readily lend themselves to gene manipulations than
do adult HSCs. Eaves anticipates that HSCs derived
from early emibryo sources will be developmentally
more “plastic” than later HSCs, and more capable of
self-renewal [14].

HOW DO HSCs FROM VARYING
SOURCES DIFFER?

Scientists in the laboratory and clinic are beginning to
measure the differences among HSCs from different
sources. In general, they find that HSCs taken from
fissues at earlier developmental stages have a
greater ability to self-replicate, show different homing
and surface characteristics, and are less likely o be
rejected by the immune system—making them
potentially more useful for therapeutic transplantation.

Stem cell populations of the bone marrow

When do HSCs move from the early locations in the
developing fetus to their adult *home” in the bone
marrow? European scientists have found that the rela-
five number of CD34+ cells in the collections of cord
blood declined with gestational age, but expression
of cell-adhesion molecules on these cells increased.

The authors believe these changes reflect prepara-
tions for the cells to relocate—from homing in fetal
liver fto homing in bone marrow [52].

The point is controversial, but a paper by Chen et al.
provides evidence that af least in some strains of
mice, HSCs from old mice are less able to repopu-
late bone marrow after fransplantation than are cells
from young adult mice [5]. Cells from fetal mice were
50 to 100 percent better at repopulating marrow
than were cells from young adult mice were. The
specific potential for repopulating marrow appears 1o
be strain-specific, but the scientists found this poten-
fial declined with age for both strains. Other scientists
find no decreases or sometimes increases in num-
bers of HSCs with age [51]. Because of the difficulty
in identifying a long-term stem cell, it remains difficult
to quantify changes in numbers of HSCs as a

person ages.

Effectiveness of Transplants of Adult versus Umbilical
Cord Blood Stem Cells

A practical and important difference between HSCs
collected from adult human donors and from um-
bilical cord blood is simply quantitative, Doctors are
rarely able to extract more than a few million HSCs
from a placenta and umbilical cord—too few 1o use
in a transplant for an adult, who would ideally get 7 to
10 million CD34+ cells per kilogram body weight, but
often adequate for a transplant for a child [33, 48].

Leonard Zon says that HSCs from cord blood are less
likely to cause a transplantation complication called
graft-versus-host disease, in which white blood cells
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from a donor aftack tissues of the recipient [65]. In a
recent review of umbilical cord blood transplantation,
Laughlin cites evidence that cord blood causes less
graft-versus-host disease [31]. Laughlin writes that it is
yet 1o be determined whether umbilical cord blood
HSCs are, in fact, longer lived in a transplant recipient.

In lab and mouse-model tests comparing CD34+
cells from human cord with CD34+ cells derived from
adult bone marrow, researchers found cord blood
had greater proliferation capacity [24]. White blood
cells from cord blood engrafted better in a mouse
model, which was genetically altered to tolerate the
human cells, than did their adult counterparts.

Effectiveness in Transplants of Peripheral Versus
Bone Marrow Stem Cells

In addition to being far easier o collect, peripherally
harvested white blood cells have other advantages
over bone marrow. Cutler and Antin’s review says that
peripherally harvested cells engraft more quickly, but
are more likely 1o cause graft-versus-host disease [8].
Prospecting for the most receptive HSCs for gene
therapy, Orlic and colleagues found that mouse HSCs
mobilized with cytokines were more likely to take up
genes from a viral vector than were non-mobilized
bone marrow HSCs [43].

WHAT DO HEMATOPOIETIC STEM
CELLS DO AND WHAT FACTORS ARE
INVOLVED IN THESE ACTIVITIES?

As stated earlier, an HSC in the bone marrow has four
actions in its repertoire: 1) it can renew itself, 2) it can
differentiate, 3) it can mobilize out of the bone
marrow into circulation (or the reverse), or 4) it can
undergo programmed cell death, or apopftosis.
Understanding the how, when, where, which, and why
of this simple repertoire will allow researchers to
manipulate and use HSCs for tissue and organ repair.

