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Hematopoietic regulators in the marrow:
new players in inter-organ communication

Influences of vascular niches on hematopoietic stem cell fate
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Abstract The fate decision of hematopoietic stem cells
(HSCs), quiescence, proliferation or differentiation, is
uniquely determined by functionally specialized microen-
vironments defined as the HSC niches. However, whether
quiescence and proliferation of HSCs are regulated by
spatially distinct niches is unclear. Although various can-
didate stromal cells have been identified as potential niche
cells, the spatial localization of quiescent HSCs in the bone
marrow remains controversial. In our recent study, we have
established whole-mount confocal immunofluorescence
techniques, which allow us to precisely assess the locali-
zation of HSCs and their relationships with stromal struc-
tures. Furthermore, we have assessed the significance of
these associations using a computational simulation. These
novel analyses have revealed that quiescent HSCs are
specifically associated with small caliber arterioles, which
are predominantly distributed in the endosteal bone mar-
row while the associations with sinusoidal vessels or
osteoblasts are not significant. Physical ablation of the
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arteriolar niche causes the shift of HSC localization to
sinusoidal niches, where HSCs are switched into non-qui-
escent status. This new imaging analyses together with
previous studies suggest the presence of spatially distinct
vascular niches for quiescent and non-quiescent (prolifer-
ating) HSCs in the bone marrow.

Keywords Hematopoietic stem cells - Quiescence -
Arterioles
Introduction

Hematopoietic stem cells (HSCs) maintain hematopoietic
homeostasis through lifelong replenishment of all blood
cell lineages by a finely tuned orchestration of self-renewal
and differentiation controlled by specific cellular and
molecular microenvironments defined as niches [1]. The
“niche” concept has been validated by numerous studies
since Schofield postulated its presence in 1978 [2]. Most of
HSCs divide infrequently and are quiescent in the niche
[3]. However, they are reversibly activated in response to
hematopoietic stresses [4]. Cell cycle quiescence is a key
behavior of stem cells, which protects them from being
exhausted by exogenous insults [5] and is also assumed to
prevent them from acquiring genetic mutations that
potentially result in consequent malignant transformations
[6]. Although quiescence and proliferation of HSCs are
thought to be regulated by their microenvironments, it
remains unclear whether and if so how spatially distinct
niches control cell cycle status.

The identification of cellular constituents of the HSC
niche has recently been the subject of intense investiga-
tions. Osteoblasts have been proposed to promote HSC
quiescence via direct contact [7] and the secretion of
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angiopoietin-1 [8] or osteopontin [9, 10]. On the other
hand, an emerging role of the bone marrow vasculature has
recently gained support and interest [11] as other studies
have found that most HSCs are localized adjacent to blood
vessels (sinusoids), near perivascular cell populations
characterized as CXCL12-abundant reticular (CAR) cells
[12, 13], Nestin™ mesenchymal stem cells [14], and Leptin
receptor (LEPR)" cells [15]. Based on the previous studies,
a prevalent unifying interpretation of the literature has been
that the osteoblastic and vascular niches could confer dis-
tinct microenvironments promoting HSC quiescence and
proliferation, respectively. However, this popular concept
has not been supported by rigorous analyses. Recent
studies further have reported that endothelial cells and
perivascular stromal cells are sources of the factors such as
CXCL12 and stem cell factor (SCF), known to be essential
for HSC retention and maintenance [14-16]. Series of
studies also have shown that genetic deletion of the factor,
CXCL12, in osteoblasts [17] and ablation of osteoblasts
(David T. Scadden personal communication) affect lym-
phoid-committed progenitors rather than HSCs. On the
other hand, the proximity of HSCs to sinusoidal vessels,
which has been reported in many previous studies, might
be biased by the abundance and dense network of sinusoids
in the bone marrow. The relationship between HSCs and
arteries has been well documented in the emergence of
HSCs during development as definitive hematopoiesis is
beginning in the aorta—gonad—-mesonephros (AGM) region
[18]. However, it has been unknown whether arteries play
specific roles for HSCs in adult bone marrow.

