Chapter 10
Hematopoietic Stem Cells

Mary L. Clarke and Jonathan Frampton

Abstract Hematopoietic stem cells represent the most studied and understood
adult stem cell, and have consequently set the trends for the investigation of a wide
array of stem cells, while their clinical use for over half a century and ever improv-
ing efficacy encourages the view that stem cell therapy will one day be useful in the
treatment of a whole host of diseases that involve cellular loss. In this chapter we
describe how hematopoietic stem cells can be identified, isolated and characterized,
and how important it is to be able to conduct experiments on animal models as well
as humans, especially as studies in animals can provide the best, sometimes only,
way to test stem cell potential and new protocols for their therapeutic use. The
increasing possibilities for bone marrow regenerative medicine raised by the rapid
developments in our ability to derive pluripotent stem cells from any individual are
discussed, in particular because these are likely to be a very effective source of
hematopoietic stem cells for all people requiring them to be replaced, as well as the
exciting prospect that they can provide a route for the correction of inherited dis-
eases affecting the blood system.

10.1 Introduction

The hematopoietic stem cell (HSC) represents a paradigm for much of present day
stem cell biology and regenerative medicine, the first therapeutic application, predat-
ing any knowledge of its characterization or even of its actual existence, being the pio-
neering development by E. Donnall Thomas in 1957 of bone marrow transplantation
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(BMT) as a therapy to alleviate the consequences of radiation and chemotherapy
(Thomas et al. 1957). This groundbreaking therapy formed the dogma that tissue
stem cells held the future promise for regenerative medicine for numerous diseases.
The strategies for characterization, purification and bioassay of HSCs have there-
fore been adapted for many other tissue-specific stem cells, while the drive to under-
stand the cellular and molecular properties of HSCs has provided a framework for
comparison to both embryonic and adult stem cell types. Studies on HSCs and com-
parison to the behaviour of leukemia cells was also highly influential in the origin
of the concept of the cancer stem cell as the underlying component of many, perhaps
all, tumors, and an exciting target for novel therapies that may succeed in achieving
life-long remission where traditional treatments often fail.

Given the extensive history in the use of HSCs in therapeutic practice, it would
be easy to assume that these cells are well understood, however HSC research is a
dynamic area, continually being revolutionized. Once believed to be a homogenous
population, it has since emerged that the HSCs are actually not a single entity, but
rather a collection of cell subtypes with largely pre-programmed differentiation
and self-renewal behaviours, both of which will be discussed in detail below. The
nature of HSCs also varies throughout development, distinct cell types arising to
provide a transient source of hematopoietic cells. Since it is beyond the scope of
this chapter, the reader is referred to one of the many excellent reviews that discuss
the developmental aspects of HSC biology (Dzierzak et al. 1998; Mikkola and
Orkin 2006; Cumano and Godin 2007; Dzierzak and Speck 2008), and here we
will concentrate on those HSCs that have the most relevance to regenerative medi-
cine, namely adult bone marrow derived cells and those HSCs that can be isolated
from umbilical cord blood.

The necessity for continual regeneration of the various lymphoid (B-cells, T-cells,
natural killer cells, dendritic cells) and myeloid (red cells, platelets, monocytes/mac-
rophage, dendritic cells, granulocytes) cells that constitute the hematopoietic system
is emphasized when we consider the vast number of cells, approximately 10'2, aris-
ing in human bone marrow on a daily basis (Doulatov et al. 2012). These mature
adult hematopoietic cells are generated through a succession of hierarchical steps
initiating at the apex of the hematopoietic system with the HSC. The HSC gives rise
to a series of transient amplifying progenitor cell populations with a gradual decrease
in proliferative potential and an increase in cellular specialization, resulting ulti-
mately in the supply of terminally differentiated functional blood cell types that make
up the lymphoid and myeloid compartments. Although the hematopoietic system has
been extensively studied for several decades, it is only recently that we have begun to
understand some of the mechanisms by which HSCs are able to so proficiently play
their role. These developments have been made with the help of improving technol-
ogy, allowing complex cell sorting strategies to isolate rare HSCs to high purity and
viability in order to further quantify and characterise them.

Parallel studies are now being done with human HSCs but the advancement of
our knowledge of these cells is trailing behind that of the mouse. The primary indi-
cator of stem cell activity being their ability to function in repopulation assays poses
an obvious difficulty in human stem cell research. Secondly, a major obstacle in
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human HSC research is that the cells are incredibly rare, with only 1 in 10° cells in
human bone marrow being a functional transplantable stem cell (Wang et al. 1997)
and the availability of novel markers of these cells for purification from the bulk of
differentiated cells hinders progress further.

In addition to increasingly refined definition of HSCs, especially those that have
the greatest potential for application in a therapeutic context, key areas of investiga-
tion that will impinge heavily on the success or otherwise of advances in regenera-
tive medicine include finding ways to expand HSCs in vitro without loss of any
aspect of their functional potential, and improving upon the efficiency with which
transplanted cells integrate into the hematopoietic system. However, perhaps the
most exciting challenge, which could 1 day lead to an unlimited ability to provide
replacement HSCs personalised for the patient, is their derivation from pluripotent
stem cells, and this will be discussed with respect to advances that have been made
using embryonic stem (ES) cells and more recently with the discovery of methods
to produce so called induced pluripotent stem (iPS) cells from any cell in the body.

10.2 Derivation/Classification

Although the first application of bone marrow derived stem cells in a therapeutic
context occurred over five decades ago, the vast majority of our understanding of
the nature of HSCs has come from studies on mouse bone marrow. The single big-
gest hurdle in the identification and purification of HSCs from mouse bone marrow
is their very low abundance; depending on the precise criteria applied this is only
0.05% or less of the nucleated cells, resulting in the isolation of around 5,000 HSCs
per mouse. Modern day laboratories utilize two main methods for isolating HSCs
from bone marrow. First is an enrichment method (MACS) employing magnetic
beads conjugated to antibodies against a specific surface marker. The second, and
notably more precise separation technique, utilizes fluorescence activated cell sort-
ing (FACS), which is based on immunofluorescent labeling of surface antigens as an
analytical tool to achieve cell sorting (Challen et al. 2009). Modern cell sorters are
now equipped to analyse up to 18 fluorochrome-labeled antibodies directed against
multiple markers (usually designated as ‘Cluster of Differentiation’ or CD markers)
enabling prospective isolation of more infrequent cells, which can then be subjected
to bioassay to assess their stem cell potency.