Self-renewal of Hematopoietic Stem Cells

Scientists have had a tough time tfrying 1o grow—

or even maintain—true stem cells in culture. This is an
important goal because cultures of HSCs that could
maintain their characteristic properties of self-renewal
and lack of differentiation could provide an unlimited
source of cells for therapeutic transplantation and
study. When bone marrow or blood cells are observed
in culture, one often observes large increases in the
number of cells. This usually reflects an increase in

differentiation of cells to progenitor cells that can give
rise fo different lineages of blood cells but cannot
renew themselves. True stem cells divide and replace
themselves slowly in adult bone marrow.

New tools for gene-expression analysis will now allow
scientists to study developmental changes in telo-
merase activity and telomeres. Telomeres are regions
of DNA found at the end of chromosomes that are
extended by the enzyme telomerase. Telomerase
activity is necessary for cells to proliferate and activity
decreases with age leading to shortened telomeres.
Scientists hypothesize that declines in stem cell
renewal will be associated with declines in telomere
length and telomerase activity. Telomerase activity in
hematopoietic cells is associated with self-renewal
potential [40].

Because self-renewal divisions are rare, hard to
induce in culture, and difficult to prove, scientists do
not have a definitive answer to the burning question:
what puts—or perhaps keeps—HSCs in a self-renewal
division mode? HSCs injected into an anemic patient
or mouse—or one whose HSCs have otherwise been
suppressed or killed—will home to the bone marrow
and undergo active division to both replenish all the
different types of blood cells and yield additional self-
renewing HSCs. But exactly how this happens remains
a mystery that scientists are struggling to solve by
manipulating cultures of HSCs in the laboratory.

Two recent examples of progress in the culturing
studies of mouse HSCs are by Ema and coworkers
and Audet and colleagues [2, 15]. Ema et al. found
that two cytokines—stem cell factor and thrombo-
poietin—efficiently induced an unequal first cell
division in which one daughter cell gave rise to
repopulating cells with self-renewal potential. Audet
et al. found that activation of the signaling molecule
gp130 is critical to survival and proliferation of mouse
HSCs in culture,

Work with specific cytokines and signaling molecules
builds on several earlier studies demonstrating mod-
est increases in the numbers of stem cells that could
be induced briefly in culture. For example, Van Zant
and colleagues used continuous-perfusion culture
and bioreactors in an affempt to boost human HSC
numbers in single cord blood samples incubated for
one fo two weeks [58]. They obtained a 20-fold
increase in “long-term culture initiating cells.”
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More clues on how fo increase numbers of stem cells
may come from looking at other animals and various
developmental stages. During early developmental
stages—in the fetal liver, for example—HSCs may
undergo more active cell division to increase their
numbers, but later in life, they divide far less often [30,
42]. Culturing HSCs from 10- and 11-day-old mouse
embryos, Elaine Dzierzak at Erasmus University in the
Netherlands finds she can get a 15-fold increase in
HSCs within the first 2 or 3 days after she removes the
AGM from the embryos [38]. Dzierzak recognizes that
this is dramatically different from anything seen with
adult stem cells and suggests it is a difference with
practical importance. She suspects that the increase
is not so much a response to what is going on in the
culture but rather, it represents the developmental
momentum of this specific embryonic tissue. That is, it
is the inevitable consequence of divisions that were
cued by that specific embryonic microenvironment,
After five days, the number of HSCs plateaus and can
be maintained for up to a month. Dzierzak says that
the key to understanding how adult-derived HSCs can
be expanded and manipulated for clinical purposes
may very well be found by defining the cellular com-
position and complex molecular signals in the AGM
region during development [13].

