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Children are not little adults: just ask their hematopoietic stem
cells
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HSCs differ during ontogeny in some important parameters, including anatomic site of residence and cell cycling
characteristics. In this issue of the JCI, Bowie et al. show that postnatal HSCs as well as fetal liver HSCs in mice are
active in the cell cycle at much higher rates than that of adult HSCs; however, this increased frequency of cycling abruptly
ceases 4 weeks after birth (see the related article beginning on page 2808). The cycling postnatal HSCs expressed high
levels of CXC chemokine ligand 12 (CXCL12, also known as stromal cell-derived factor 1 [SDF-1]), a chemokine
previously implicated in stem cell trafficking to the marrow cavity and shown to be expressed by cells within the
hematopoietic microenvironment. These cells also possessed an engraftment defect impeding reconstitution in irradiated
recipient mice, which was reversible by pretransplant administration of antagonists of the CXCL12 receptor, CXCR4.
Such agents are currently clinically available, suggesting that this approach could be used to improve stem cell
transplantation and engraftment.
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this molecule will have important implica-
tions for understanding diseases charac-
terized by inappropriate T cell activation,
including autoimmune diseases. To this
end, however, we have a long way to go.
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HSCs differ during ontogeny in some important parameters, including
anatomic site of residence and cell cycling characteristics. In this issue of
the JCI, Bowie et al. show that postnatal HSCs as well as fetal liver HSCs in
mice are active in the cell cycle at much higher rates than that of adult HSCs;
however, this increased frequency of cycling abruptly ceases 4 weeks after
birth (see the related article beginning on page 2808). The cycling postna-
tal HSCs expressed high levels of CXC chemokine ligand 12 (CXCL12, also
known as stromal cell-derived factor 1 [SDF-1]), a chemokine previously
implicated in stem cell trafficking to the marrow cavity and shown to be
expressed by cells within the hematopoietic microenvironment. These cells
also possessed an engraftment defect impeding reconstitution in irradi-
ated recipient mice, which was reversible by pretransplant administration
of antagonists of the CXCL12 receptor, CXCR4. Such agents are currently
clinically available, suggesting that this approach could be used to improve
stem cell transplantation and engraftment.

HSCs, similar to all stem cells, have 2 defin-
ing properties: the capacity for multilineage
differentiation and the capacity to generate
daughter stem cells with identical prolif-
erative/differentiation capacity through a
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self-renewal process. Thus, HSCs comprise
a compartment of undifferentiated stem
cells while continuously providing more
differentiated progenitor cells that are the
more proximate source of all circulating
blood cells. Adult HSCs are largely quies-
cent. Itis estimated that approximately 95%
of HSCs responsible for engraftment in
stem cell transplantation assays are in the
Go phase of the cell cycle (1, 2). These stem
cells show a slow rate of turnover, while
their progenitor progeny, the majority of
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which are actively cycling, are responsible
for the vast majority of the cell amplifica-
tion that is necessary for the production of
billions of blood cells each day.

Hematopoiesis changes

during ontogeny

The stem cell compartment expands enor-
mously during fetal development and after
HSC transplantation as well as in times
of hematopoietic stress. This expansion is
associated with a much higher frequency of
cycling HSCs, especially during embryonic
and fetal stages of development. The ana-
tomic site of hematopoiesis is also distinct
in the fetus versus the adult, with the major
site of blood formation occurring succes-
sively in the yolk sac, the aorta-gonad-
mesonephros, and the fetal liver during
embryonic development (1-3), while it
is restricted to the bone marrow cavity in
adults (and the spleen in mice) (4).

Along with these changes in anatomic
location of blood formation, there are
important differences in other aspects of
hematopoiesis during development. For
instance, embryonic (yolk sac-derived)
red blood cells are nucleated, while fetal
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Pretransplantation administration
of CXCL12/CXCR4 antagonist SDF-1G2

Content and engraftment ability of cycling HSCs derived from fetal liver and postnatal or adult bone marrow. (A) Fetal liver is enriched in G1/S/
G2/M (cycling) HSCs. Fetal liver HSCs in the G1 phase are able to repopulate (blue background) syngeneic mice in a competitive repopulation
assay. However, S/G,/M HSCs have lost their repopulation potential (pink background). (B) HSC content of postnatal bone marrow is reduced
compared with that of fetal liver, mostly due to a reduced G fraction, although most HSCs are in Gy phase. At the same time, postnatal bone
marrow contains a higher frequency of Go repopulating HSCs compared with fetal liver. (C) Most bone marrow—derived HSCs are in either Go
or Gy phase. The ability of HSCs in G phase to engraft to irradiated recipients is lost in adult bone marrow. (D) Administration of the CXCL12/
CXCR4 antagonist SDF-1G2 into recipient mice prior to transplantation enables S/G./M HSCs from fetal liver, postnatal bone marrow, and pos-
sibly (question mark) adult bone marrow to engraft in recipient mice.

