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The recent prospective isolation of a wide variety of
somatically derived stem cells has affirmed the notion
that homeostatic maintenance of most tissues and
organs is mediated by tissue-specific stem and pro-
genitor cells and fueled enthusiasm for the use of
such cells in strategies aimed at repairing or replacing
damaged, diseased, or genetically deficient tissues
and organs. Hematopoietic stem cells (HSCs) are ar-
guably the most well-characterized tissue-specific
stem cell , with decades of basic research and clinical
application providing not only a profound under-
standing of the principles of stem cell biology, but
also of its potential pitfalls. It is our belief that emerg-
ing stem cell fields can benefit greatly from an under-
standing of the lessons learned from the study of
HSCs. In this review we discuss some general con-
cepts regarding stem cell biology learned from the
study of HSCs with a highlight on recent work
pertaining to emerging topics of interest for stem
cell biology. (Am J Pathol 2006, 169:338–346; DOI:
10.2353/ajpath.2006.060312)

Although primarily comprised of terminally differenti-
ated postmitotic effector cells, many tissues are be-
lieved to retain minor populations of stem cells capable
of replenishing cells that are lost through wear and
tear, injury, and disease. An emerging body of evi-
dence, including the prospective isolation of stem cells
from a number of different tissues and organs,1– 6 sug-
gests that the homeostatic maintenance of most tis-
sues capable of regeneration and repair is ultimately
mediated by such tissue-specific stem cells. Along
with embryonic stem cells, tissue-specific stem cells
have the ability to self-perpetuate through a process
known as self-renewal, in addition to being capable of
giving rise to mature effector cell types in a sustained

manner through differentiation. The combination of
these properties has positioned stem cell biology at the
forefront of regenerative medicine, the ultimate goal of
which is to harness the potential of stem cells to de-
velop strategies aimed at treating heritable, malignant,
or degenerative conditions.

In the hematopoietic system, the properties of differ-
entiation, multipotentiality, and self-renewal were first
demonstrated more than 40 years ago through a series
of seminal experiments demonstrating the ability of a
subset of cells within the bone marrow (BM) to form
macroscopic colonies on transplantation into the
spleens of lethally irradiated recipient animals.7 Such
colonies, termed colony-forming unit spleen (CFU-S),
were found to contain differentiated progeny of multi-
ple blood lineages,7 and a subset of these colonies
could reform CFU-S when transplanted into secondary
hosts.8 Although originally believed to be derived from
hematopoietic stem cells (HSCs), it is noteworthy that
the CFU-S described by Till and McCulloch7 were later
found to be derived from more committed progenitor
cells,9 thus providing an important lesson regarding
the complexity of stem and progenitor cell biology. The
pioneering experiments by Till and McCulloch were
nonetheless instrumental in launching the field of adult
stem cell biology through their fundamental demon-
stration of the concepts of self-renewal and multipoten-
tiality, which remain key defining properties of all stem
cells. Their work also ignited a flurry of investigations
aimed at identifying, functionally characterizing, and
purifying HSCs.

HSCs were the first tissue-specific stem cells to be
prospectively isolated10 and are the only stem cells in
routine clinical use to date, with extensive use of HSC-
containing grafts being used in the treatment of a variety
of blood cell diseases such as leukemias and autoim-
mune disorders.11 A number of important experimental
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breakthroughs underlie the success of HSC biology.
These include the development of in vitro and in vivo
assay systems making evaluation of lineage potential and
self-renewal possible, as well as technological advances
involving fluorescence-activated cell sorting and mono-
clonal antibody technology, together allowing discrimina-
tion and functional evaluation of minor cellular subsets at
a clonal level. The breadth of studies detailing the funda-
mental cellular and molecular properties of HSCs, in ad-
dition to work aimed at exploiting their clinical potential,
provides a framework from which emerging stem cell
fields should be able to gain insight. In this review we
attempt to highlight some of the conceptual lessons that
have been learned through the study of HSCs, which we
believe will be fundamentally applicable to the charac-
terization of other stem cells and will expedite their trans-
lation to the clinic.