In another approach, Lemischka and coworkers have
been able to maintain mouse HSCs for four to seven
weeks when they are grown on a clonal line of cells
(AFT024) derived from the stroma, the other maijor
cellular constituent of bone marrow [39]. No one
knows which specific factors secreted by the stromal
cells maintain the stem cells. He says ongoing gene
cloning is rapidly zeroing in on novel molecules from
the stromal cells that may “talk” to the stem cells and
persuade them to remain stem cells—that is,
continue 1o divide and not differentiate.

If sfromal factors provide the key to stem cell self-
renewal, research on maintaining stromal cells may
be an important prerequisite. In 1999, researchers at
Osiris Therapeutics and Johns Hopkins University
reported culturing and expanding the numbers of
mesenchymal stem cells, which produce the stromal
environment [46]. Whereas cultured HSCs rush to
differentiate and fail to retain primitive, self-renewing
cells, the mesenchymal stem cells could be
increased in numbers and still retained their powers to
generate the full repertoire of descendant lineages.

Differentiation of HSCs into Components of the
Blood and Immune System

Producing differentiated white and red blood cells is
the real work of HSCs and progenitor cells. M.C.
MacKey calculates that in the course of producing
a mature, circulating blood cell, the original
hematopoietic stem cell will undergo between 17
and 19.5 divisions, “giving a net amplification of
between ~170,000 and ~720,000" [35].

Through a series of careful studies of cultured cells—
often cells with mutations found in leukemia patients
or cells that have been genetically altered—
investigators have discovered many key growth
factors and cytokines that induce progenitor cells to
make different types of blood cells. These factors
interact with one another in complex ways to create
a system of exquisite genetic control and coordina-
fion of blood cell production.

Migration of Hematopoietic Stem Cells Into and
Out of Marrow and Tissues

Scientists know that much of the time, HSCs live in
intimate connection with the stroma of bone marrow
in adults (see Chapter 4. The Adult Stem Cell). But
HSCs may also be found in the spleen, in peripheral
blood circulation, and other tissues. Connection to
the interstices of bone marrow is important to both
the engraffment of fransplanted cells and to the
maintenance of stem cells as a self-renewing popu-
lation. Connection to stroma is also important to the
orderly proliferation, differentiation, and maturation of
blood cells [63].

Weissman says HSCs appear to make brief forays out
of the marrow into tissues, then duck back into mar-
row [62]. At this time, scientists do not understand why
or how HSCs leave bone marrow or return fo it [59].
Scientists find that HSCs that have been mobilized
into peripheral circulation are mostly non-dividing
cells [64]. They report that adhesion molecules on the
stroma, play a role in mobilization, in attachment to
the stroma, and in fransmitting signals that regqulate
HSC self-renewal and progenitor differentiation [61].

Apoptosis and Regulation of Hematopoietic Stem
Cell Populations

The number of blood cells in the bone marow and
blood is regulated by genetic and molecular
mechanisms. How do hematopoietic stem cells know
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when to stop proliferating? Apoptosis is the process
of programmed cell death that leads cells to self-
destruct when they are unneeded or detrimental. If
there are too few HSCs in the body, more cells divide
and boost the numbers. If excess stem cells were
injected into an animal, they simply wouldn't divide
or would undergo apoptosis and be eliminated [62].
Excess numbers of stem cells in an HSC transplant
actually seem to improve the likelihood and speed of
engraffment, though there seems to bbe no rigorous
identification of a mechanism for this empirical
observation.

The particular signals that trigger apoptosis in HSCs
are as yet unknown. One possible signal for apoptosis
might be the absence of life-sustaining signals from
bone marrow stroma. Michael Wang and others
found that when they used antibodies to disrupt the
adhesion of HSCs to the stroma via VLA-4/NCAM-1,
the cells were predisposed to apoptosis [61].

