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Summary

The clinical application of hematopoietic stem and pro-
genitor cells (HSPCs) has evolved from a highly experi-
mental stage in the 1980s to a currently clinically estab-
lished treatment for more than 20,000 patients annually
who suffer from hematological malignancies and other
severe diseases. Studies in numerous murine models
have demonstrated that HSPCs reside in distinct niches
within the bone marrow environment. Whereas trans-
planted HSPCs travel through the bloodstream and home
to sites of hematopoiesis, HSPCs can be mobilized from
these niches into the blood either physiologically or in-
duced by pharmaceutical drugs. Firstly, this review aims
to give a synopsis of milestones defining niches and mo-
bilization pathways for HSPCs, including the identification
of several cell types involved such as osteoblasts, adven-
titial reticular cells, endothelial cells, monocytic cells, and
granulocytic cells. The main factors that anchor HSPCs in
the niche, and/or induce their quiescence are vascular cell
adhesion molecule(VCAM)-1, CD44, hematopoietic
growth factors, e.g. stem cell factor (SCF) and FLT3 Li-
gand, chemokines including CXCL12, growth-regulated
protein beta and IL-8, proteases, peptides, and other
chemical transmitters such as nucleotides. In the second
part of the review, we revise the current understanding of
HSPC mobilization. Here, we discuss which mechanisms
found to be active in HSPC mobilization correspond to the
mechanisms relevant for HSPC interaction with niche
cells, but also deal with other mediators and signals that

target individual cell types and receptors to mobilize
HSPCs. A multitude of questions remain to be addressed
for a better understanding of HSPC biology and its impli-
cations for therapy, including more comprehensive con-
cepts for regulatory circuits such as calcium homeostasis
and parathormone, metabolic regulation such as by lep-
tin, the significance of autonomic nervous system, the
consequences of alteration of niches in aged patients, or
the identification of more easily accessible markers to bet-
ter predict the efficiency of HSPC mobilization.

© 2017 S. Karger GmbH, Freiburg

Introduction

Hematopoietic stem and progenitor cells (HSPCs) produce
more than 100 billion mature blood cells per day in a healthy indi-
vidual which carry out functions such as oxygen transport, immu-
nity, hemostasis, or tissue surveillance and remodeling. Over the
last 30 years, transplantation of HSPCs has become an accepted
treatment for patients with a number of hematological malignan-
cies and nonmalignant diseases. Attempts to decipher microenvi-
ronmental mechanisms of HSPC maintenance, quiescence, prolif-
eration, and differentiation induction reach back to work in the
1970s by Dexter et al. [1] who demonstrated the co-existence of
HSPCs and stromal cells in long-term bone marrow cultures.
Using their in vitro model [1] and the results of in vivo studies in
mice [2], it was already postulated that distinct niches exist within
bone marrow, where quiescent and slowly dividing HSPCs reside
in close interaction with mesenchymal, endothelial or bone cells.
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As will be shown in this review, these hypotheses have proven cor-
rect over the next three decades, with bone marrow microenviron-
ment found to be composed of different types of niche cells that
form regulatory units, limiting the entry of HSPCs into the cell
cycle, and ensuring a life-long repopulation of the hematopoietic
system by a limited number of HSPCs that can crosstalk, maintain,
and regenerate the HSPC pool over several life spans [3, 4]. The
discovery in the late 1980s that hematopoietic growth factors, espe-
cially granulocyte colony-stimulating factor (G-CSF) and granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) can be em-
ployed clinically to mobilize HSPCs into the blood [5, 6] chal-
lenged the exploration of the mechanisms which govern mobiliza-
tion of HSPCs into the blood, and which regulate their engraftment
after transplantation. In the following, we report on the status of
the current developments in this field and delineate further work
needed to reconcile our knowledge on the function of the HSPC
niche with the concepts of stem cell mobilization.