10.2.1 Bioassays of HSCs

In the strictest sense, the HSC is defined by its functional capacity to reconstitute
the entire hematopoietic system for the lifetime of the individual or animal; how-
ever, a number of less stringent bioassays are also widely used, often as a prelimi-
nary guide because the definitive in vivo bone marrow transplantation assay is both
time-consuming and costly.
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The first assays of hematopoietic progenitor cell potential in vivo can be attributed
to James Till and Ernest McCulloch, who famously demonstrated that colonies of
myeloid cells developing in the spleen following transplantation of bone marrow
into lethally irradiated mice were clonal (Till and McCulloch 1961). However, the
existence of long-lived stem cells in the bone marrow was deduced from subsequent
experiments involving clonal tracking of serial transplantations (Dick et al. 1985;
Lemischka et al. 1986). Arising out of these studies, the current gold standard assay
is generally accepted to be long-term repopulation of lethally irradiated mice in a
situation in which the cells being tested are compared to a reference wild type popu-
lation (Harrison et al. 1993), most often using test and reference strains that are
congenic for allelic variants of CD45 (previously known as Ly5), which can easily
be distinguished by immunofluorescent flow cytometry. ‘Long-term’ is taken to
mean a sustained output from the graft of at least 1% of all circulating white blood
cells for at least 4 months (Purton and Scadden 2007), but the most rigorous test of
HSC potential involves assessment of their ability to be serially transplanted from
the primary reconstituted recipient to a secondary irradiated host, thereby demon-
strating that engrafting cells are undergoing self-renewal. Competitive repopulation
assays performed this way are at best semi-quantitative, and a more refined method,
involving limiting dilution, allows determination of the frequency of HSCs. In this
assay, a series of dilutions of the test population are competed against reference wild
type bone marrow cells. The number of mice negative for reconstitution in each cell
dose is measured and the frequency of HSCs (‘competitive repopulating units’ or
CRU) is estimated using Poisson statistics (Szilvassy et al. 1990). Purton and
Scadden (2007) discuss the finer details of repopulation assays, how they are best
interpreted, and their possible limitations.

Although in vivo assays are essential in order to fully define and quantify stem
cell potential, they have some limitations that can be complemented by a range of
assays that can be performed in vitro. First, and rather obviously, in vivo assays can
take many months to complete and require extensive and costly facilities, so it is
often useful to have a more simple assay that can be used to make an initial assess-
ment of the likely HSC content, for example while developing a strategy for prospec-
tive cell sorting or following some experimental manipulation that is expected to
have a significant effect on HSC function. Second, the output from an in vivo assay
is the consequence of many biological events following transplantation, including
homing, self-renewal, HSC commitment and the behaviour of downstream progeni-
tors and differentiated cells, and it is often important to be able to determine cellular
properties at a single cell level immediately following isolation of putative HSCs.
Several distinct in vitro assays are used that measure the frequency of progenitors
(colony-forming unit in culture; CFU-C), stem cells (long-term culture-initiating
cell; LTC-IC), or both (cobblestone area-forming cell assay; CAFC), the latter two
correlating at least to some extent with in vivo activity (van Os et al. 2004).

CFU-C assays, pioneered by the work of Don Metcalf and colleagues (Bradley
and Metcalf 1966; Moore et al. 1973), allow detection and quantification of myeloid
progenitors present in the population of cells being analyzed or that could have arisen
in vitro from more immature cells, including the HSC. The culture conditions rely on
the presence of growth factors and nutrients that will permit complete differentiation
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along one or more of the pathways of differentiation that a particular cell is expected
to be capable of adopting. CFU-C assays have been essential for determining the
specific growth factors necessary for HSC maintenance, proliferation and differen-
tiation. They have also been crucial in the characterisation of leukemic stem cells
(LSCs). The assessment of lymphoid CFU potential in vitro has in the past been
more difficult, requiring co-culture systems such as that of OP9-DL1 cells, a mouse
stromal cell line that ecotropically expresses the Notch ligand Delta-like 1 (DL1) for
establishing T-cell differentiation (Whitlock and Witte 1982; Schmitt and Zifiga-
Pfliicker 2002). However, recent demand for improved mouse B-cell differentiation
has led to the development of media capable of supporting such specification, similar
to that already used for myeloid lineages. The progress for human lymphoid cell dif-
ferentiation is, however, still somewhat marred due to the insufficient knowledge of
the cytokines responsible for this (Doulatov et al. 2012). Human B-cell differentia-
tion is feasible when HSCs are co-cultured for 2—4 weeks upon the stromal cell lines
MS-5 or S17 in the presence of SCF, TPO, IL-7 and IL-2.

The basic principle of such in vitro assays is to determine what a stem cell or
progenitor is capable of giving rise to and their proliferative abilities following gene
manipulation, as can be recognized after a number of days by the specific features
of the differentiated cells (for example surface marker expression, cell morphology
and the presence of characteristic cytoplasmic enzyme activities, etc). In the right
conditions, a HSC can give rise to multiple cell lineages, whereas a more mature
hematopoietic progenitor cell will have a more restricted capability. Since it would
not be possible to discriminate from whence the individual differentiated cells origi-
nated if such assays were performed in a liquid culture of the whole sorted popula-
tion, these assays are generally carried out in one of two ways so that the potential
of individual cells can be observed. Most commonly, a cell population is seeded into
the appropriate growth conditions in media that also contain a substance that is like
a soft gel (usually methycellulose). This prevents the cells from moving around
extensively, and if seeded at the correct density means that the differentiated deriva-
tives from each cell are clearly separated and can eventually be collected for pheno-
typic analysis. Alternatively, sorted stem cells can be deposited as single cells into
tiny individual wells in a plastic dish where they then can be allowed to grow and
differentiate in liquid conditions (Ema et al. 2000; Takano et al. 2004).

The CAFC and LTC-IC assays, based on the original studies by Dexter and col-
leagues (Dexter et al. 1977), involve culture of stem cell populations with adherent
cells that mimic the normal HSC microenvironment. The CAFC assay measures the
frequency of cells that are capable of growing under the stromal layer, and by enu-
merating so-called ‘cobblestone’ areas at various times it is possible to assess mature
progenitors back to repopulating HSCs (Ploemacher et al. 1989, 1991). The LTC-1C
assay is similar to the CAFC assay except that the readout is the presence of pro-
genitors that can themselves be assayed for CFU-C capability (Sutherland et al.
1989; Lemieux et al. 1995).

Just as many of the in vitro assays are adaptable for the measurement of both
murine and human stem cells and progenitors, there is an equal and ever growing
need in the context both of regenerative medicine and for therapeutic targeting of
diseased cells to be able to test in vivo potential of human HSCs. Since this is clearly
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not feasible in humans a number of approaches have been developed over the last 30
years that rely on the generation of in vivo chimeras of human cells, or ‘xenografts’,
in animals. Although not ideal from the perspective of logistics, cost, and time,
several investigators have shown that human HSCs can be engrafted in sheep by
direct introduction of cells into the early gestational age fetus. By in utero injection
of human fetal liver HSCs, Esmail Zanjani and colleagues were able to demonstrate
long-term (greater than 2 years) engraftment in sheep (Zanjani et al. 1992).
Subsequently, this approach was used to prove for the first time that human adult
bone marrow cells could elicit long-term chimerism and sustain human hematopoi-
esis (Srour et al. 1993), and has been further developed (Zanjani et al. 1995, 1998),
enabling most recently the demonstration that engrafted human cells can be mobi-
lized in the sheep model in the same way that they would normally be in human
donors (Almeida-Porada et al. 2007).

By far the majority of xenograft experiments of human HSCs have been per-
formed in mice, but unlike the experiments involving sheep, the human cells are
injected into adults, thereby requiring that the hosts are immunologically deficient
so that they will not bring about rejection of the xenogenic cells. Two strategies for
human-into-mouse engraftment were developed originally by the work of McCune
and Dick. In the first approach, human cells within a fragment of hematopoietic tis-
sue are grafted under the kidney capsule, which provides a permissive environment
for the donor cells (McCune et al. 1988; Namikawa et al. 1990; Chen et al. 1994).
However, the much more widely utilized method involves adaptation of the usual
protocol for transplantation of mouse HSCs into host animals, the main difference
being that the mice are subjected to sub-lethal irradiation to pre-condition the bone
marrow by increasing the opportunity for HSCs to occupy vacant niches (Kamel-
Reid and Dick 1988).