Understanding the forces at play in HSC apoptosis is
important to maintaining or increasing their numibers
in culture. For example, without growth factors, sup-
plied in the medium or through serum or other feeder
layers of cells, HSCs undergo apoptosis. Domen and
Weissman found that stem cells need to get two
growth factor signals to continue life and avoid
apoptosis: one via a protein called BCL-2, the other
from steel factor, which, by itself, induces HSCs 1o
produce progenitor cells but not to self-renew [10].

WHAT ARE THE CLINICAL USES OF
HEMATOPOIETIC STEM CELLS?

Leukemia and Lymphoma

Among the first clinical uses of HSCs were the
freatment of cancers of the blood—Ileukemia and
lymphoma, which result from the uncontrolled
proliferation of white blood cells. In these applica-
fions, the patient’'s own cancerous hematopoietic
cells were destroyed via radiation or chemotherapy,
then replaced with a bone marrow fransplant, or, as is
done now, with a fransplant of HSCs collected from
the peripheral circulation of a matched donor. A
matched donor is typically a sister or brother of the
patient who has inherited similar human leukocyte
antigens (HLAs) on the surface of their cells. Cancers
of the blood include acute lymphoblastic leukemiaq,
acute myeloblastic leukemia, chronic myelogenous
leukemia (CML), Hodgkin’s disease, multiple
myeloma, and non-Hodgkin's lymphoma.

Thomas and Clift describe the history of freatment for
chronic myeloid leukemia as it moved from largely
ineffective chemotherapy to modestly successful
use of a cytokine, interferon, to bone marrow trans-
plants—first in identical twins, then in HLA-matched
siblings [55]. Although there was significant risk of
patient death soon after the fransplant either from
infection or from graft-versus-host disease, for the first
fime, many patients survived this immediate chal-
lenge and had survival times measured in years or
even decades, rather than months. The authors write,
“In the space of 20 years, marrow transplantation
has confributed to the transformation of [chronic
myelogenous leukemia] CML from a fatal disease
to one that is frequently curable. At the same time,
experience acquired in this setting has improved our
understanding of many transplant-related problems.
[t is now clear that morbidity and mortality are not
inevitable conseguences of allogeneic transplanta-
tion, [and] that an allogeneic effect can add to the
anti-leukemic power of conditioning regimens...”

In a recent development, CML researchers have
taken their knowledge of hematopoietic regulation
one step farther, On May 10, 2001, the Food and
Drug Administration approved Gleevec™ (imatinib
mesylate), a new, rationally designed oral drug for
freatment of CML. The new drug specifically targets a
mutant protein, produced in CML cancer cells, that
sabotages the cell signals controlling orderly division
of progenitor cells. By silencing this protein, the new
drug turns off cancerous overproduction of white
blood cells, so doctors do not have to resort to bone
marrow fransplantation. At this time, it is unknown
whether the new drug will provide sustained remission
or will prolong life for CML patients.

Inherited Blood Disorders

Another use of allogeneic bone marrow fransplants is
in the treatment of hereditary blood disorders, such
as different types of inherited anemia (failure to pro-
duce blood cells), and inborn errors of metabolism
(genetic disorders characterized by defects in key
enzymes need to produce essential body compo-
nents or degrade chemical byproducts). The blood
disorders include aplastic anemia, beta-thalassemia,
Blackfan-Diamond syndrome, globoid cell leuko-
dystrophy, sickle-cell anemiaq, severe combined
immunodeficiency, X-linked lymphoproliferative
syndrome, and Wiskott-Aldrich syndrome. Inbormn errors
of metabolism that are freated with bone marrow
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Launched in 1987, the National Marrow Donor Program
(NMDP) was created to connect patients who need
blood-forming stem cells or bone marrow with potential
nonrelated donors. About 70 percent of patients who
need a life-saving HSC transplant cannot find a match
in their own family.