Stem and Progenitor Cell Hierarchy:
Proliferation and Protection

The regenerative potential of all stem cells rests on their
ability to generate mature effector cell types through
processes of differentiation. In the hematopoietic system,
HSCs reside at the top of the hematopoietic hierarchy
and give rise to functional effector cells of at least nine
distinct types produced from HSCs in successive differ-
entiation processes of increasingly committed progenitor
cells (Figure 1). Because of the very short life span of
most effector cells, mature blood cell production is an
ongoing process with estimates suggesting the produc-
tion of 1.5 � 106 blood cells every second in an adult
human. This high turnover rate necessitates profound
homeostatic control mechanisms, the primary level of
which resides with the HSCs. However, because of the

Figure 1. Model of the hematopoietic developmental hierarchy. Self-renewing HSCs reside at the top of the hierarchy, giving rise to a number of multipotent
progenitors. Multipotent progenitors give rise to oligo-potent progenitors including the CLP, which gives rise to mature B lymphocytes, T lymphocytes, and natural
killer (NK) cells. The common myeloid progenitor (CMP) gives rise to granulocyte-macrophage progenitors, which differentiate into monocytes/macrophages and
granulocytes, and megakaryocyte/erythrocyte progenitors, which differentiate into megakaryocytes/platelets and erythrocytes. Both CMPs and CLPs have been
proposed to give rise to dendritic cells. The cell surface phenotype of many of these cell types is shown for the murine and human systems. It should be noted
that certain markers such as Thy1.1 and ScaI are only informative in some but not all mouse strains. Development from the oligo-potent progenitors to mature
blood cells proceeds through a number of intermediate progenitors (not shown). It should be noted that the absolute lineage potential and developmental
relationships of some of the subsets indicated have not yet been fully resolved. For example, evidence suggests that the megakaryocyte and erythrocyte lineages
may originate from a multipotent progenitor and not pass through a CMP intermediate. The developmental passage of HSCs through multipotent progenitors,
oligo-potent progenitors, and lineage-specific progenitors is generally associated with increases in proliferative index although this trend is not absolute and has
not been resolved for all stages of development. The capacity to efflux dyes such as Hoechst 33342 or rhodamine-123 (termed side population activity) is restricted
to HSCs and its immediate multipotent progenitors. It should be noted that although the different multipotent progenitor subsets in mice have been functionally
resolved to a significant degree, this is not true of the human system. We therefore believe that cells defined as human HSCs by the cell surface markers
Lin�CD90�CD38�CD34� are likely to include one or more multipotent progenitor populations.
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enormous proliferative and developmental capacity of
the more committed multipotent, oligo-potent, and lin-
eage-restricted progenitor cells within the hematopoietic
hierarchy, a significant degree of homeostatic control of
mature blood cells is also mediated at the level of these
progenitors.

The immediate progeny of HSCs are multipotent pro-
genitor cells that retain full lineage potential yet have a
limited capacity for self-renewal. The therapeutic poten-
tial of these transiently reconstituting multipotent progen-
itors is nonetheless very high because they are capable
of more rapidly reconstituting myeloablated recipients
than HSCs and are significantly more abundant than
HSCs and therefore more readily obtainable. Indeed,
evidence suggests that the lymphoid correction of some
severe combined immunodeficiency (SCID) patients re-
ceiving MHC-matched grafts may be attributable to tran-
siently reconstituting progenitors and not HSCs, based
on data showing an absence of CD34� BM chimerism in
otherwise lymphoid reconstituted SCID patients.12 In
support of this, we have demonstrated that transiently
reconstituting multipotent progenitor subsets are capable
of giving sustained functional lymphoid reconstitution suf-
ficient to rescue the lymphoid deficiencies seen in sev-
eral mouse models of SCID.13 However, as such progen-
itor cells are incapable of prolonged self-renewal and are
therefore only capable of reconstituting myeloid lineages
throughout the short term, they do not represent the cell
of choice in settings in which permanent reconstitution of
all blood lineages is desired.