liver-derived red blood cells are larger
and express distinct antigens and differ-
ent hemoglobin molecules compared with
adult red blood cells. In addition, after
birth, the production of new red blood cells
is abruptly diminished, leading to a rapid
reduction in bone marrow cellularity asso-
ciated with a physiologic nadir in red blood
cell count characteristically seen in the first
postnatal month in humans. This physio-
logical shift in erythropoiesis has been well
studied (5). In this issue of the JCI, Bowie,
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Eaves, and colleagues (6) report an abrupt
change in the cycling of postnatal HSCs in
mice reminiscent of this transition. The
physiological relevance of this change is
shown to have potential therapeutic impli-
cations for increasing HSC engraftment.

Cycling status and repopulation
ability of HSCs change during
postnatal development

What regulates the quiescence of HSCs is
not completely known. There appears to
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be an exquisite regulation of the G; check-
point in the cell cycle of these cells. Sev-
eral exogenous as well as intrinsic, or cell-
autonomous, signals have been proposed
to control cell proliferation of adult bone
marrow-derived HSCs. Due to the changes
in anatomic location of hematopoiesis and
the presumed differences in the microenvi-
ronment within these hematopoietic loca-
tions, one might predict that the mecha-
nisms controlling cell proliferation would
vary depending on the developmental state.
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Indeed, unlike adult HSCs, fetal HSCs are
continuously cycling, and this difference
is likely to be controlled by either autono-
mous or microenvironment-dependent
cues that differentially regulate the fate of
HSCs in the embryo versus the adult. The
molecular mechanisms involved, however,
remain unclear.

Eaves’s group and others (7-9) have pre-
viously reported that sorted, cycling (S/
G>/M phases) HSCs from adult mice do
not home to the bone marrow and there-
fore cannot reconstitute hematopoiesis of
lethally irradiated recipient mice. Bowie et
al. (6) now provide additional insights into
our understanding of cell-cycle activation
of HSCs. By using in vivo thymidine-suicide
methods in combination with careful mea-
surements of bone marrow repopulation,
they show in their current study that the
vast majority of both fetal liver-derived and
postnatal bone marrow-derived murine
repopulating HSCs are in the G; cycling
fraction of cells (Figure 1, A and B, and ref.
6). In contrast, and as shown by others (10),
the vast majority of adult bone marrow-
derived repopulating HSCs are quiescent
(in Go phase; Figure 1C) and therefore not
susceptible to killing in thymidine-suicide
assays. Bowie et al. also reporta sudden and
dramatic change in HSC proliferative activ-
ity that occurs in juvenile mice between 3
and 4 weeks of age (6). A surprising finding
of the new study is that the cycling of HSCs
changes abruptly well after the shift in
HSC localization from the fetal liver to the
bone marrow cavity. Thus, this change does
not appear to be linked to the migration of
HSCs during the last phases of embryogen-
esis, but rather is associated with the devel-
opmental status of the mouse, implicating
the presence of stem cell-intrinsic regula-
tion or age-dependent changes in the spe-
cific bone marrow microenvironment. In
addition, this cycling activity of HSCs is
associated with a reduced capacity of HSCs
in G; to engraft into irradiated recipient
mice (Figure 1C). While these results were
expected based on previous observations of
cycling adult bone marrow-derived HSCs,
it has been previously shown that primitive
human fetal HSCs do repopulate immuno-
deficient (NOD/SCID) murine recipients,
a widely accepted xenograft model of stem
cell transplantation (11). Whether these
disparate results represent species differ-
ences is not clear.

Bowie etal. (6) suggest a correlation of this
abrupt change in cycling status and engraft-
ment ability of postnatal hematopoiesis
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with that of specific telomere shortening
in human children 5 years of age or older
compared with infants or toddlers (12).
This is of importance, since the mainte-
nance of telomere length is crucial to cell
self renewal, and HSCs express high levels
of telomerase, a cellular reverse transcrip-
tase that stabilizes telomere length (13). In
addition, telomere length has been observed
to decrease with repeated HSC transplanta-
tion (14), and HSCs from mice with target-
ed disruption of the telomere-maintenance
gene telomerase reverse transcriptase undergo
premature senescence (15).