The NMDP is made up of an international network of
centers and banks that collect cord blood, bone
marrow, and peripherally harvested stem cells and that

The National Marrow Donor Program
http://www.marrow.org

recruit potential donors. As of February 28, 2001, the
NMDP listed 4,291,434 potential donors. Since its start,
the Minneapoalis-based group has facilitated almost
12,000 fransplants—75 percent of them for leukemia.
Maior recruiting efforts have led to substantial increases
in the number of donations fromn minorities, but the
chance that African Americans, Native Americans,
Asian/Pacific Islanders, or Hispanics will find a match is
still lower than it is for Caucasians.

fransplants include: Hunter’s syndrome, Hurler’s syn-
drome, Lesch Nyhan syndrome, and osteopetrosis.
Because bone marrow fransplantation has carried a
significant risk of death, this is usually a treatment of
last resort for otherwise fatal diseases.

Hematopoietic Stem Cell Rescue in Cancer
Chemotherapy

Chemotherapy aimed at rapidly dividing cancer cells
inevitably hits another target—rapidly dividing
hematopoietic cells. Doctors may give cancer
patients an autologous stem cell transplant to
replace the cells destroyed by chemotherapy. They
do this by mobilizing HSCs and collecting them from
peripheral blood. The cells are stored while the
patient undergoes intensive chemotherapy or radio-
therapy to destroy the cancer cells. Once the drugs
have washed out of a patient’s body, the patient
receives a transfusion of his or her stored HSCs.
Because patients get their own cells back, there is no
chance of immune mismatch or graft-versus-nost
disease. One problem with the use of autologous
HSC transplants in cancer therapy has bbeen that
cancer cells are sometimes inadvertently collected
and reinfused back info the patient along with the
stem cells. One team of investigators finds that they
can prevent reintroducing cancer cells by purifying
the cells and preserving only the cells that are
CD34+, Thy-1+ [41].

Graft-Versus-Tumor Treatment of Cancer

One of the most exciting new uses of HSC
fransplantation puts the cells to work aftacking other-
wise unfreatable tumors. A group of researchers in
NIH’s inframural research program recently described
this approach to treating metastatic kidney cancer
[7]. Just under half of the 38 patients treated so

far have had their ftumors reduced. The research
protocol is now expanding to treatment of other solid
fumors that resist standard therapy, including cancer
of the lung, prostate, ovary, colon, esophagus, liver,
and pancreas.

This experimental freatment relies on an allogeneic
stem cell transplant from an HLA-matched sibling
whose HSCs are collected peripherally. The patient’s
own immune system is suppressed, but not totally
destroyed. The donor’s cells are transfused into the
patient, and for the next three months, doctors
closely monitor the patient’s immune cells, using DNA
fingerprinting o follow the engraffment of the donor’s
cells and regrowth of the patient’s own blood cells.
They must also judiciously suppress the patient’s
immune system as needed to deter his/her T cells
from attacking the graft and to reduce graft-versus-
host disease.

A study by Joshi et al. shows that umbilical cord
blood and peripherally harvested human HSCs show
anfitumor activity in the test fube against leukemia
cells and breast cancer cells [22]. Grafted info a
mouse model that tolerates human cells, HSCs aftack
human leukemia and breast cancer cells. Although
untreated cord blood lacks natural killer (NK) lympho-
cytes capable of killing fumor cells, researchers have
found that af least in the test tube and in mice, they
can greatly enhance the activity and numbers of
these cells with cytokines IL-15 [22, 34].

Other Applications of Hematopoietic Stem Cells
Substantial basic and limited clinical research explor-
ing the experimental uses of HSCs for other diseases
is underway. Among the primary applications are
autoimmune diseases, such as diabetes, rheumatoid
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arthritis, and system lupus erythematosis. Here, the
body’s immune system turns to destroying body
fissues. Experimental approaches similar to those
applied above for cancer therapies are being con-
ducted to see if the immune system can be
reconstituted or reprogrammed. More detailed dis-
cussion on this application is provided in Chapter 6.
Autoimmune Diseases and the Promise of Stem Cell-
Based Therapies. The use of HSCs as a means to
deliver genes 1o repair damaged cells is another
application being explored. The use of HSCs for gene
therapies is discussed in detail in Chapter 11. Use of
Genetically Modified Stem Cells in Experimental
Gene Therapies.