HSPC Niches and Their Cell Types
Osteoblasts - the First Recognized Site of an HSPC Niche

Experiments by Ray Schofield and Bryan Lord conducted to lo-
calize the colony-forming unit-spleen (CFU-S) in murine femur
marrow space indicated a preferential localization of CFU-S near
the bone surface. [7]. Benayahu et al. [8, 9] demonstrated that
stromal cells that support hematopoiesis often carry osteogenic
markers and function, and that hematopoiesis is supported by os-
teoblastic cells. After the description of hematopoietic colony-
stimulating factors, experiments by the group of Taichman and
Emerson [10-12] in the 1990s showed that osteoblasts produce
hematopoietic growth factors like G-CSF and hepatocyte growth
factor (HGF) upon contact with CD34+ HSPC or stimulation with
either parathyroid hormone (PTH) or the locally produced PTH-
related protein (PTHrP) through the PTH/PTHrP receptor
(PPR) [10-12]. It was observed that in mice, the transplanted
HSPCs preferentially locate in the endosteal region of bone mar-
row [13]. Osteoblasts supporting HSPCs have a distinct phenotype
of N-cadherin+ CD45- (SNO) and are regulated by bone morpho-
genetic protein (BMP) [14]. Mice conditionally deficient in BMP
receptor type IA (BMPRIA) displayed increases in the numbers of
SNO cells, which correlated with an increase in the numbers of
HSPCs, indicating that the size of the HSPC pool might be indi-
rectly regulated [14].

The Osteoblastic Niche - Externally Regulated?

In 2003, Calvi et al. [15] published a landmark paper on the role
of osteoblasts in hematopoiesis. They used a mouse model carrying
a constitutively active PPR under the control of the al (I) collagen
promoter, resulting in an increase of osteoblastic cells in bone mar-
row. This was associated with an increase in lineage-negative, long-
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term repopulating stem cells at the interface between marrow and
bone [15]. Immunohistochemical analyses indicated that osteo-
blasts expressed CXCL12, SCF, IL-6 and the Notch ligand, Jagged 1
(Jagl) [15]. Notch seemed to be functional, since increased Notch
signaling increased numbers of HSPCs without affecting mature
hematopoietic cells, whereas blocking Notch signaling by inhibi-
tion of Notch cleavage decreased numbers of long-term repopulat-
ing HSPCs [15-17]. Moreover, wild-type bone marrow stromal
cells cultured in the presence PTH gained capacity to maintain
long-term bone marrow-initiating cells (LTC-IC), and application
of PTH to mice over 4 weeks increased HSPCs with bone marrow-
repopulating activity [15]. Thus, PTH can regulate HSPC prolifera-
tion by influencing relevant growth signals for HSPCs on osteo-
blastic stromal cells.

Osteoblasts Maintain HSPCs in a Quiescent State through
Soluble and Membrane-Localized Factors

Whereas a role for IL-6 and SCF expressed on osteoblasts was
already known [12], the contribution of osteoblasts to HSPC main-
tenance and their quiescence was consolidated by Arai et al. [18]
who showed that osteoblasts express angiopoietin-1, which binds
to the Tie2 receptor on HSPCs to support HSPCs quiescence, ad-
hesion of HSPCs to bone areas, and maintenance of HSPCs in cul-
ture. Osteoblasts were also found to express thrombopoietin
(TPO), which activates the MPL receptor that is expressed on qui-
escent HSPCs in the bone marrow. TPO/MPL interaction upregu-
lates betal-integrin and cyclin-dependent kinase inhibitors in
HSPCs and was shown to induce quiescence of LT-HSPC, whereas
inhibition of the TPO/MPL pathway with anti-MPL-neutralizing
antibody reduced the number of quiescent HSPCs [19, 20].