To minimize the possibility of the human cells being rejected, several immuno-
compromised mouse models have been developed, in particular relying upon the
Severe Combined Immunodeficiency (SCID) mutant strain (for reviews see Greiner
et al. 1998; Pearson et al. 2008). As for mouse-into-mouse repopulation assays,
xenografts of human cells can be made quantitative through a limiting dilution
approach, the term SCID Repopulating Unit (SRU) usually being adopted to define
the numbers of functional long-term HSCs. SCID mice are deficient in both B- and
T-cell mediated immunity, and their usefulness has been enhanced in various ways
through combination with other spontaneous or engineered mutations. The strain
that has been most commonly used for xenografting is a combination of the Non-
Obese Diabetic (NOD) mutation with SCID, usually referred to as NOD/SCID,
which lacks not only functional B and T lymphocytes, but also has low levels of
natural killer (NK) cell activity (Shultz et al. 1995). A reduced overall cellularity of
the bone marrow in NOD/SCID mice may also facilitate engraftment of HSCs
because of the availability of suitable niches for stem cells. The NOD/SCID mouse
exhibits some features that partially limits its usefulness, especially for long-term
xenograft models, such as shortened lifespan due to high incidence of thymic lym-
phoma, some spontaneous production of functional lymphocytes with aging, and
residual innate immunity. Further incorporation of the 2 microglobulin knockout
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into the NOD/SCID background increased the efficiency of repopulation by umbilical
cord blood cells by over tenfold (Kollet et al. 2000).

To circumvent the problems associated with NOD/SCID mice as models for xeno-
grafts, NOD/SCID mice with a truncation or a deletion of the IL-2R common y chain,
which is a critical component for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21 signaling,
were developed (the so-called ‘NSG’ strain, Ito et al. 2002). The deletion of the IL-2R
common y chain gene in mice results in a complete loss of B, T and NK cells. The NSG
strain was shown to support a fivefold higher CD34* cell engraftment compared with
NOD/SCID mice (Goldman et al. 1998). The second benefit of these mice is that the
deficiency in cytokine signaling prevented the formation of lymphomas, permitting
long-term studies (Ito et al. 2002; Ishikawa et al. 2005; reviewed by Ito et al. 2008).

As hematopoietic research progresses and the importance of specific growth fac-
tors are determined, many investigators have found that the efficiency of engraftment
of human HSCs can be enhanced by co-transplantation of accessory cells or treat-
ment of the host with cytokines. For example, Bonnet et al. (1999) demonstrated that
low numbers of purified cord blood-derived immature cells would engraft NOD/
SCID mice effectively if co-transplanted with more mature cell populations that had
been irradiated to prevent cell division or by short-term in vivo treatment with the
growth factors and cytokines stem cell factor (SCF), interleukin 3 (IL3) and granulo-
cyte macrophage colony stimulating factor (GM-CSF). Similarly, bone marrow chi-
merism in the SCID or Rag2/IL2Ry double knockout models could be facilitated by
administration of IL3, GM-CSF and erythropoietin (Lapidot et al. 1992) or IL3,
GM-CSF and erythropoietin (Mazurier et al. 1999), respectively. Co-transplantation
of stromal cells has also been shown to have some benefit in establishing HSC xeno-
grafts in mice. Hence, primary bone marrow stroma modified to express IL3 was able
to enhance HSC engraftment (Nolta et al. 1994), while unmodified mesenchymal
stem cells (MSCs) derived from the fetal lung or bone marrow increased HSC
engraftment, but in the latter case it appeared that the effect might not to require hom-
ing of MSC to the bone marrow (Noort et al. 2002; in ‘t Anker et al. 2003; Bensidhoum
et al. 2004). Advances in the last year in strains for xenografting have seen the gen-
eration of mice with cytokine-expressing transgene knock-ins, encoding for example
TPO, IL-3, and GM-CSEF, all of which have exhibited augmented engraftment of the
human cells following transplantation (Rongvaux et al. 2011; Willinger et al. 2011).

This xenograft method has also been adopted to assess LSC behaviour from
human patient samples and can hence act as a model for therapeutic approaches.

The protocols for engraftment of HSCs have undergone a number of modifications
over the years, including additional preconditioning of mice by treatment with clo-
dronate-containing liposomes in order to delete macrophage (Fraser et al. 1995; van
Rijn et al. 2003) or with an antibody against the surface antigen CD122 in order to
target NK cells and macrophage that act as a barrier to stem cell engraftment
(McKenzie et al. 2005). Furthermore, to overcome the limitations of homing and
cellular loss in the lungs that is inherent in intravenous injection of cells via the tail
vein, a number of investigators have achieved much improved rates of engraftment
by direct injection of HSCs into the bone marrow cavities of either the femur or tibia
(Kushida et al. 2001; Wang et al. 2003; Yahata et al. 2003; McKenzie et al. 2006).
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10.2.2 HSC Antigenic Phenotype and Purification Schemes

Over the last quarter of a century the combined power of flow cytometry and the
availability of monoclonal antibodies raised against a vast array of hematopoietic
cell surface molecules, together with the various bioassays described above, has
enabled an incredibly detailed definition of the heterogenous population of cells
with stem cell activity in the hematopoietic hierarchy. With perhaps one exception
that will be described later, no single surface molecule has yet been found that
enables identification of HSCs; however, a number of markers have been described
that can be used in combination to very precisely define stem cells, the particular
drive being to isolate the rare cells with the highest potential for long-term reconsti-
tution. The advances in this area have been most successful in the case of mouse
bone marrow, and the current state of play will be elaborated before considering
what we know about the phenotype of human HSCs derived from the bone marrow
or umbilical cord blood.