PLASTICITY OF HEMATOPOIETIC
STEM CELLS

A few recent reports indicate that scientists have
been able to induce bone marrow or HSCs to
differentiate into other types of tissue, such as brain,
muscle, and liver cells. These concepts and the
experimental evidence supporting this concept are
discussed in Chapter 4. The Adult Stem Cell.

Research in a mouse model indicates that cells from
grafts of bone marrow or selected HSCs may home
to damaged skeletal and cardiac muscle or liver and
regenerate those tissues [4, 29]. One recent advance
has been in the study of muscular dystrophy, a
genetic disease that occurs in young people and
leads to progressive weakness of the skeletal muscles.
Bittner and colleagues used madx mice, a genetically
modified mouse with muscle cell defects similar to
those in human muscular dystrophy. Bone marrow
from non-max male mice was fransplanted into
female max mice with chronic muscle damage;
after 70 days, researchers found that nuclei from the
males had taken up residence in skeletal and cardiac
muscle cells.

Lagasse and colleagues’ demonstration of liver repair
by purified HSCs is a similarly encouraging sign that
HSCs may have the potential to integrate into and
grow in some non-blood fissues. These scientists
lethally iradiated female mice that had an unusual
genetic liver disease that could be halted with a
drug. The mice were given transplants of genetically
marked, purified HSCs fromm male mice that did not
have the liver disease. The transplants were given a
chance to engraft for a couple of months while the

mice were on the liver-protective drug. The drug was
then removed, launching deterioration of the liver—
and a test 1o see whether cells from the fransplant
would be recruited and rescue the liver. The scientists
found that transplants of as few as 50 cells led to
abundant growth of marked, donor-derived liver cells
in the female mice.

Recently, Krause has shown in mice that a single
selected donor hematopoietic stem cell could do
more than just repopulate the marrow and
hematopoietic system of the recipient [27]. These
investigators also found epithelial cells derived from
the donors in the lungs, gut, and skin of the recipient
mice. This suggests that HSCs may have grown in the
other tissues in response 1o infection or damage from
the irradiation the mice received.

In humans, observations of male liver cells in female
patients who have received bone marrow grafts from
males, and in male patients who have received liver
fransplants from female donors, also suggest the
possibility that some cells in bone marrow have the
capacity to integrate info the liver and form
hepatocytes [1].

WHAT ARE THE BARRIERS TO THE
DEVELOPMENT OF NEW AND
IMPROVED TREATMENTS USING
HEMATOPOIETIC STEM CELLS?

Boosting the Numbers of Hematopoietic Stem Cells

Clinical investigators share the same fundamental
problem as basic investigators—limited ability to grow
and expand the numbers of human HSCs. Clinicians
repeatedly see that larger numbers of cells in stem
cell grafts have a better chance of survival in a
patient than do smaller numbers of cells. The limited
number of cells available from a placenta and
umbilical cord blood transplant currently means that
cord blood banks are useful to pediatric but not adult
patients. Investigators believe that the main cause of
failure of HSCs to engraft is host-versus-graft disease,
and larger grafts permit af least some donor cells

to escape initial waves of aftack from a patient’s
residual or suppressed immune system [6]. Ability to
expand numbers of human HSCs in vivo or in vifro
would clearly be an enormous boost to all current
and future medical uses of HSC transplantation.
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Once stem cells and their progeny can be multiplied
in culture, gene therapists and blood experts could
combine their talents o grow limitless quantities of
“universal donor” stem cells, as well as progenitors
and specific types of red and white blood cells. If the
cells were engineered 1o be free of markers that
provoke rejection, these could be transfused to any
recipient to treat any of the diseases that are now
addressed with marrow, peripheral, cord, or other
fransfused blood. If gene therapy and studies of the
plasticity of HSCs succeed, the cells could also be
grown tfo repair other tissues and freat non-blood-
related disorders [32].