The next significant factor in the regulation of primitive HSPC
proliferation in the osteoblastic niche is osteopontin, which re-
stricts primitive cell expansion in the bone marrow niche [21]. In
the absence of osteopontin, stromal Jagl, angiopoietin-1, and
Notchl receptor expression on human CD34+ cells is signifi-
cantly increased [22]. Increased numbers of LTC-IC could be cul-
tivated on stromal cells from osteopontin-deficient mice [21].
Thus, angiopoietin-1, TPO, and osteopontin are involved in the
maintenance of the HSPC compartment and protection of HSPCs
from myelosuppressive stress, involving osteoblasts as a stromal
cell compartment.

Transplanted HSPCs Enter Directly into the Osteoblastic Niche

In vivo imaging analysis using a multi-photon imaging tech-
niques in c-kit receptor-deficient mice, which lack HSPCs and
therefore enable analysis for HSPC engraftment, confirmed that
transplanted primitive HSPCs located preferentially to sites near
the bone-lining osteoblasts [23]. Localization of HSPCs into the os-
teoblastic niche was dependent on high calcium concentrations,
since in calcium-sensing receptor (CaR) knockout mice, trans-
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Cdh5* endothelial cells

Fig. 1. Hematopoietic stem cell niches can be
provided by different cell types. The different cell
types are characterized by expression of distinct
molecules and are found in the endosteal, sinusoi-

dal HSPC niche or near the small arterioles. Stro- R-adrenergic

1 cells in the si idal nich haracteri
mal cells in the sinusoidal niche are characterized Earia

by expression of Nestin, CD146, STRO-1, HS2,

HS3, HS4. SDF-1/CXCL12, Leptin receptor. VE-
cadherin(Cdh5)-expressing endothelial cells are
also found in the sinusoidal niche. CAR cells are

characterized by expression of high amounts of
SDF-1/CXCL12. Connexin 43 and 45 expressing
Nestin+ MSCs as well as osteoblasts reveal electro-
mechanical coupling with B-adrenergic nerves. In
the endosteal niche, osteoblasts and especially SNO
osteoblasts as well as CAR cells were identified.
NG2 expressing cells encircling small arterioles in
endosteal bone marrow are associated with quies-
cence HSPCs.

planted HSPCs did not locate into osteoblastic niche areas [24].
This indicates that the ionic mineral content of the niche can guide
the preferential localization of adult mammalian hematopoiesis to
bone. Homing of HSPCs to the osteoblastic niche was only found
after irradiation of mice, but not without irradiation, explaining
the need for conditioning in an attempt to ‘open’ marrow space,
i.e., niches for transplanted HSPCs. Improved in vivo imaging
techniques were used for these studies which make use of fluores-
cence markers to tag HSPCs as well as stromal compartments [25].
In these models, transplanted HSPCs were found to primarily lo-
cate in the vicinity of vasculature and near N-cadherin+ pre-osteo-
blastic cells [26]. A summary of osteoblastic cells acting as niche
cells is given in figure 1.

The Reticular Fibroblastic Cells: Candidate No. 2 for the HSPC
Niche Cell

Ground-breaking work in the 1970s and 1980s by Lichtman et
al. [27] had identified adventitial reticular cells (ARCs) and sinu-
soidal endothelial cells in close proximity with nests of hema-
topoiesis within bone marrow. Such fibroblast-like cells were also
shown to be part of the adherent fraction of bone marrow cells,
which forms an hematopoiesis-supporting adherent layer when
bone marrow is placed into long-term culture conditions [1, 28]. A
direct isolation of ARCs was first made possible by Simmons et al.
[29] who identified the Stro-1 antibody, recognizing an ARC popu-
lation. The Stro-1 cells were later shown to also contain cells with
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osteogenic differentiation potential [30]. At the same time, the
group of Caplan [31] showed that three surface markers, SH2, SH3
and SH4, also recognize a fibroblast-like population in bone mar-
row which supports hematopoiesis and which can differentiate
into various mesenchymal cell lineages such as osteoblasts, chon-
drocytes, and adipocytes. This cell population was also termed
MSCs, for ‘marrow stromal cells’” or ‘mesenchymal stem cells’. Fur-
ther milestones in the discovery of the potency and the ubiquity of
MSCs come from their direct isolation from perivascular areas
upon their expression of CD146 and negativity for CD45 [32], the
identification and possibility of tagging of MSCs by positivity for
Nestin [33], and the possibility to directly isolate fully competent
HSPC-supporting MSCs from mice by a marker combination
PDGFRa+ CD51+ CD45- Ter119- CD31- [34].