10.2.2.1 Mouse HSCs

Most sorting strategies rely upon negative selection for markers of the differenti-
ated hematopoietic lineages (Lin), which usually include B220, CD4 (sometimes
CD3 or CD5 instead), CD8, Grl, CD11b (Mac-1) and Ter119, in combination with
positive selection for c-Kit (the receptor for SCF) and Sca-1 (stem cell antigen-1)
(Okada et al. 1992), giving rise to the acronym LSK (or KSL, depending on labora-
tory preference). Historically, the Weissman group has been the driving force for
the purification of HSCs and their favoured protocol incorporates staining for the
Thyl.1 antigen and selection of cells that express only low levels together with an
absence of lineage markers and the presence of Sca-1 (Thy1.1" Lin" Sca-1* or TLS
cells; Spangrude et al. 1988), although this precise strategy has not been widely
adopted because the Thyl.1 antigen is not expressed on many of the most com-
monly used laboratory strains of mice. Both LSK and TLS populations contain
long-term repopulating cells (LT-HSCs), but these represent less than 10% of the
LSK cells, the remains of which have only short-term activity (ST-HSCs) or are
multipotent progenitors (MPPs) with no capacity for self-renewal. Following these
early studies, there has been an ever-driving urge to discover a unique marker of
the mouse LT-HSC that truly distinguishes it from the heterogeneous population of
stem cells. A number of investigators have identified additional markers that can be
used to resolve the stem cell and progenitor components within the LSK popula-
tion, and to this day improvements are still being published on a fairly regular
basis. The Nakauchi laboratory were first to show that the expression of CD34
could be used to discriminate LT-HSCs, in that single LSK CD34" cells were
able to bring about long-term reconstitution (Osawa et al. 1996). The subsequent
addition of Flt-3 (also known as Flk-2 and CD135) into the mix allowed pro-
spective purification of not only LT-HSCs (LSK CD34- Flt3-), but also ST-HSCs
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(LSK CD34* FlIt37) and MPPs (LSK CD34* FIt3*) (Christensen and Weissman
2001; Adolfsson et al. 2001; Yang et al. 2005). More recently, due to the adoption
of more precise cell sorting strategies, it has become possible to fractionate these
stem cell populations further into more discrete fractions with more specific prop-
erties. Hence, data suggests that the MPP initially differentiates into lymphoid-
primed multipotential progenitors (LMPPs), which retain the potential to give rise
to lymphoid and granulocyte-macrophage cells but which lack megakaryocyte-
erythroid potential (Adolfsson et al. 2005; Lai and Kondo 2006), while more com-
mitted myeloid and lymphoid progenitors lie downstream of these LMPP cells
(Akashi et al. 2000; Pronk et al. 2007). These latter publications led to a redrawing
of the accepted hematopoietic hierarchy model, and as further work elucidates
more and more discrete sub-populations within the HSC compartment, it is likely
that the hematopoietic hierarchy as it is currently understood will undergo yet more
restructuring in the future.

In addition to surface marker expression, there are other characteristics of HSCs
that can be employed for their identification and isolation using flow cytometry,
often most effective when used in combination with strategies such as those employ-
ing LSK or related staining protocols. The most widely used characteristic relies on
the ability of HSCs to actively expel small molecules from their cytoplasm, a mech-
anism of cytotoxic evasion. A family of transmembrane proteins known as ABC
transporters are involved in a wide variety of normal cells and stem cells with the
purpose of removing diverse chemicals. One family member, ABC-G2, is often
expressed by stem cells and has the ability to export certain chemical dyes that have
entered the cytoplasm by passive diffusion. Empirically, it was found that one such
DNA binding supravital dye, Hoechst 33342, is removed by ABC-G2 and that this
can be visualized with a flow cytometer by measuring red and blue fluorescent light
emissions upon stimulating with a UV laser. In the complex pattern of light emitted
by a mixture of cells treated with Hoechst 33342, many stem cells appear as a popu-
lation, usually called the ‘side population’, which exhibits low red and blue
fluorescence because the dye has been largely removed by the transporter (Goodell
et al. 1996). The drawbacks of the Hoechst 33342 exclusion method are that the
staining method is highly sensitive to slight changes in protocol, producing incon-
sistencies between HSC isolations. Unfortunately, side population characteristics
are not restricted to stem cells, with approximately 15% of whole bone marrow side
population being negative for the stem cell markers c-Kit and Sca-1 (Challen et al.
2009). Also, not all stem cells exhibit the property, and therefore the technique is
best utilized in combination with other methods, especially surface marker staining,
as a means to refine stem cell identification and isolation (Challen et al. 2009). The
other major flow cytometry method not involving specific antibodies makes use of
the fluorescent vital dye rhodamine 123 (Rh-123), which preferentially accumulates
in mitochondrial membranes and acts as an indicator of mitochondrial, and hence
cellular, activity. Since the more immature HSCs tend to be quiescent, sorting for
cells exhibiting a low degree of fluorescence in the presence of Rh-123 enriches for
long-term repopulating cells (Spangrude and Johnson 1990).
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The most recent and highly resolved strategies for the isolation of long-term
repopulating HSCs have largely built upon the basis of one or more of the LSK, side
population and Rh-123 staining methods. Chen et al. (2003) found that
immunofluorescent staining for the ancillary TGFp receptor endoglin (CD105) in
combination with Sca-1 expression and low staining for Rh-123 defines a nearly
homogenous population of LT-HSCs without the use of CD34, c-Kit or Lin markers.
As discussed later in this chapter, another feature of immature HSCs is their ten-
dency to be niche-associated and a marker linked to this property, namely the angio-
poietin-2 receptor Tie2, has been used to select a subpopulation of LSK cells that
are enriched in LT-HSCs (Arai et al. 2004). Two advances based on RNA microar-
ray screening for genes expressed exclusively in subfractions of HSCs have proba-
bly made the most significant contribution to the robust isolation of highly enriched
long-term repopulating cells. First, following initial identification from expression
screening, antibodies against cell surface receptors of the SLAM family, including
CD48, CD150 and CD244, were shown to discriminate HSCs (CD48~ CD150*
CD2447), MPPs (CD48~ CDI150- CD244%) and the most restricted progenitors
(CD48* CD150- CD244%) (Kiel et al. 2005). This is the first family of receptors
whose combinatorial expression can be used to precisely distinguish stem and pro-
genitor cells in the mouse. Similarly, microarray technology led to the identification
of murine endothelial protein C receptor (EPCR, CD201) as a marker to sort cells,
especially when used in combination with positivity for the antigen Sca-1, as it is
expressed at high levels in HSCs with a high reconstitution activity, and probably
represents the first known marker that ‘explicitly’ identifies HSCs within murine
bone marrow (Balazs et al. 2006). Most recently, the group of Conny Eaves has
combined these two latter approaches and shown that LT-HSCs with the most dura-
ble self-renewal potential, as demonstrated following serial transplantation, are
selectively and highly enriched in the CD150* subset of the EPCR* CD48~ CD45*
fraction of bone marrow cells (Kent et al. 2009).

10.2.2.2 Human HSCs

The ability to identify and purify long-term reconstituting human HSCs are at present
somewhat less sophisticated compared to the situation with the mouse due to the
lack of adequate methods to segregate HSCs from MPPs. Similar to the mouse,
purification of human HSCs requires simultaneous detection of several cell surface
markers, and although informative, the specific strategies for isolating mouse HSCs
cannot be duplicated for human HSC. This is due to differences in characteristic
marker expression between the two species, the most prominent difference residing
in their expression of CD34. The two principal sources of human HSCs for thera-
peutic application, namely bone marrow and umbilical cord blood, also demonstrate
some differences in the precise pattern of markers, raising extra difficulties in deter-
mining the best strategies for cell purification in the clinic. Nevertheless, human
HSCs capable of multilineage engraftment in animal models can now be resolved
with a reasonably high degree of enrichment.
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The majority of human HSCs are CD34" in contrast to mouse, as was first
demonstrated during the 1990s when human Lin"CD34* fetal bone marrow cells
were shown to be able to engraft in SCID mice (Baum et al. 1992). However,
although capable of engrafting in SCID mice, most CD34* cells were subsequently
shown to be lineage-restricted progenitors and the true HSC remained elusive.
Enrichment of human HSCs can be achieved further on the basis of expression of
CD45RA (Mayani et al. 1993), Thy-1 (Baum et al. 1992; Craig et al. 1993; Majeti
et al. 2007) and CD38 (Hao et al. 1995; Bhatia et al. 1997). The recognized pattern
of expression that segregates human HSCs from MPPs is that of CD34*
CD38CD45RA™ and loss of Thy1 expression (Majeti et al. 2007).