Several research groups in the United States, Canada,
and abroad have been striving 1o find the key factor
or factors for boosting HSC production. Typical
approaches include comparing genes expressed in
primitive HSCs versus progenitor cells; comparing
genes in actively dividing fetal HSCs versus adult
HSCs; genetic screening of hematopoietically
mutated zebrafish; studying dysregulated genes in
cancerous hematopoietic cells; analyzing stromal or
feeder-layer factors that appear to boost HSC
division; and analyzing factors promoting homing
and attachment to the stroma. Promising candidate
factors have been fried singly and in combination,
and researchers claim they can now increase the
number of long-term stem cells 20-fold, albeit briefly,
in culture.

The specific assays researchers use to prove that their
expanded cells are stem cells vary, which makes it
difficult to compare the claims of different research
groups. To date, there is only a modest ability to
expand frue, long-term, self-renewing human HSCs.
Numbers of progenitor cells are, however, more
readily increased. Kobari et al., for example, can
increase progenitor cells for granulocytes and
macrophages 278-fold in culture [25].

Some investigators are now evaluating whether these
comparatively modest increases in HSCs are clinically
useful. At this time, the increases in cell numbers are
not sustainable over periods beyond a few months,
and the yield is far too low for mass production. In
addition, the cells produced are often not rigorously
characterized. A host of other questions remain—
from how well the multiplied cells can be altered for
gene therapy to their potential longevity, immuno-
genicity, ability 1o home correctly, and susceptibility to

cancerous fransformation. Glimm et al. [17] highlight
some of these problems, for example, with their
confirmation that human stem cells lose their ability
1o repopulate the bone marrow as they enter and
progress through the cell cyclecelike mouse stem
cells that have been stimulated to divide lose their
fransplantability [18]. Observations on the inverse
relationship between progenitor cell division rate and
longevity in strains of mice raise an additional con-
cem that culture tricks or selection of cells that
expand rapidly may doom the cells o a short life.

Pragmatically, some scientists say it may not be
necessary to be able to induce the true, long-term
HSC to divide in the lab. If they can manipulate
progenitors and coax them into division on com-
mand, gene uptake, and differentiation into key
blood cells and other tissues, that may be sufficient
to accomplish clinical goals. It might e sufficient to
boost HSCs or subpopulations of hematopoietic cells
within the body by chemically prodding the bone
marrow to supply the as-yet-elusive factors to
rejuvenate cell division.

Outfoxing the Immune System in Host, Graft, and
Pathogen Attacks

Currently, the risks of bone marrow tfransplants—graft
rejection, host-versus-graft disease, and infection
during the period before HSCs have engrafted and
resumed full blood cell production—restrict their use
to patients with serious or fatal illnesses. Allogeneic
grafts must come from donors with a close HLA
match to the patient (see Chapter 6. Autoimmune
Diseases and the Promise of Stem Cell-Based
Therapies). If doctors could precisely manipulate
immune reactions and protect patients from
pathogens before their fransplants begin to function,
HSC transplants could be extended 1o less ill patients
and patients for whom the HLA match was not as
close as it must now be. Physicians might use
fransplants with greater impunity in gene therapy,
autoimmune disease, HIV/AIDS treatment, and the
preconditioning of patients to accept a major organ
fransplant,

Scientists are zeroing in on subpopulations of T cells
that may cause or suppress potentially lethal host-
versus-graft rejection and graft-versus-host disease in
allogeneic-transplant recipients. T cells in a graft are
a two-edged sword. They fight infections and help

54



Hematopoietic Stem Cells

the graft become established, but they also can
cause graft-versus-host disease. Identifying sub-
populations of T cells responsible for deleterious and
beneficial effects—in the graft, but also in residual
cells surviving or returning in the host—could allow
clinicians to make grafts safer and to ratchet up
graft-versus-tumor effects [48]. Understanding the
presentation of antigens to the immune system and
the immune system’s healthy and unhealthy
responses to these antigens and maturation and
programmed cell death of T cells is crucial.