Perivascular Location of the HSPC Niche and the CXCL12-
Abundant Reticular Cell

Kiel et al. [35] showed that HSPCs could be highly enriched
using so-called SLAM family member cell surface markers CD150,
CD248 and CD483, in combination with classical HSPC markers in
the mouse, Sca-1, lineage (lin) and c-kit [35]. This enabled them to
distinguish between long-term repopulating HSPCs, which also
form the quiescent HSPC pool, from short-term repopulating
HSPCs and multi-potent HSPCs with high proliferative potential
but lacking self-renewal capacities. Many HSPCs were found to be
associated with sinusoidal endothelium in spleen and bone mar-
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row, although some HSPCs were also associated with endosteum.
This work formed the basis for the model of a sinusoidal endothe-
lial HSPC niche, in addition to the osteogenic niche.

The expression of the chemokine receptor CXCR4 on HSPCs
and of its ligand CXCLI2 on stromal cells in bone marrow has
been recognized to be of pivotal relevance for hematopoiesis and
engraftment of transplanted HSPCs [36]. Immunohistochemical
analysis of bone marrow sections using fluorescence-labelled
probes in combination with bromodesoxyuridine to pulse chase
non-dividing (i.e. quiescent) HSPCs showed that most HSPCs in
mice were found in close contact with the cells expressing high
amounts of CXCL12, which they termed CXCL12-abundant retic-
ular (CAR) cells [37-39]. CAR cells either surrounded sinusoidal
endothelial cells or were located near the endosteum. Nestin was
established as a marker of a small subpopulation of non-hema-
topoietic MSCs, which are spatially associated with HSPCs and
adrenergic nerve fibers [33, 40]. CXCL12 expression was >50-fold
higher in Nestin-GFP+ than in Nestin"GFP- cells, and 10-fold
higher than in primary osteoblasts. Depletion of Nestin+ MSCs in
mice resulted in a 50% reduction of immature HSPCs and a 90%
reduction of HSPC homing to the bone marrow [33]. Moreover,
administration of PTH induced proliferation of Nestin+ MSCs,
their differentiation into osteoblasts, and an increase of the HSPC
pool [15, 33, 41].

Innervation of CAR cells by the sympathetic nervous system
was confirmed by the high expression of connexins 43 and 45 in
Nestin* MSCs, indicating their electromechanical coupling with
B-adrenergic nerve terminals, supporting the fact that 3 adreno-
ceptor activation induced depletion of HSPCs [42-44]. Compared
to Nestin- MSCs, Nestin+ MSCs highly express HSPC mainte-
nance genes SCF/c-kit Ligand, IL-7 and vascular cell adhesion mol-
ecule-1 (VCAM-1) and, as a counter-regulator of HSPC mainte-
nance, osteopontin.

The function of CAR cells has been elegantly investigated by
Omatsu et al. [45] using a transgenic mouse model regulating ex-
pression of CXCL12. When CAR perivascular cells were depleted
by a cell-specific knock-in strategy into the CXCL12 locus, HSPCs
were reduced in numbers and became more quiescent, suggesting a
key role for CXCL12 presented on perivascular mesenchymal CAR
cells in controlling HSPC proliferation [45]. Arteriolar perivascular
cells which express the mesenchymal cell marker NG-2 (Cspg4),
also maintain HSPC quiescence [46]. Whether CXCL12-expressing
perivascular cells are mainly found in the arteriolar wall or around
sinusoids remains unclear. Recently, the stem cell antigen 1 (Sca-1)
was described as a relevant surface marker for the identification of
ARC-type niche cells [47]. These authors showed that Scal+ mes-
enchymal progenitors exist in bone marrow of mice, which can
give rise to CARs, whereas their Scal- counterparts give rise to os-
teoprogenitors, underlying the previously described concept of a
common mesenchymal stromal progenitor cell for the adult he-
matopoietic niche. Figure 1 illustrates markers and locations of
several identified HSPC niche cell types.
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Possible Roles of Endothelial Cells in the HSPC Niche