In contrast to CD34* subfractions, Lin- CD34- CD38 cells have low clonogenicity
in short-and long-term in vitro assays. However, the number of CD34- SRUs
increased in short-term suspension cultures in conditions that did not maintain SRU
derived from CD34* populations (Bhatia et al. 1998).

Based on its association with colony-forming potential and repopulation capacity,
CD34 expression has, until recently, remained as a convenient marker for human
HSCs. However, it has since been postulated that there is in fact a human CD34~
HSC thatis analogous to that of the mouse (Bhatia et al. 1998; Ando 2002; Engelhardt
et al. 2002; Guo et al. 2003; Ishii et al. 2011), adding an increased complexity to the
organisation of the human hematopoietic stem cell compartment.

Chimeras generated in either sheep or immunocompromised mice have shown
that CD34- cells from cord blood, bone marrow, and granulocyte colony stimulating
factor (G-CSF)-mobilized peripheral blood do have in vivo HSC activity in spite of
failing to exhibit significant clonogenic activity in vitro. Further defining the pheno-
type of cord blood-derived CD34- SRUs, Kimura et al. (2007) proposed that the
immunophenotype of very primitive long-term repopulating human HSCs is Lin~
CD34- c-Kit™ Flt3~. Paralleling studies on mouse HSCs, Goodell et al. (1997)
showed that human bone marrow contains side population cells and, interestingly,
that these too are CD34". As in the mouse, Rh-123 staining can be employed in
defining human HSCs, low dye retention being associated closely with the Lin~
CD34+ CD38" population (McKenzie et al. 2007). However, taking all of this knowl-
edge into account and using simple calculations of reported HSC frequencies, it can
be established that more than 99% of human HSCs must be CD34+.

The differences between antigen expression on mouse and human HSCs is not
unique to CD34, and other distinctive variations can be seen in the expression of the
Flt-3 receptor, which is expressed on the surface of human HSCs but not on the
mouse (Sitnicka et al. 2003), and the SLAM marker CD150, which unlike in the
mouse is absent on human HSCs (Sintes et al. 2008; Larochelle et al. 2011).

Due to the discrepancies in the expression of CD34 and its relationship to stem
cell activity, research continues to define better markers of human HSCs. A recent
publication from the laboratory of John Dick revealed a novel human HSC marker,
namely CD49f (a6 integrin). Single CD49f* cells were shown to be capable of gen-
erating highly efficient long-term multilineage grafts and that loss of CD49f expres-
sion coincided with transient engrafting MPPs (Notta et al. 2011). Such markers
could pave the way for the isolation of pure populations of human HSCs for thera-
peutic use and further research into HSC properties.
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A number of additional discriminators of human HSC subpopulations have been
investigated. Two features of human HSCs that have proven useful for the isolation
of the most immature cells are worthy of mention. First, is the relative high expres-
sion of aldehyde dehydrogenase (ALDH) in hematopoietic progenitor cells (Kastan
etal. 1990). Cord blood cells stained for ALDH activity using the substrate BODIPY-
aminoacetaldehyde (‘Aldefluor’) and depleted for Lin* cells are enriched for CD34*
CD38 cells (Storms et al. 1999). Second, and perhaps the more useful property of
long-term repopulating human HSCs, is their expression of CD133, an antigen that
characterizes several types of adult stem cells. For example, a rare population of cord
blood cells expressing CD133 and negative for CD7 were found to be highly enriched
for progenitor activity at a frequency equivalent to purified fractions of CD34" stem
cells, and they were the only subset among the Lin- CD34- CD38" population capa-
ble of giving rise to CD34" cells in defined liquid cultures and of engrafting in NOD/
SCID mice (Yin et al. 1997; Gallacher et al. 2000). Cell selection combining Lin
antigen depletion together with staining for ALDH activity and CD133 expression
provides a purification of HSCs with long-term repopulating function that has been
considered to be an alternative to CD34 cell selection for stem cell therapies. Hence,
limiting dilution analysis demonstrates a tenfold increase in the frequency of repopu-
lating cells compared with Lin~ CD133" cells, with maintenance of immature
hematopoietic phenotypes (CD34* CD38") and enhanced repopulating function in
recipients of serial, secondary transplants (Hess et al. 2000).

10.3 Characteristics/Properties

Like other adult stem cells, HSCs are regulated and supported by the surrounding
tissue microenvironment, generally referred to as the stem cell ‘niche’. As already
discussed in detail in Chap. 3, the niche includes all cellular and non-cellular com-
ponents that interact in order to control the adult stem cell, and the reader is also
referred to a number of excellent recent reviews that specifically discuss the nature
of these in relation to the HSC in the bone marrow (Taichman 2005; Wilson and
Trumpp 2006; Li and Li 2006; Kiel and Morrison 2008; Raaijmakers and Scadden
2008; Mercier et al. 2011).

In brief, the current perception of HSCs in the bone marrow is that they reside at
the interface of bone and the bone marrow (the endosteum), but it remains uncertain
whether this interface itself is a niche, or whether endosteal cells secrete factors that
diffuse to nearby niches. Indeed, recent work from the laboratory of David Scadden
has shown that HSCs can reside in a niche that appears to involve a very close jux-
taposition of both osteoblasts and microvessel endothelial cells (Lo Celso et al.
2009). Vascular or perivascular cells may also create niches as many HSCs are
observed around sinusoidal blood vessels, and perivascular cells secrete factors that
regulate HSC maintenance.

It is important that the bone marrow niche should not be viewed as a static envi-
ronment, since both the hematopoietic and immune systems are required to respond
rapidly and adapt to the needs of the individual, it should therefore be regarded as a


http://dx.doi.org/10.1007/978-94-007-5690-8_3

10 Hematopoietic Stem Cells 263

fluid system that continually processes information from the organism as a whole
(Mercier et al. 2011). Much of the knowledge that we have obtained from studies of
the normal bone marrow microenvironment is leading us to a better understanding
of the ways in which leukemic stem cells (LSCs) can manipulate the niche to
enhance their survival and proliferation. Due to this adaptable nature of the bone
marrow niche it is becoming clear that it represents a novel therapeutic target, its
manipulation, for example by pharmacological enhancement of the number and
function of osteoblasts, being a potential way to augment the effectiveness of stem
cell therapies (Adams and Scadden 2008).

Much of the life of a HSC within its niche is one of inactivity in which it repli-
cates only relatively infrequently. This state of ‘quiescence’ is thought to be an
indispensable property for the maintenance of HSCs, protecting them from stress
and hence the accumulation of DNA mutations and enabling them to sustain life-
long hematopoiesis. The molecular mechanisms through which the niche controls
the HSC cell cycle to establish quiescence are beginning to be elucidated. For example,
it has been shown that the interaction of the Tie2 receptor tyrosine kinase with its
ligand Angiopoietin-1 leads to tight adhesion of HSCs to stromal cells, and mainte-
nance of their long-term repopulating activity (Arai et al. 2004). In spite of their
generally quiescent state, the normal homeostatic balance in the hematopoietic sys-
tem requires HSCs to be able to exit the niche and then achieve several transits
through vascular endothelium to be able to migrate through the blood, enter differ-
ent organs and then return back to the bone marrow. These processes of migration
and specific homing need to be amplified during stress-induced recruitment of leu-
kocytes from the bone marrow reservoir and during stem cell mobilization as part of
defense and repair. Both HSC mobilization (reviewed by Pelus and Fukuda 2008)
and homing (reviewed by Lapidot et al. 2005; Chute 2006) are also crucially impor-
tant in the context of clinical stem cell transplantation.