To address these issues, we have established a whole-
mount immunofluorescence imaging technique in which
the three-dimensional (3D) spatial relationships between
stromal structures and HSCs in the bone marrow can be
precisely determined [19]. In this article, we will introduce
the advance of HSC niche imaging and propose a new
model of “the HSC niches” that can be drawn from recent
studies.

New imaging analyses of hematopoietic stem cell niches

The visualization of HSCs is the most direct way to find
their niches in the bone marrow. For the last decades, great
advances in bone marrow imaging techniques have been
achieved. To analyze the spatial localization of HSCs in the
bone marrow, prior studies used exogenously labeled HSCs
and transplanted them into mice to visualize them in the
skull bone marrow in live animals by intravital microscopy
[20-22]. The live sequential imaging technique allows one
to assess the 3D actual cell movement (=cell migration).
However, this approach is limited by the extensive
manipulation of HSCs and the narrow discrimination that
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intravital procedures in the skull bone marrow provide to
discern vascular and osteoblastic niches. An alternative
approach has been to stain endogenous HSCs in sectioned
bone marrow using a combination of surface markers,
CD150, CD48 and CD41, through which HSCs can be
highly enriched [12, 13, 23, 24], but thin sections provide
little 3D information about the relationship with various
bone marrow structures. To overcome the issue for the
bone marrow 3D structure, a whole-mount confocal
immunofluorescence technique in mouse sternal and long-
bone bone marrow has been developed [23, 25]. To gain
more insight in the 3D structure of the HSC niche, we have
adopted and improved the imaging technique by which the
3D spatial relationships between vascular and stromal
structures and endogenous CD150" CD48~ CD41~ Line-
age” HSCs in the sternal or femoral bone marrow can be
analyzed [19] (Fig. 1).

Computational modeling of HSC localization
in the bone marrow

This new imaging technique further allows us to perform a
computational simulation on the images of whole-mount
prepared sterna to assess the significance of the association
between HSCs and bone marrow structures we have
observed in situ. In a null model, HSCs are randomly
placed on the unoccupied regions of binary spatial maps of
bone marrow structures, sinusoids, arterioles and bone
lining osteoblasts, defined from the images of whole-mount
prepared sterna, and Euclidean distance of the random
HSCs to the structures was measured. The means of 1,000
simulations defined a distribution of mean distances one
would observe for non-preferentially localized HSCs in
relation to the respective structures. If the in situ distance
measurements were not statistically different from those
obtained by a random placement of HSCs on the same
structures in silica, this would indicate a non-preferential
spatial HSC distribution (Fig. 2).

This novel method using the combination of the whole-
mount imaging technique and computational modeling
allows for precise measurements of 3D distances of HSCs
from structures and computational simulations to define the
significance of these interactions.

Arterioles and sinusoids are ensheathed by distinct
perivascular cells

Whole-mount confocal immunofluorescence assessment of
vascular structure revealed an evenly distributed sinusoidal
network and rare small caliber arterioles, which were found
predominantly in close proximity to the bone in the bone
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Fig. 1 A whole-mount immunofluorescence imaging of HSC niches.
a Whole-mount immunofluorescence techniques of the sternal bone
marrow. A picture of mouse sternum and representative images of the
vasculature of the sternal bone marrow stained with anti-VE-cadherin

marrow (Fig. 2a) [19]. Recent studies have highlighted the
critical importance of bone marrow stromal cells as
essential constituents for the HSC niche through production
of factors such as CXCL12, SCF. Nestin™ and leptin
receptor (LEPR)™ perivascular stromal cells have been
identified as HSC niche cells [14, 15]. Nestin™* perivascular
cells contain all bone marrow mesenchymal stem cell
activity [26]. Our previous study has identified distinct
subsets of Nestin® cells that are associated with distinct
vessel types: rare Nestin-GFP""€" cells (~10 % of Nes-
tin™ cells) exhibit a pericyte morphology, express the NG2
antigen but not LEPR, and are exclusively associated with
arterioles, whereas Nestin-GFPY™ cells (~80 % of Nes-
tin™ cells) exhibit a reticular morphology, are NG2~ and
LEPR™, and are associated with sinusoids [19].