As shown in figure 1, ARCs are positioned in very close contact
to endothelial cells. This has prompted investigation into endothe-
lial cells also contributing to HSPC niche signals. Kobayashi et al.
[48] and Hooper et al. [49] showed that, during chemotherapy, si-
nusoidal vessels including arterioles and sinusoidal endothelial
cells are dose-dependently damaged, and that the vascular-en-
dothelial growth factor receptor 2 (VEGFR?2) is essential in their
regeneration and engraftment of transplanted HSPCs. Using ade-
noviral E4ORF1 gene-transduced, human sinusoidal primary
(E40ORF1) endothelial cells in serum- and cytokine-free long-term
cultures, Butler et al. [50] could show that direct cellular contact of
murine HSPCs with these E4ORF1+ endothelial cells increased re-
population potential and self-renewal of HSPCs through the Notch
ligands Jagl, Jag2, DIl4, and DII1. In line with this, endothelium-
targeted human delta-like 1 enhances the regeneration and homing
of human cord blood stem and progenitor cells. Disruption
of VEGFR2 and VE-cadherin-dependent angiogenic signaling
pathways (which are significant for endothelial cell survival) by
monoclonal antibodies for 3 days disrupted Notch signaling in he-
matopoietic cells, decreased the frequency of LT-HSPCs, and fa-
vored their differentiation [51]. Vice versa, the conditional deletion
of Jagl in endothelial cells resulted in active cycling of a significant
portion of the HSPC pool, a profound decrease in hematopoiesis,
and a premature exhaustion of the adult HSPC pool [52]. In fur-
ther work, depletion of pleiotrophin has been shown to deplete
HSPCs and to interfere with their homing to endothelial niches
[53]. Finally, conditional deletion of SCF in endothelial cells and
leptin receptor-expressing perivascular cells resulted in decreased
bone marrow HSPC numbers [54, 55].

‘Deep imaging’ of bone marrow vascular structures showed
that 85% of long-term repopulating HSPCs, identified by
a-catulin-GFP+ c-kit+ expression, were within 10 pm of a sinusoi-
dal blood vessel and in contact with leptin receptor+ and CXCL-
12high-expressing niche cells [56]. Moreover, deletion of the en-
dothelial cell-specific adhesion molecule, E-selectin induces in-
creased HSPC quiescence, suggesting that endothelial cells can
also regulate HSPC proliferation [57]. These results indicate that
in addition to endothelial-specific regulators, some niche signals
defined to operate in osteoblasts and ARCs may also be active in
endothelial cells.

Attachment of HSPCs to Endothelial Cells

Recent work demonstrated that more than 94% of HSPCs in the
bone marrow marked by expression of HoxB5 are found in an ab-
luminal position of the vessel and are directly attached to VE-
cadherin(Cdh5)-expressing endothelial cells [58]. These HoxB5-
marked HSPCs represent between 7% and 35% of phenotypic
HSPCs when classic markers are used - for instance Lin- Scal+
c-Kit+ CD150+ CD48-, suggesting that this compartment remains
heterogeneous and that fractions of HSPCs may also behave differ-
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ently. Thus, endothelial cells may be intricately involved in sup-
porting HSPCs in their niche, and a triangular interaction may
exist between HSPCs, ARCs and endothelial cells (fig. 1).