HSCs induced to exit the bone marrow and mobilize to the peripheral blood fol-
lowing treatment with granulocyte-colony stimulating factor (G-CSF) have become
the most widely used source of HSCs for engraftment and show significant superi-
ority to cells obtained directly from the bone marrow. In addition to G-CSF, the
growth factor SCF, adhesion molecules such as VLA-4 and P- and E-selectins,
chemokines, proteolytic enzymes such as elastase and cathepsin G, and various
matrix metalloproteinases (MMPs) have all been shown to have a role in stem cell
mobilization. The chemokine stromal-derived factor 1 (SDF-1 or CXCL12) and its
receptor CXCR4 are major players involved in the regulation of HSC mobilization
and homing. During steady-state homeostasis, CXCR4 is expressed by HSCs and
also by stromal cells, which are the main source for SDF-1 in the bone marrow.
Stress-induced modulations in SDF-1 and CXCR4 levels participate in recruitment
of immature and maturing leukocytes from the bone marrow reservoir to damaged
organs as part of host defense and repair mechanisms. The recent finding that murine
HSCs rapidly mobilized by the CXCR2 receptor agonist GROB show superior
repopulation kinetics and more competitive engraftment than the equivalent cells
mobilized by G-CSF demonstrates that the chemokine/chemokine receptor axis has
potentially superior therapeutic potential compared to the use of G-SCF (Fukuda
et al. 2007).
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In addition to the complex interplay with niche cells and diffusible mediators,
it has emerged recently that there is an element of dynamic regulation via neu-
rotransmitter signaling. Hence, ablation by genetic or chemical means of adrenergic
neurotransmission or administration of a B2 adrenergic agonist results, respectively,
in decreased or enhanced HSC mobilization indicating the involvement of norepi-
nephrine signaling in the process (Katayama et al. 2006; Spiegel et al. 2008).

HSC homing involves rolling and firm adhesion to endothelial cells in small mar-
row sinusoids under blood flow, followed by trans-endothelial migration across the
physical endothelium/extracellular matrix barrier, ultimately leading to access and
anchorage to their specialized niches. Like mobilization, this coordinated, multistep
process also involves signaling by SDF-1 and SCF, and activation of LFA-1, VLA-
4/5 and CD44 and a role for MMPs.

Although HSCs and their niche clearly have to persist throughout life, a number
of studies have shown that there are age-related changes in HSCs that have func-
tional consequences for the hematopoietic system and are likely the result of a com-
bination of cell-intrinsic and microenvironmental influences (for a review see
Dykstra and de Haan 2008). Studies of X-chromosome inactivation in elderly
females have suggested that the pool of HSCs normally diminishes with age, result-
ing in oligoclonal or even monoclonal hematopoiesis; however, by analyzing the
pattern of allele-specific gene expression, Swierczek et al. (2008) have provided
convincing evidence against this hypothesis and suggest that clonal hematopoiesis
is not a normal consequence of aging. Nevertheless, consideration of HSC differen-
tiation potential suggests that a degree of selection can operate. HSCs isolated from
young and aged donors have been reported to differ in functional capacity, the
complement of proteins on the cell surface, transcriptional activity, and genome
integrity (reviewed by Woolthuis et al. 2011). In the mouse, several hallmark
age-dependent changes in the HSC compartment have been identified, including an
increase in HSC numbers and a decrease in homing efficiency. Increased prolifera-
tion and decreased function with age can be correlated with dramatic alterations in
gene expression; one analysis of HSCs from mice aged 2-21 months identified
approximately 1,500 genes that were age-induced and 1,600 that were age-repressed
(Chambers and Goodell 2007). Genes associated with the stress response,
inflammation, and protein aggregation dominated the up-regulated expression
profile, while the down-regulated profile was marked by genes involved in the pres-
ervation of genomic integrity and chromatin remodeling. One gene in particular that
has attracted attention in this context, and may have implications for treatment strat-
egies, is the cyclin-dependent kinase inhibitor pl16INK4a, the level of which accu-
mulates and modulates specific age-associated HSC functions (Janzen et al. 2006).
Notably, in the absence of p16INK4a, HSC repopulating defects and apoptosis were
mitigated, improving the stress tolerance of cells and the survival of animals in suc-
cessive transplants, suggesting that therapeutic inhibition of genes such as p16INK4a
may ameliorate the physiological impact of ageing on stem cells. The differences in
‘aged’ behavior of HSCs were later explained by an accumulation of myeloid-biased
HSCs with age in both mice (Challen et al. 2010) and humans (Pang et al. 2011) at
the expense of lymphoid-biased cells (Cho et al. 2008). The fact that myeloid-biased
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HSCs from young and aged sources behave similarly in all aspects tested might
suggest that aging does not change individual HSCs.

There has been a growing appreciation over the last 15 years of the role that reactive
oxygen species (ROS) play in a variety of cellular processes. ROS are formed by the
partial reduction of oxygen and include superoxide (O,"), hydrogen peroxide (H,0,)
and the hydroxyl radical (OH") (Turrens 2003). ROS have been shown to regulate
cell cycle progression, cell motility and growth factor signaling in a variety of nor-
mal cell types (Valko et al. 2007). ROS production and consequent oxidative stress
has been linked to aging and degenerative disease (Sardina et al. 2012), although
beneficial effects of moderate levels of ROS have been noted (Goldstone et al. 1996;
Tatla et al. 1999). The importance of ROS in HSCs was made evident from studies
on mouse models in which genes involved in the regulation of ROS levels were
genetically reduced. For example, reduction of FOXO transcription factor function
leads to loss of HSC quiescence and self-renewal capacity (Jang and Sharkis 2007).
In the absence of external stimuli, FOXO proteins normally reside in the nucleus in
an active state, promoting cell cycle arrest, resistance to stress, apoptosis and ROS
detoxification (Coffer and Burgering 2007). Although it is evident that ROS levels
are crucial to the function of HSCs, the precise mechanisms affected are not clear.
There are actually distinct HSC niches in the bone marrow depending on oxygen
availability and the consequent levels of ROS. Hence, ROS™ and ROS"¢" HSCs
exhibit the same surface phenotype, but differ in that the population with lower ROS
levels displays higher self-renewal (Jang and Sharkis 2007). The association between
the oxidative state and HSC self-renewal capacity has led to interest in the manipu-
lation of ROS levels as a way to enhance BMT and to delay the aging of HSCs.