Mesenchymal and osteo-precursor cells as niche
components

Nestin-GFP™ cells overlap with LEPR™" perivascular cells
and both of the populations contain mesenchymal pro-
genitor (CFU-F) activity [27]. While LEPR™" cells have
been shown to represent an important source of SCF that is
essential for HSC maintenance [15], deletion of CXCL12
in LEPR™ cells has little effect on HSC maintenance but
leads to HSC mobilization to the spleen [17]. Interestingly,
a similar phenotype was observed with the deletion of
CXCL12 using Osterix-cre [16]. The Osterix (Osx) tran-
scription factor regulates osteoblast differentiation as
revealed by defective bone formation in Osx-deficient mice

and PECAMI1 antibodies. Scale bar 100 pm. b 3D-reconstructed
images of the sternal bone marrow. Phenotypic HSCs are identified as
CDI150" CD41~ CD48~ Lineage™ cells. Scale bar 50 pm

[28]. Osteoblasts, descendants of MSCs, have also been
suggested as niche cells for HSCs and progenitors [8, 29,
30]. Gain-of-function and loss-of-function approaches
showed that an increase in the number of osteoblasts cor-
related with increased numbers of HSCs [29-31]. Our
recent lineage tracing analyses using tamoxifen-inducible
Osx-cre (Osx—creERTz) have revealed that expression of
Osx is not restricted in osteoblasts and that Osx-expressing
cells at the neonatal stage are bone marrow stromal pre-
cursors [32]. Owen and Friedenstein [33] predicted
25 years ago that the differentiation tree of stromal cells of
the bone marrow is as complex as their hematopoietic
counterparts. However, the hierarchical organization of
stromal cells remains unknown. In addition, stromal cells
marked by various genetic reporter mouse strains, e.g., Prx-
1-cre, Osterix-cre, NG2-cre?®™, have been reported as
important niche constituents [13, 16, 17, 19]. Since they
seem to have redundancy to some extent [34], future
studies using combination of these genetic models will lead
us to understand the hierarchy of bone marrow stromal
cells contributing fate decision of HSCs and progenitors.

NG2* arteriolar pericytes form niches for dormant
hematopoietic stem cells

In our recent study using these imaging techniques [19], we
found that phenotypic CD150" CD48~ CD41~ Lineage™
HSCs are specifically associated with arterioles, which are
predominantly distributed in the endosteal region in the
bone marrow, while the spatial associations of HSCs with
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Fig. 2 A computational modeling of the HSC localization in relation
to bone marrow arterioles or sinusoids. a Computational simulation of
randomly distributed HSCs on images of whole-mount prepared
sterna. To establish the null model, binary spatial maps of the
sinusoids, arterioles were defined from the images of whole-mount
prepared sterna. To simulate a null model in which HSCs are not
preferentially localized in the marrow, we randomly placed 20 HSCs
(to reflect the mean HSCs/sternum observed in situ) on the
unoccupied regions of the spatial maps and measured the Euclidean
distance of HSCs to the nearest vascular structure. Scale bar 100 pm.

sinusoids or osteoblasts, which have been reported in pre-
vious studies, are statistically indistinguishable from ran-
dom distribution. Furthermore, we analyzed the
localization of quiescent (dormant) and non-quiescent
HSCs in relation to arterioles, sinusoids or osteoblasts.
Quiescence of HSCs is evaluated using the nuclear pro-
liferation marker, Ki-67 staining. Prolonged quiescence is
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b The means of 1,000 simulations defined a distribution of mean
distances one would observe for non-preferentially (random) local-
ized HSCs in relation to the respective structures. If the in situ
distance measurements are not statistically significantly different
from those obtained by a random placement of HSCs on the same
structures in silica, this would indicate a non-preferential spatial HSC
distribution. The cumulative probability of observing the in situ mean
was calculated based on the normal distribution obtained from our
simulation on a map of each bone marrow structure