Multipotent progenitors in turn give rise to oligopotent
progenitors, which possess more restricted developmen-
tal potential. This appears to represent a branching point
in the hematopoietic hierarchy with the common lym-
phoid progenitor (CLP) giving rise to mature lymphoid
effector cells including B, T, dendritic, and natural killer
(NK) cells but lacking the potential to form myeloerythroid
cells14 and myeloid progenitor subsets capable of giving
rise to mature myeloerythroid effector cells yet lacking the
capacity to form lymphoid progeny.15 Such oligo-potent
progenitors in turn give rise to more lineage-restricted
progenitors from which all of the mature blood cells even-
tually arise. Although questions remain regarding the
absolute lineage potential of the different hematopoietic
progenitor subsets and their relationship to one another,
there is wide consensus that the sequential differentiation
of HSCs through progenitors to fully differentiated blood
cells is a primarily irreversible process under normal
physiological steady-state conditions.

The multitiered differentiation scheme of hematopoietic
differentiation has several intrinsic advantages. Firstly it
allows for an enormous amplification in the numbers of
differentiated cells from a single stem cell. This is
achieved by combining different steps in differentiation
with increases in proliferative potential (Figure 1).16,17

This feature has the added advantage of being able to be
fine-tuned to suit the homeostatic demands of a given
effector cell type. For example, granulocyte-macrophage
progenitors, which gives rise to mature granulocytes that
turn over very rapidly, have a very high proliferative in-
dex, whereas the CLP has a lower proliferative index,17

presumably resulting from the fact that the progeny of the
CLP are more long-lived B and T cells, which themselves
are capable of extensive proliferation during maturation.

The hierarchical differentiation scheme also has the
effect of putting very little proliferative pressure on HSCs
themselves, which cycle very infrequently and primarily
reside in the G0 phase of the cell cycle.18 The minimal
proliferative pressure on stem cells has the benefit of not
subjecting them to the potentially mutagenic hazards of
DNA replication and cell division, and may thus contrib-
ute to the integrity and longevity required of these cells.
Furthermore, because G0 is a relatively metabolically in-
active phase of the cell cycle, it has been suggested that
stem cells may therefore be subjected to lower levels of
damage-inducing metabolic side products and reactive
oxygen species than more metabolically active differen-
tiated cell types.19 The concept that stem cells may be
uniquely protected is supported by findings demonstrat-
ing that stem cells express high levels of numerous ABC/
MDR transporter genes,19,20 whose products are known
to have physiological roles in cytoprotection. This prop-
erty has in fact been extensively exploited as a strategy to
enrich for stem cells by virtue of their ability to efflux
intravital staining dyes such as rhodamine-12321 or
Hoechst 33342.22

An increasing amount of data has suggested that
many cancers are derived and maintained by small sub-
sets of cells, commonly referred to as cancer stem cells,
which exhibit many of the properties of normal tissue-
specific stem cells including the capacity for unlimited
self-renewal.23 The extent to which cancer stem cells are
derived from tissue-specific stem cells themselves, or are
the result of transformation events that imbue other cell
types with stem cell-like properties, is currently under
intense investigation and is likely to differ in different
types of cancers. However, if acquisition or retention of
cytoprotective properties is a characteristic feature of
cancer stem cells, this would have significant clinical
implications because it suggests that eradication of can-
cer stem cells might be more difficult to achieve than that
of more mature cell types comprising a tumor. This pos-
sibility might help explain why numerous cancer thera-
pies are able to shrink tumors but not eradicate them or
why some cancers acquire drug resistance as they
progress.24

Heterogeneity Within

The ability of HSCs to permanently reconstitute myeloa-
blated recipients in all blood cell lineages is the most
rigorous criteria for evaluating HSC activity and consti-
tutes the basis for the success of BM transplantation.
Nonetheless, it has become apparent that a number of
clinical applications would greatly benefit from a more
refined ability to identify and purify HSCs. For example,
transplantation of purified HSCs in the allogeneic setting
circumvents development of acute or chronic graft-ver-
sus-host disease by eliminating immunoreactive T cells
from the graft.25 Moreover, because donor HSC-derived
lymphocytes that develop in a transplant recipient ac-
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quire tolerance to both donor and host histocompatibility
antigens, there is a strong basis for using purified HSC
transplants as a preparative regimen for solid organ
transplants.11,26 Furthermore, the purification of HSCs
from cancer patients and their subsequent reintroduction
after radiation or chemotherapy is clearly a superior strat-
egy to the reintroduction of unfractionated BM cells that
might otherwise return cancerous cells back to the pa-
tient.11,27 Purification of HSCs has therefore been the
focus of intensive study during the last decades.