The approach taken by investigators at Stanford—
purifying peripheral blood—may also help eliminate
the cells causing graft-versus-host disease. Transplants
in mouse Mmodels support the idea that purified HSCs,
cleansed of mature lymphocytes, engraft readily and
avoid graft-versus-host disease [60].

Knowledge of the key cellular actors in autoimmune
disease, immune grafting, and graft rejection could
also permit scientists to design gentler “minitrans-
plants.” Rather than obliterating and replacing the
patient’s entire hematopoietic system, they could
replace just the faulty components with a selection of
cells custom tailored to the patient’s needs. Clinicians
are currently experimenting with deletion of T cells
from transplants in some diseases, for example,
thereby reducing graft-versus-host disease.

Researchers are also experimenting with the possibility
of knocking down the patient’s immune system—but
not knocking it out. A blow that is sublethal to the
patient’s hematopoietic cells given before an allo-
geneic transplant can be enough to give the graft a
chance to take up residence in the bone marrow.
The cells replace some or all of the patient’s original
stem cells, often making their blood a mix of donor
and original cells. For some patients, this mix of cells
will be enough to accomplish freatment objectives
but without subjecting them to the vicious side
effects and infection hazards of the most powerful
freatments used for total destruction of their hemato-
poietic systems [37].

Understanding the Differentiating Environment and
Developmental Plasticity

At some point in embryonic development, all cells
are plastic, or developmentally flexible enough to
grow into a variety of different tissues. Exactly what is
it about the cell or the embryonic environment that
instructs cells to grow info one organ and not another?

Could there be embryological underpinnings to the
apparent plasticity of adult cells? Researchers have
suggested that a lot of the tissues that are showing
plasticity are adjacent to one another after gastru-
lation in the sheet of mesodermal tissue that will go
on to form blood—muscle, blood vessels, kidney,
mesenchyme, and notochord. Plasticity may reflect
derivation from the mesoderm, rather than being a
fixed trait of hematopoietic cells. One lab is now
studying the adjacency of embryonic cells and how
the developing embryo makes the decision to make
one tissue instead of another—and whether the
decision is reversible [65].

In vivo studies of the plasticity of bone marrow or
purified stem cells injected into mice are in their
infancy. Even if follow-up studies confirm and more
precisely characterize and quantify plasticity potential
of HSCs in mice, there is no guarantee that it will
occur or can be induced in humans.

SUMMARY

Grounded in half a century of research, the study of
hematopoietic stem cells is one of the most exciting
and rapidly advancing disciplines in biomedicine
today. Breakthrough discoveries in both the laboratory
and clinic have sharply expanded the use and
supply of life-saving stem cells. Yet even more
promising applications are on the horizon and
scientists’ current inability to grow HSCs outside the
body could delay or thwart progress with these new
therapies. New treatments include graft-versus-turmor
therapy for currently incurable cancers, autologous
fransplants for autoimmune diseases, and gene
therapy and tissue repair for a host of other problems.
The techniques, cells, and knowledge that
researchers have now are inadequate 1o redlize the
full promise of HSC-based therapy.

Key issues for tapping the potential of hematopoietic
stem cells will be finding ways to safely and efficiently
expand the numbers of fransplantable human HSCs
in vitro or in vivo. It will also be important to gain a
better understanding of the fundamentals of how
immune cells work—in fighting infections, in causing
fransplant rejection, and in graft-versus-host disease as
well as master the basics of HSC differentiation.
Concomitant advances in gene therapy fechniques
and the understanding of cellular plasticity could make
HSCs one of the most powerful fools for healing.
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