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knowledge of how stem cells get into and out of the bone marrow may
improve our ability to obtain stem cells and make them more efficient
at finding their way to the specific sites for blood cell production, the
so-called stem cell niche.
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HEMATOPOIETIC STEM CELL MICROENVIRONMENT
The concept of a specialized microenvironment, or stem cell niche, was
first proposed to explain why cells derived from the bone marrow of
one animal could be used in transplantation and again be found in the
bone marrow of the recipient. This niche is more than just a housing
site for stem cells, however. It is an anatomic location where regulatory signals are provided that allow the stem cells to thrive, to expand
if needed, and to provide varying amounts of descendant daughter
cells. In addition, unregulated growth of stem cells may be problematic
based on their undifferentiated state and self-renewal capacity. Thus,
the niche must also regulate the number of stem cells produced. In this
manner, the niche has the dual function of serving as a site of nurture
but imposing limits for stem cells: in effect, acting as both a nutritive
and constraining home.
The niche for blood stem cells changes with each of the sites of
blood production during development, but for most of human life it is
located in the bone marrow. Within the bone marrow, the perivascular
space particularly in regions of trabecular bone serves as a niche. The
mesenchymal and endothelial cells of the marrow microvessels produce kit ligand and CXCL12, both known to be important for hematopoietic stem cells. Other cell types, such as sympathetic neurons,
nonmyelinating Schwann cells, macrophages, osteoclasts, and osteoblasts, have been shown to regulate stem cells, but it is unclear whether
their effects are direct or indirect. Extracellular matrix proteins like
osteopontin also affect stem cell function. The endosteal region is
particularly important for transplanted cells, suggesting that there may
be distinctive features of that region that are yet to be defined that are
important mediators of stem cell engraftment. The functioning of the
niche as a supportive context for stem cells is of obvious importance
for maintaining hematopoiesis and in transplantation. An active area
of study involves determining whether the niche is altered in disease
and whether drugs can modify niche function to improve transplantation or normal stem cell function in hematologic disease.
EXCESS CAPACITY OF HEMATOPOIETIC STEM CELLS
In the absence of disease, one never runs out of hematopoietic stem
cells. Indeed, serial transplantation studies in mice suggest that sufficient stem cells are present to reconstitute several animals in succession, with each animal having normal blood cell production. The
fact that allogeneic stem cell transplant recipients also never run out
of blood cells in their life span, which can extend for decades, argues
that even the limiting numbers of stem cells provided to them are
sufficient. How stem cells respond to different conditions to increase
or decrease their mature cell production remains poorly understood.
Clearly, negative feedback mechanisms affect the level of production
of most of the cells, leading to the normal tightly regulated blood cell
counts. However, many of the regulatory mechanisms that govern
production of more mature progenitor cells do not apply or apply
differently to stem cells. Similarly, most of the molecules shown to
be able to change the size of the stem cell pool have little effect on
more mature blood cells. For example, the growth factor erythropoietin, which stimulates red blood cell production from more mature
precursor cells, has no effect on stem cells. Similarly, granulocyte
colony-stimulating factor drives the rapid proliferation of granulocyte
precursors but has little or no effect on the cell cycling of stem cells.
Rather, it changes the location of stem cells by indirect means, altering molecules such as CXCL12 that tether stem cells to their niche.
Molecules shown to be important for altering the proliferation, selfrenewal, or survival of stem cells, such as cyclin-dependent kinase
inhibitors, transcription factors like Bmi-1, or microRNA-processing
enzymes like Dicer, have little or different effects on progenitor cells.
Hematopoietic stem cells have governing mechanisms that are distinct
from the cells they generate.

HEMATOPOIETIC STEM CELL DIFFERENTIATION
Hematopoietic stem cells sit at the base of a branching hierarchy of
cells culminating in the many mature cell types that compose the
blood and immune system (Fig. 89e-2). The maturation steps leading
to terminally differentiated and functional blood cells take place both
as a consequence of intrinsic changes in gene expression and nichedirected and cytokine-directed changes in the cells. Our knowledge of
the details remains incomplete. As stem cells mature to progenitors,
precursors, and, finally, mature effector cells, they undergo a series of
functional changes. These include the obvious acquisition of functions
defining mature blood cells, such as phagocytic capacity or hemoglobin synthesis. They also include the progressive loss of plasticity
(i.e., the ability to become other cell types). For example, the myeloid
progenitor can make all cells in the myeloid series but none in the lymphoid series. As common myeloid progenitors mature, they become
precursors for either monocytes and granulocytes or erythrocytes and
megakaryocytes, but not both. Some amount of reversibility of this
process may exist early in the differentiation cascade, but that is lost
beyond a distinct stage in normal physiologic conditions. With genetic
interventions, however, blood cells, like other somatic cells, can be
reprogrammed to become a variety of cell types.
As cells differentiate, they may also lose proliferative capacity (Fig.
89e-3). Mature granulocytes are incapable of proliferation and only
increase in number by increased production from precursors. The
exceptions to the rule are some resident macrophages, which appear
capable of proliferation, and lymphoid cells. Lymphoid cells retain
the capacity to proliferate but have linked their proliferation to the
recognition of particular proteins or peptides by specific antigen
receptors on their surface. Like many tissues with short-lived mature
cells such as the skin and intestine, blood cell proliferation is largely
accomplished by a more immature progenitor population. In general,
cells within the highly proliferative progenitor cell compartment are
also relatively short-lived, making their way through the differentiation process in a defined molecular program involving the sequential
activation of particular sets of genes. For any particular cell type, the
differentiation program is difficult to speed up. The time it takes for
hematopoietic progenitors to become mature cells is ~10–14 days in
humans, evident clinically by the interval between cytotoxic chemotherapy and blood count recovery in patients.
Although hematopoietic stem cells are generally thought to have
the capacity to form all cells of the blood, it is becoming clear that
individual stem cells may not be equal in their differentiation potential. That is, some stem cells are “biased” to become mature cells of a
particular type. In addition, the general concept of cells having a binary
choice of lymphoid or myeloid differentiation is not entirely accurate.
A cell population with limited myeloid (monocyte and granulocyte)
and lymphoid potential is now added to the commitment steps stem
cells may undergo.
SELF-RENEWAL
The hematopoietic stem cell must balance its three potential fates:
apoptosis, self-renewal, and differentiation. The proliferation of cells
is generally not associated with the ability to undergo a self-renewing
division except among memory T and B cells and among stem cells.
Self-renewal capacity gives way to differentiation as the only option
after cell division when cells leave the stem cell compartment, until
they have the opportunity to become memory lymphocytes. In addition to this self-renewing capacity, stem cells have an additional feature characterizing their proliferation machinery. Stem cells in many
mature adult tissues may be heterogeneous with some being deeply
quiescent, serving as a deep reserve, whereas others are more proliferative and replenish the short-lived progenitor population. In the hematopoietic system, stem cells are generally cytokine-resistant, remaining
dormant even when cytokines drive bone marrow progenitors to proliferation rates measured in hours. Stem cells, in contrast, are thought
to divide at far longer intervals, measured in months to years, for the
most quiescent cells. This quiescence is difficult to overcome in vitro,
limiting the ability to effectively expand human hematopoietic stem