In mice, most if not all long-term multilineage HSC
activity resides within the minor c-kit-positive, lineage-
negative, and Sca-1-positive fraction (KLS cells) of mu-
rine BM. However, although KLS cells are enriched for
HSC activity when compared to whole BM (�1000-fold),
the vast majority of KLS cells are multipotent progenitors,
and only �1/30 KLS cells are actually stem cells capable
of long-term multilineage repopulation (D.B., D.J.R., and
I.L.W., unpublished). Because the multipotent progeni-
tors that comprise the KLS fraction retain some but not all
stem cell properties, caution should be taken when draw-
ing conclusions about stem cell activity based on only a
KLS phenotype as is prevalent in the literature. For ex-
ample, it is well documented that the transiently recon-
stituting multipotent subsets comprising the KLS fraction
are capable of giving rise to lymphoid cells that can
display extensive longevity in transplant experiments.
Thus, long-term reconstitution of B and T cells after trans-
plantation does not necessarily reflect stem cell engraft-
ment or function, stressing the importance of using puri-
fied stem cells in combination with reliable analyses of
the more short-lived myeloid lineages (such as granulo-
cytes) for evaluation of stem cell function.28 These points
are made all of the more relevant with evidence that the
frequencies and function of the different subsets in the
KLS compartment can be significantly altered in different
physiological settings such as aging.19

The heterogeneity of the murine KLS compartment has
been directly revealed with the use of additional cell
surface markers that enrich for HSC activity including
CD34,29 flk2,30,31 Thy1.1,10 CD105 (Endoglin),32 CD150
(Slamf1),33 or by exploiting their differential dye efflux
activity.21,22,34 In Figure 2 we present a meta-analysis of
HSC staining profiles using the most effective HSC mark-
ers to illustrate the phenotypic complexity and heteroge-
neity of the primitive hematopoietic compartment (Figure
2). In addition to the phenotypic heterogeneity of HSCs,
recent data has also demonstrated a significant degree
of functional heterogeneity between different HSC
clones, raising the possibility of the existence of a num-
ber of functionally distinct HSC subsets that are able to
retain characteristic functional attributes such as differ-
ential propensities to differentiate into certain lineages
(lineage bias), even throughout serial transplantation.35

However, until such functionally distinct HSCs are pro-
spectively isolated and their intrinsic properties function-
ally confirmed, other interpretations remain viable such
as the possibility that HSCs exhibit distinct heritable func-
tional characteristics as a consequence of the specific
microenvironments they seed (discussed below). How-
ever, these are not mutually exclusive because distinct

stem cell subsets could conceivably preferentially seed
distinct locations.

Stem Cell Fate Choice: Molecular and
Cellular Underpinnings of Differentiation and
Self-Renewal

One of the major objectives of stem cell biology is to
understand the cellular and molecular processes under-
lying HSC fate choice. In recent years a substantial
amount of progress has been made using microarray
technology to identify unique gene expression patterns
associated with lineage commitment.36–38 One surpris-
ing finding of these studies is the discovery that HSCs
express a great diversity of transcripts, including a wide
range of genes originally believed to be restricted to
more mature and lineage-committed cell types. The find-
ings of these genome-wide expression studies had in fact
been foreshadowed by earlier studies using single-cell
polymerase chain reaction strategies that had suggested
that such promiscuous transcription of lineage-associ-
ated transcripts was necessary to prime primitive pro-
genitor cells for differentiation toward downstream
fates.39,40 An alternative interpretation posits that stem
cells possess global transcriptional accessibility and that
it is the step-wise restriction of locus accessibility that
underlies lineage specification.37 Interestingly, some ge-
netic components appear to be capable of specifying
cell fate on their own, acting as master lineage specifi-
cation regulators. This has been exemplified in experi-
ments in which cell fate was switched from one commit-
ted cell type to another on overexpression of IL2R or
GM-CSF receptors,41 GATA-1,42 or C/EBP�/�.43 An ad-
ditional mechanism of lineage specification was revealed
in experiments in which ablation of the transcription fac-
tors Pax5 or GATA-1 in lineage-restricted progenitors
was found to be sufficient to despecify their B-cell and
erythroid fate, respectively, and allow a multilineage de-
velopmental potential.44,45 These studies suggest a
model in which potent transcriptional regulators can lock
fate decisions in place by limiting transcriptional acces-
sibility to molecular programs associated with alternative
lineage fates.