10.4 Differentiation Capacity and Their Precursors

What happens downstream of the HSC in the hematopoietic hierarchy is important
in a therapeutic context when considering the specific requirements for progenitors
and differentiated progeny to regenerate the normal homeostatic state. Work largely
emanating from the laboratory of Irving Weissman has defined committed progeni-
tors in the mouse that are immediately downstream of the most mature component
of the LSK compartment. These cells mark the first distinction between the lym-
phoid and myeloid lineages. The existence of a common lymphoid progenitor (CLP)
that can only give rise to T cells, B cells, and NK cells was first reported by Kondo
etal. (1997), who described a bone marrow Lin~ IL-7R* Thy-1- Sca-1' c-Kit" popu-
lation with these characteristics. A complementary clonogenic common myeloid
progenitor (CMP) that gives rise to all myeloid lineages was similarly defined by
Akashi et al. (2000) who also demonstrated that this cell can give rise to either
megakaryocyte/erythrocyte progenitors (MEPs) or granulocyte/macrophage pro-
genitors (GMPs). The resulting model, which proposes that the first lineage com-
mitment step of HSCs results in a strict separation into CLPs and CMPs, has been
challenged by the identification of a population of cells with lympho-myeloid
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differentiation potential, but that have lost the ability to adopt erythroid and
megakaryocyte lineage fates (Adolfsson et al. 2005). Hence, LSK HSCs that co-
express high levels of the tyrosine kinase receptor Flt3 were shown to sustain granu-
locyte, monocyte, and B and T cell potentials, but in contrast to LSK FIt3~ HSCs
failed to produce significant erythroid and megakaryocytic progeny. These cells
were termed lymphoid-primed multipotent progenitor (LMPP) cells. The equivalent
details of the hierarchy downstream of the HSC are yet to be fully elucidated in
humans, and it cannot be assumed that these will be comparable between species.
Using similar strategies for the identification of down-stream human progenitors,
populations corresponding to the mouse LMPP were also defined in humans (MLPs)
that sustained both lymphoid and myeloid lineages but excluded megakaryocytic/
erythroid potential (Hoebeke et al. 2007; Six et al. 2007; Goardon et al. 2011).

Such details of the pathways of commitment and differentiation of HSCs as
described above, and how these may differ during development, are becoming ever
more important in attempts to optimize the production of replacement hematopoi-
etic cells from ES cells. As for the definition of the HSC phenotype and functional
testing of HSCs in vivo, attempts to elucidate protocols for the induction of
hematopoietic differentiation from ES cells have been led by work in the mouse.
Although conditions have been worked out to enable the derivation of most mature
hematopoietic cell types from both mouse and human ES cells, it is important to be
aware of the developmental stage that these cells represent and the extent to which
it is possible to generate adult HSCs with repopulation potential (for reviews on the
derivation of hematopoietic cells from human ES cells see Bhatia (2007), Tian and
Kaufman (2008) and Moreno-Gimeno et al. (2010)). Following on from extensive
studies on the differentiation of hematopoietic cells from murine ES cells (reviewed
in Olsen et al. 2006), production from human ES cells was first described by
Kaufman et al. (2001) who employed co-culture with murine bone marrow stromal
or yolk sac endothelial cell lines. Amongst a number of subsequent modifications to
this strategy, Vodyanik et al. (2005) were able to obtain large numbers of CD34*
cells at greater than 95% purity using co-culture with the mouse stromal line OP9.
Although the latter ES cell-derived CD34* cells contained ALDH* Rh-123" cells
and were highly enriched in colony-forming cells, even after in vitro expansion,
they displayed a phenotype of primitive hematopoietic progenitors. A potential
solution to the problem of the stage of developmental maturity was found in the case
of mouse ES cell differentiation in that expression of HoxB4 in primitive progeni-
tors combined with culture on hematopoietic stroma induced a switch to the
definitive HSC phenotype capable of engrafting primary and secondary recipients
(Kyba et al. 2002).

Encouragingly, since the first successes with human ES cell differentiation into
HSC-like cells, conditions have been improved considerably leading ultimately to
the in vitro generation of HSCs with repopulation activity. For example, Narayan
et al. (2006) were able to engraft sheep using Lin~ CD34* or CD34* CD38" obtained
by culturing human ES cells on stromal feeders, their long-term engrafting potential
being confirmed by successful transplantation into secondary recipients. Similarly, using
co-culture with stromal cells, this time derived from mouse aorta-gonad-mesonephros
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(AGM) and fetal liver, Ledran et al. (2008) obtained cells expressing CD34 at day
18-21 of differentiation that were capable of primary and secondary hematopoietic
engraftment into immunocompromised mice at substantially higher levels than
described previously.

10.5 Potential Applications for Therapies

The utilization of stem cells in the clinic has already met with great success and
remains one of the most appealing prospects in regenerative medicine today. The
therapeutic use of HSCs pioneered in the 1950s through the development of BMT,
initially used matched siblings as donors but has subsequently come to involve the
use of partially matched or mismatched donors that although deemed necessary in
most situations can result in problems arising from immunogenic matching, result-
ing in rejection or graft-versus host disease (reviewed by Copelan 2006). A range of
diseases have been successfully treated by BMT, including principally cancers of
blood cells, but also other hematological disorders such as myeloproliferation, anemia
and genetic defects that cause immunodeficiency. BMT is also an option for treat-
ment of some inherited metabolic disorders that result from an enzyme deficiency
affecting cells in addition to, or other than, blood cells, but which can be amelio-
rated through the production of the deficient protein from engrafted donor blood
cells. The applications of BMT will be considered in much more detail in Chap. 26,
and here the discussion will focus on factors that might improve the prospects for
the therapeutic application of HSCs.

Possible improvements in HSC therapies can essentially be broken down into those
that increase the availability of suitable, preferably autologous cells in large numbers,
and those that maximize the efficiency of engraftment of the transplanted cells. The
latter prospect relates to understanding of the mechanisms of homing and the factors
that control niche occupancy as discussed above, and it is likely that this knowledge
will have a significant impact in the years to come. To date, means to improve the
availability of HSCs for BMT have received far more attention. Roughly 30% of
patients requiring BMT have a matched sibling, while another 50% potentially have a
good match to an individual amongst the nine million registered donors worldwide,
although less than half of these will actually receive a donation. Although cord blood
is a viable alternative source of HSCs it is not ideal because it only contains a limited
number of HSCs, so that ex vivo expansion is almost certainly necessary. Ex vivo
expansion of HSCs in combinations of cytokines and other soluble factors, designed
to mimic the signals provided within the niche, has met with mixed success, although
more recently quite significant degrees of amplification in the numbers of cells retain-
ing engraftment potential have been achieved. For example, using a combination of
SCEF, Flt3 ligand (FL), thrombopoietin (Tpo) and IL6, two independent groups
achieved significant expansion of CD34* cord blood cells that retained the capacity to
repopulate NOD/SCID mice (Kusadasi et al. 2000; Ueda et al. 2000). Direct manipu-
lation of molecular mechanisms that are linked to proliferation and self-renewal is
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another potential way to expand stem cells and ectopic over-expression of the
transcriptional regulator HoxB4 has proved to be effective at inducing rapid, exten-
sive, and highly polyclonal expansions of murine HSCs that retained full lympho-
myeloid repopulating potential and enhanced in vivo regenerative potential (Antonchuk
et al. 2002). Other approaches that have been investigated include the use of fibroblast
growth factors (FGFs), in particular FGF 1 and 2, which can maintain long-term
repopulating activity of mouse bone marrow HSCs in vitro (de Haan et al. 2003; Yeoh
et al. 2006), while the Notch ligand Delta 1 has a moderate effect in enhancing the
expansion of SRUs in cultures of cord blood CD133* cells employing the SCF, FL,
Tpo, IL-6 cocktail of factors described above (Suzuki et al. 2006). Perhaps the greatest
success has come from the laboratory of Harvey Lodish who identified angiopoietin-
like 2 and angiopoietin-like 3 proteins as factors produced by HSC-supportive mouse
fetal liver CD3" cells (Zhang et al. 2006). These produced a roughly 30-fold expan-
sion of long-term HSCs in culture, which has subsequently been applied to human
cord blood cells by developing a serum-free culture containing SCF, TPO, FGF-1,
angiopoietin-like 5, and IGFBP2 (Zhang et al. 2008).