commonly referred as dormancy, which can be tracked as
label-retaining cells. 3D whole-mount immunofluorescence
imaging analyses combined with these quiescence (dor-
mant) markers showed that the association of quiescent, but
not non-quiescent, HSCs with arterioles was significant
whereas there was no significant difference in the distri-
bution of quiescent and non-quiescent HSCs in relation
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Fig. 3 A scheme of the HSC vascular niches in the bone marrow.
Bone marrow vasculature is composed of a dense evenly distributed
sinusoidal network and rare small caliber arterioles, which are
predominantly distributed in the endosteal region. Arterioles and
sinusoids are ensheathed by distinct perivascular NG2* Nestin-

with osteoblasts. Notably, we found that peri-arteriolar
Nes-GFP™ &M cells themselves were more quiescent than
peri-sinusoidal Nes-GFP"™ cells. After SFU administra-
tion, the number of Nes-GFP™&™ cells was largely pre-
served compared to Nes-GFPY™ cells and the vast majority
of HSCs were closely associated with arterioles. These
results indicate that bone marrow arterioles comprise a
specialized microenvironment that promotes quiescence of
both arteriolar niche cells and the HSCs. It is also sug-
gested that there is an efficient communication between
HSC and the niche as pharmacological or genetic alteration
of HSC cycle status (e.g., poly IC administration [4] or
Pml-deficient mice [35]) can lead to changes in HSC dis-
tribution in the bone marrow [19]. It is possible that altered
expression of receptors on HSCs (e.g., c-kit or a4-integrin
as previously reported [36-38]), upon cell cycle activation
may also contribute to the translocation from a quiescent to
a proliferative niche. In addition to this spatial relationship,
physical depletion of Nestin-GFP™ ™ NG2™" cells changed
HSC localization away from arterioles, and switched them
into a non-quiescent state with following reduction in the
number and frequency of HSCs in the bone marrow. Taken
together, these results indicate that peri-arteriolar NG2"
cells form niches for dormant HSCs.

(Sympathetic nerve)

Marrow

Sinusoidal niche

Proliferating
HSC

Peri-sinusoidal cells
(LEPR*Nestindim)

GFP™&™ or LEPR" Nestin-GFPY™, cells, respectively. Bone marrow
arterioles and the pericytes comprise a specialized microenvironment,
the arteriolar niche that promotes quiescence of HSCs whereas
sinusoids form another niche, which also play major roles in HSC
proliferation and trafficking, such as recruitment or mobilization

A model of the hematopoietic stem cell niches drawn
by recent studies

These results thus suggest that distinct vascular niches,
quiescent or proliferative, are conferred by distinct blood
vessel types (Fig. 3). The presence of distinct vascular
HSC niches also implies important functional differences
of these niches with regards to HSC migration. It is unli-
kely, for example, that HSCs would traffic through arteri-
oles, owing to their thickness, high pressure, and low
density of adhesion molecule expression. By contrast,
sinusoids are suited for hematopoietic cell migration due to
their fenestration and high expression of adhesion mole-
cules, including selectins and VCAMI1 that mediate hom-
ing [39-42]. It is thus conceivable that a continuous
exchange between the sinusoidal (mobilizable and prolif-
erative) and arterial (quiescent and dormant) niches con-
tributes to maintain a tightly controlled balance between
proliferation and dormancy in HSCs. A recent study
demonstrates that E-selectin, an adhesion molecule con-
stitutively expressed in certain bone marrow sinusoidal
endothelial cells [20], promotes HSC proliferation [43],
which supports the idea that sinusoids may represent a
proliferative niche.
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This vascular niche model, in which arterioles and

sinusoids differentially regulate HSC quiescence and pro-
liferation, respectively, will have implications on the
behavior of healthy HSC and may be useful in the future
for evaluating the niches for cancer (leukemic) stem cells.
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