It has been suggested that deregulation of global gene
expression patterns might allow HSCs to acquire nonhe-
matopoietic fates.46 A large number of reports have en-
tertained the idea that HSCs have the potential to trans-
differentiate into a range of nonhematopoietic cell types
including hepatocytes, skeletal muscle fibers, cardiomy-
ocytes, neuronal cells, and various types of epithelial
cells. The converse has also been reported, with a range
of nonhematopoietic cell types said to be able to give rise
to multilineage hematopoiesis on transplantation. The
conclusions of most of these original reports have been
primarily refuted by various experimental means, and
little evidence remains to support the idea that HSCs
possess any true nonhematopoietic differentiation poten-
tial. Space constraints hinder us here from going into this
topic in more detail but we refer the reader to other
specialized reviews on this topic.47–49
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In addition to producing differentiated progeny, stem
cells also have the capacity for self-renewal, which en-
sures that stem cell reserves are not exhausted through-
out time. Experiments have demonstrated the ability of
HSCs to maintain stem cell function after multiple serial
transplantations,50 or after repetitive injections of chemo-
therapeutic agents that force HSCs into cycle,51 suggest-
ing that the life span of HSCs far exceeds that of the
individual itself. For HSCs, self-renewal is traditionally
evaluated through serial transplantation experiments in
which HSCs transplanted into primary recipients are rei-
solated and transplanted into secondary recipients. How-
ever, because such experiments rely on retrospective
analysis of the contribution to mature blood cell produc-
tion from donor HSCs, it remains possible that deficits in
serial transplant ability are as likely to reflect defects in
HSC differentiation potential or engraftment as they are
in self-renewal. Thus, from a conceptual point of view,
assaying self-renewal based on these experimental cri-

teria is problematic because they ultimately do not permit
the dissection of HSC differentiation potential from HSC
self-renewal potential. This point has recently been illus-
trated in the context of HSC aging wherein it was found
that although HSCs isolated from old mice had a severely
diminished capacity to generate mature B cells in trans-
plantation experiments compared to young control mice,
the ability of aged HSCs to give rise to themselves
through self-renewal was in fact increased as revealed by
directly assaying donor-derived HSC frequencies in the
BM of recipient mice.19

The scarcity of HSCs in vivo, along with the clinical
benefits of using higher HSC doses in the transplantation
setting—which facilitates faster recovery after myeloab-
lative treatments52—has led to extensive efforts aimed at
promoting HSC self-renewal in vitro to facilitate expansion
of stem cell numbers. In addition to numerous hemato-
poietic-specific cytokines that have demonstrated roles
in HSC self-renewal such as kit ligand,53 thrombopoi-