Blockade of the CXCL12/CXCR4
interaction reverses the lack of
engrafting potential of S/G./M HSCs
Although several signaling pathways
have been identified that affect the pro-
liferation of HSCs, multiple attempts to
expand the stem cell population in vitro
have been largely unsuccessful. In part,
this may reflect inadequate recapitulation
of the microenvironment-associated cell-
cell interactions that were shown nearly
3 decades ago to be important for HSC
fate (16). Thus, stem cell division in ex
vivo systems that lack authentic hemato-
poietic microenvironmental cues is most
often accompanied by proliferation that
leads to stem cell differentiation. More
recently, new strategies that lead to appar-
ently improved HSC expansion ex vivo,
albeit at generally modest levels, have
been described (reviewed in ref. 17). These
strategies include the use of more refined
cytokine combinations using (that have)
proteins favoring HSC proliferation with
less differentiation; the blockading of sig-
naling pathways such as TGF-f3; the inhibi-
tion of cyclin-dependent kinase inhibitors
p21Cip1/Wafl and p27Kip1; the inhibition
of dipeptidase CD26 or Rho GTPases; the
enhanced expression or function of HoxB4,
Notch, or B-catenin pathways; and the
modification of the hematopoietic micro-
environment by overexpression or infusion
of osteoblast-acting parathormone.

In addition, Bowie et al. (6) show that
expression of CXC chemokine ligand 12
(CXCL12, also referred to as stromal cell-
derived factor 1 [SDF-1]) is increased in
HSCs during cell cycling. Lataillade et al.
(18) previously suggested that HSC expres-
sion of CXCL12 suppressed apoptosis and
promoted cell-cycle transition via an auto-
crine/paracine mechanism. CXCL12 is
thought to act as a pivotal chemoattractant
of HSCs through CXC chemokine recep-
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tor 4 (CXCR4) within the bone marrow
microenvironment. Moreover, Bowie et al.
show that pretransplant administration
of SDF-1G2, an antagonist of CXCL12/
CXCR4 interaction, reversed the engraft-
ment defect of HSCs in S/G,/M during
transplantation (Figure 1 and ref. 6). These
findings might suggest that the microlo-
calization of transplanted HSCs to spe-
cific bone marrow niches — which may be
needed to activate a self-renewal program
— depends on the strength of the CXCL12
gradient the cells encounter within the
bone marrow space. Notably, this blockade
of CXCL12/CXCR#4 interaction by SDF-
1G2 administered intravenously appears
to act only in the peripheral blood, while
sparing the bone marrow. The authors
therefore speculate that the overexpression
of CXCL12 by cycling HSCs may interfere
in the response of HSCs to an intramedul-
lary gradient of CXCL12 and thus prevent
their self renewal, leading to differentia-
tion, apoptosis, or sequestration of these
cells in anatomic sites that do not support
hematopoiesis. An intriguing possibility
raised by the authors is that timed CXCR4
signal blockade (for instance, by using the
clinically available drug AMD3100) or an
increase of CXCL12 levels in the medullary
space may transiently restore an effective
chemoattractant gradient for the HSCs in
S/G»/M and favor the lodging of HSCs oth-
erwise insensitive to the CXCL12 gradient
in the marrow microenvironment. If true,
this approach would have important thera-
peutic applications to increase the efficien-
cy of HSC engraftment in settings where
the number and/or quality of these cells
are limited. Examples of this include the
use of umbilical cord blood for stem cell
transplantation in adults and the engraft-
ment of gene-corrected HSC populations
following ex vivo manipulations required
by current vector transduction protocols.
The findings described by Bowie et al. (6)
that HSCs from adults differ from those
of newborns open new areas of research
aimed at defining the cell and molecu-
lar determinants of the change in cycling
characteristics between postnatal and adult
HSCs. One could speculate that the hom-
ing deficiency of bone marrow-derived
S/G2/M HSCs occurs at the time when
weaning mice, equivalent to the childhood
phases of the human lifespan, begin a rapid
growth phase that ends in epiphysis closure
and may be due to differences in the exter-
nal cues associated with the osteogenesis
developmental process. The hematopoietic
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changes reported by Bowie et al. may sup-
port a link between bone formation and
hematopoiesis, which has been previously
suggested by other authors (19, 20). Such
a linkage could extend to the end of the
lifespan, since progressive changes in both
bone structure and marrow hematopoiesis
activity continue from childhood to old
age. The doors remain open for new, chal-
lenging research in this area.
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