Many believe that the solution to producing more cells for transplantation lies in
the derivation of HSCs from alternative sources, and a number of options have been
considered in order to achieve this goal. The prospect of in vitro production of HSCs
as a futuristic potential supply for BMT derived from ES cells is an exciting oppor-
tunity for regenerative medicine as they represent a theoretically unlimited source
of HSCs. Nevertheless as for cord blood-derived HSCs there are at present significant
limitations to the number of appropriate cells that may be obtained.

As discussed already, ES cells can be differentiated into HSCs with repopulating
capability and it may soon be possible to produce these in quantities that are
sufficient for clinical application. However, the use of ES cell-derived HSCs is ulti-
mately limited because they are unlikely to be perfectly matched to the donor and
ethical consequences of the generation of human embryos for therapeutic applica-
tions must be considered. Alternatively, what if ES cells could be made that match
every individual so that truly personalized stem cell transplantations would become
a reality? Efforts have been made to do just this with ES-like cells being generated
through processes such as nuclear transfer, involving either the fusion of ES cells
with somatic cell or the transfer of somatic nuclear contents into an oocyte (Wilmut
et al. 1997).

The real breakthrough came in 2006 when the Japanese researcher Shinya
Yamanaka showed that it is possible to convert normal differentiated adult cells,
firstly from the mouse (Takahashi and Yamanaka 2006; Okita et al. 2007) and then
from humans (Takahashi et al. 2007), to become like ES cells by forced expression
of specific pluripotent genes; namely OCT4, SOX2, KLF4 and c-MYC. These cells,
which are usually referred to as induced pluripotent stem (iPS) cells, have the addi-
tional advantage that their generation does not involve the use of an embryo bypass-
ing many ethical concerns. The subsequent demonstration that iPS cells can be, like
ES cells, differentiated into HSCs (Hanna et al. 2007; Schenke-Layland et al. 2008;
Niwa et al. 2009) means that they offer the real prospect of limitless autologous
HSC:s for all. Of course there are many details yet to be ironed out, but the progress
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in this area of stem cell science is nothing if not meteoric (see Hochedlinger and
Plath (2009) and Robinton and Daley (2012) for reviews). Interestingly, a recent
study has shown that immature hematopoietic cells derived from human iPS cells
are more permissive to engraft the bone marrow of xenotransplantation recipients
compared to phenotypically identical cells obtained from ES cells, although these
HSCs failed to demonstrate multilineage differentiation unless they were removed
from the animal, a phenomenon that could be attributed to their inability to down
regulate key micro RNAs involved in hematopoiesis (Risuefio et al. 2012).

The considerable recent effort in reprogramming cell phenotype towards a pluri-
potent state has also led to renewed interest in trans-differentiation directly from
one cell type to another, without progressing through an iPS cell stage. This has
been achieved, with varying degrees of success, for a number of cell types, includ-
ing neural cells, cardiomyocytes and hepatocytes. One potentially exciting advan-
tage of a trans-differentiation approach is that it may be possible more easily
to produce mature cells with an adult rather than embryonic or fetal phenotype.
To date, this approach has achieved only limited success with respect to hematopoi-
etic cells, although the laboratory of Mickie Bhatia has been able to demonstrate
direct conversion of human fibroblasts to multilineage blood progenitors through
ectopic expression of Oct4 (Szabo et al. 2010).

The ability to produce iPS cells, and consequently patient-specific HSCs, also
offers the exciting prospect that inherited blood-related disorders might be cor-
rected. Proof-of-principle for this concept was first provided by the laboratory of
Rudi Jaenisch who created a humanized sickle cell anemia mouse model, which
was then rescued after transplantation with HSCs obtained in vitro from autologous
iPS cells in which the mutant hemoglobin allele had been reverted to the normal
sequence by gene-specific targeting (Hanna et al. 2007). A second important proof-
of-principle, this time with human cells, has been the demonstration that somatic
cells from Fanconi anemia patients can be used to generate iPS cells in which the
Fanconi-anemia defect could be corrected by over expression of the normal version
of the affected protein and then used to give rise to hematopoietic progenitors of the
myeloid and erythroid lineages that are disease-free (Raya et al. 2009).

Although these exciting advances in iPS cell technology generate the prospect of
patient-specific stem cell therapies, the transition from the bench to the patient bed-
side is still some distance into the future. Numerous obstacles must be overcome
before these therapies are put into routine practice. Firstly, the original methods of
iPS cell generation utilized retroviruses as the vectors to infect cells to initiate the
expression of the pluripotent genes. This process would be entirely unacceptable in
the clinic since retroviruses are known cancer-causing agents (Okita et al. 2007).
New methods of generation of iPS cells have evolved with the means to remove the
oncogenes after the induction of pluripotency reducing the risk of tumorigenesis
(Yu et al. 2009).

Although it is some distance into the future before these techniques are put into
clinical practice, the generation of HSCs from iPS cells from patients can be used in
the present for phenotypic based drug screens in complex diseases for which the
under-lying genetic mechanism is unknown.
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10.6 Conclusions and Future Development in Research

Research into the nature and application of HSCs has come a long way since the
earliest forays into transplantation of bone marrow into patients. Apart from the
highly detailed understanding that we now have of the molecular and cellular char-
acteristics of HSCs and ways in which they can be manipulated and used for clinical
benefit, research in this area has provided the guiding light for the whole field of
stem cell biology. The means of identifying and purifying HSCs and the sophisti-
cated in vitro and in vivo tests that have been developed to assay their potential have
been adopted and modified for the investigation of the now burgeoning array of
stem cells that play roles in both development and the maintenance of adult tissues.
The study of HSCs illustrates so well how investigations in animal models, in par-
ticular the mouse, can inform studies in man and how they can provide important
pre-clinical information on the potency and behaviour of stem cells following ex
vivo expansion or on ways in which to improve the efficiency of engraftment once
cells are introduced into the recipient.

The improvements in the ability of clinicians to treat patients more effectively
with transplantations as a result of the increasing knowledge of HSCs are likely to
be given an even greater boost as a result of the astonishing developments in the
ability to generate pluripotent stem cells and to then use these to produce HSCs with
long-term engraftment potential. Apart from the chance to treat more people suc-
cessfully, there has now opened up the real prospect that individuals born with
genetic defects that affect blood cell production or function, as well as some other
inherited disorders such as those affecting aspects of metabolism, can expect to
have their deficiencies corrected by gene targeting in iPS cells generated from noth-
ing more than a few skins cells.

For sure there are many hurdles yet to be overcome, but the future looks very
exciting.
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