Figure 2. Heterogeneity within the primitive hematopoietic compartment. A: Cell surface staining of the murine KLS compartment with markers that enrich for
stem cell activity. In bone marrow, all HSC activity is found within the lineage-negative (orange box: negative for antigens found on mature blood cells including
B220, Mac1, Gr-1, Il7R�, Ter119, CD3, CD4, CD8) and ScaIhigh and c-kithigh fractions (small green box). Because only �1 in 30 cells in the KLS compartment
is a long-term multilineage reconstituting HSC, additional cell surface markers are used to enrich for HSC activity as illustrated in the expanded green box. These
include positive cell surface markers such as Thy1.1, CD105 (Endoglin), and CD150 (Slamf1), in addition to negative markers including CD34, CD48, and flk2.
In each fluorescence-activated cell sorting plot, the pink box denotes where HSC activity is found as determined by transplantation experiments performed by
others and ourselves. It should be noted that the staining combinations shown only represent enrichment strategies, and combinations of numerous markers are
recommended to further enrich for HSC activity. For example, although flk2 negativity and Thy1.1 positivity enrich for HSC activity from the KLS compartment,
the addition of CD34 negativity adds additional significant enrichment of HSC activity. It should also be noted that Thy1.1 expression is only useful as a marker
on HSCs if using mouse strains carrying the Thy1.1 allele, and selection based on negativity for CD34 requires the use of mice of more than 8 weeks of age. B:
Cell surface marker distribution within the fraction of bone marrow cells exhibiting the highest ability to efflux Hoechst 33342 (side population tip cells). HSC
activity is only found within the pink boxes of each plot as determined by transplantation experiments performed by others and ourselves.
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etin,54 and members of the gp130 family,55 several other
signal transduction pathways with known roles in the
biology of stem and progenitor cells of other tissues have
also been implicated in HSC self-renewal, suggesting
that stem cells from diverse tissues may use common
pathways to mediate fundamental processes. Such reg-
ulators include Wnt,56 Notch,57 Shh,58 FGF-1,59 Igf2,60

Bmi-1,61 and angiopoietin-like proteins.62 Despite con-
siderable effort, however, strategies aimed at the in vitro
expansion of HSCs in an undifferentiated state have thus
far failed to reach a stage of extensive clinical utility. This
has prompted alternative approaches aimed at directing
pluripotent embryonic stem cells toward more restricted
stem cell fates. The recent demonstration that cells ca-
pable of faithfully recapitulating the functional potential of
adult HSCs can be generated from embryonic stem cells
through ectopic expression of Hoxb463 is significant be-
cause such an approach should not, in principle, be
restricted by cell numbers. The combination of this ap-
proach with therapeutic cloning to correct a severe im-
mune cell disorder64 is proof of principle that such strat-
egies can be used for clinical application.

Opening the Stem Cell Niche

In 1978 Schofield hypothesized the existence of cells in
the proximity of stem cells, termed the stem cell niche,
that have the ability to extrinsically exert influence on
stem cell behavior.9 Indeed, a large body of evidence
from a number of stem cell systems validated this hypoth-
esis by affirming the critical importance of stem cell/niche
interactions and localized extracellular signals in regulat-
ing stem cell self-renewal and differentiation. The ability
to re-establish or recapitulate functional stem cell/niche
interactions will therefore likely be critical to the long-term
success of any tissue-specific stem cell therapy. This
concept is precisely illustrated in the BM transplantation
setting in which the success of the transplant is contin-
gent on the ability of HSCs to home to and seed appro-
priate supportive niches after intravenous injection. Yet,
although interactions between HSCs and the stem cell
niche constitute one of most important aspects of HSC
biology, it remains one of the least well understood. This
is attributable primarily to the fact that although other
tissue-specific stem cells have a more precise knowl-

Figure 3. Modeling HSC functional capacity in the context of divergent stem cell niches and pathogenesis. Three models of HSC/niche functional interaction are
depicted under normal steady-state homeostatic conditions (left) and pathogenic conditions, or conditions in which loss of homeostatic control is manifested at
the stem cell level (right). In model 1 (top left), all HSCs have the same functional capacity regardless of association with osteoblastic or endothelial niche cells.
Pathogenic change at the stem cell level is cell intrinsic in this model (top right) and is independent of divergent niche interactions. In model 2 (middle left),
functionally distinct HSCs exist (greater or lesser lineage potential, self-renewal, homing capacity, and so forth), and their functional identity is cell intrinsic and
independent of interactions with divergent niches. Stem cell pathogenic change in this model (middle right) may be characterized by the selective expansion
or loss of distinct HSC subsets independent of divergent niche interactions. In model 3 (bottom left), the functional identity of HSCs is dependent on interactions
with divergent microenvironments and is therefore not cell intrinsic. Stem cell pathogenic change in this model (bottom right) is characterized by the selective
expansion or loss of specific niche subtypes.
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edge of the anatomical location of resident stem and
niche cells,62 the histological complexity of the BM, the
paucity of HSCs, the difficulty of their definitive identifi-
cation, and the use of immunohistological techniques that
do not allow for functional evaluation of niche-localized
HSCs have proven particularly challenging for the defin-
itive characterization of the HSC niche.

Early experiments suggested that HSCs were enriched
in the BM at sites adjacent to the endosteal surface of the
bone.65 Support for this model has emerged through a
number of studies including those that tracked trans-
planted HSCs to the endosteal surface.66 Furthermore,
studies using genetically modified mice have specifically
implicated a subset of osteoblasts at the endosteal sur-
face as critical components of the HSC niche (Figure 3),
which are thought to exert an influence over HSC function
through parathyroid hormone/Notch,67 Bmp,68 and Tie2/
Ang-1 signaling.69 That such osteoblastic subsets would
constitute the sole HSC niche has, however, been re-
cently challenged with evidence suggesting that HSCs
may also reside in close association with sinusoidal en-
dothelium (Figure 3).33 The suggestion that different an-
atomical locations comprised of divergent cell types
might represent different HSC niches, raises the possi-
bility that divergent niches might impact the functional
capacity of HSCs in different ways, perhaps by differen-
tially regulating self-renewal, or lineage outcome (Figure
3). This idea is consistent and complementary to a body
of data describing the existence of subsets of functionally
distinct HSCs.35 Moreover, the selective expansion/re-
duction of different subsets of niches could conceivably
contribute to pathophysiological conditions character-
ized by alterations in HSC self-renewal or lineage poten-
tial (Figure 3). For example, advanced aging of C57BL
strains of mice, characterized by a large expansion of the
steady-state HSC pool size,19,70–72 and a concomitant
loss of B-lymphocyte differentiation potential19,71 could
be underwritten in part by the selective expansion of
niches supporting HSC self-renewal and a loss of niches
that support B-lymphocyte development. This possibility
is consistent with observations demonstrating that these
functional characteristics of HSC aging are transplant-
able into young recipients, and are therefore cell intrin-
sic19 despite perhaps being ultimately underwritten by
the selective expansion or retraction of different HSC
niches with age. Alternatively, the functional alterations
that underlie HSC aging may be ultimately mediated by
cell-intrinsic changes in the gene expression in HSCs as
a consequence of age that might be completely indepen-
dent of any alterations in the aged microenvironment19

(Figure 3).
Experiments using parabiosis of genetically marked

strains of mice demonstrated that HSCs constitutively
migrate through the blood and are able to re-engraft
unconditioned BM to resume HSC function.73 Although
myeloablative conditioning had been thought to be re-
quired to liberate niche space to allow functional HSC
engraftment, the demonstration that HSCs can exit and
re-enter niches without prior conditioning suggested that
these interactions are dynamic and not as static as had
been supposed. Indeed, we have recently shown that at

any time �0.1 to 1% of all HSC niches are open and
available for productive HSC engraftment without any
myeloablative conditioning and that HSC engraftment of
such rare niches allowed for complete rescue of the
immunodeficiency exhibited in SCID mice.74 Access to
these niches was determined to be restricted at least
partly through immunosurveillance by CD4� T cells that
are capable of mediating rejection by recognition of even
subtle histocompatibility differences.74 Accordingly, tran-
sient immunodepletion of CD4� T cells was sufficient to
allow functional engraftment of minor histocompatibility-
mismatched HSCs capable of rescuing SCID lymphoid
deficiency. Importantly, these experiments suggest a
general mechanism by which transplanted stem cells can
functionally engraft recipients by using specific and tran-
sient lympho-depletion, without the need of using highly
cytotoxic preparative regimens.

Summary

The recent prospective identification of a wide spectrum
of tissue-specific stem cells represents a key first step in
elucidating the functional and molecular behavior of such
cells and in harnessing their clinical potential. Because
HSCs are by far the most thoroughly characterized tis-
sue-specific stem cell, having been experimentally stud-
ied for more than 50 years, HSCs have emerged as the
model system to study tissue-specific stem cells and their
potential applications to regenerative medicine. We be-
lieve that the study of HSCs will continue to provide an
experimental and conceptual framework applicable to
emerging stem cell fields, and in this context, HSCs do
indeed represent a true paradigm.
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