Macrophages, Megakaryocytes, and the HSPC Niche

Bone marrow HSPCs are also found in contact with mac-
rophages or megakaryocytes, in addition to endothelial cells and
perivascular cells. Bone marrow macrophages release CXCL12/
SDF1, which is a potent chemoattractant of HSPCs, and osteocal-
cin (Bglap); which both act to support osteoblast survival and re-
tention of HSPCs in their niche [59, 60]. Depletion of CD169+
(Siglecl) macrophages in mice leads to decreased retention of
HSPCs in the mesenchymal (ARC) niche in the bone marrow, and
consequently HSPCs are mobilized in the bloodstream [59]. Owing
to the intimate cross-talk between osteoblasts and macrophages in
the regulation of HSPC maintenance, it is difficult to dissociate
these cell types as being distinct HSPC supportive niches. Winkler
et al. [61] showed that G-CSF induced a depletion of endosteal
macrophages, which was associated with a suppression of osteo-
blast function and a HSPC mobilization.

HSPCs are also found in direct contact with megakaryocytes.
Megakaryocytes normally secrete cell cycle regulators such as
thrombopoietin (TPO), transforming growth factor f1 (TGF-p1),
and CXCL4, which keep HSPCs in the G, phase of the cell cycle
[62-64]. However, under the chemotherapeutic stress of the small
molecule 5-fluoruracil, megakaryocytes secrete fibroblast growth
factor 1 (FGF-1) and down-regulate TGF-P1, stimulating the ex-
pansion of HSPCs [64]. These findings suggest that megakaryo-
cytes might contribute to the HSPC niche.

Aging of HSPCs and Their Niches

A number of data suggests that HSPC niches change over life-
time. It has been noted that adipogenesis is enhanced in aged
bone marrow, which might promote myelopoiesis over lym-
phopoiesis and impair HSPC function. Along with this is the
finding that young HSPCs in an aged environment tend to pro-
duce slightly more myeloid cells than in a young environment
(for review see [65]). Aging also involves decreases in osteopro-
genitor cells associated with endothelial cells in the bone marrow,
a decrease in numbers of PDGFRB+/NG2+ perivascular cells of
arterioles and of endothelial cells, resulting in reduced production
of SCF [65, 66]. Interestingly, leukemic cells may also regulate the
physiology of the HSPC niche. This fact is underlined by studies
showing that neutralization of SCF which is secreted by leukemic
cells inhibits migration of CD34+ progenitors into malignant
niches, resulting in normalized CD34+ cell numbers, and restora-
tion of CD34+ cell mobilization in leukemic mice [67]. Together,
these data show that HSPC niches are plastic and may change
during the aging process or in the presence of malignant trans-
formation.

Current Developments in Mobilization of
Hematopoietic Stem and Progenitor Cells and
Their Interaction with Niches in Bone Marrow

Mobilization of HSPCs: Convergence with
Mechanisms Constituting HSPC Niches?

Mobilized peripheral blood stem cells (PBSCs) have evolved as
the main cellular source for HSPC transplants in patients over the
last 25 years. Recently, the one-millionth human HSPC transplant
was celebrated. When PBSCs began to be used clinically in the
early 1990s, little was known about the mechanisms by which
HSPCs are mobilized. It was known that HSPCs are found in blood
in states of infection, after chemotherapy, and after administration
of hematopoietic colony-stimulating factors, with G-CSF being the
most efficient and practicable factor. In the meantime, PBSCs have
been better characterized. Main features of PBSCs in comparison
to bone marrow-derived HSPCs are their higher motility and more
efficient engraftment, their relatively lower levels of c-kit, integrin
VLA-4 and the CXCR4 receptor, and the fact that they are more
quiescent than their bone marrow counterparts [68, 69].

Role of Adhesion Receptors

The significance of VLA-4/VCAM-1, VLA-5/fibronectin and
CD44/hyaluronan/osteopontin interactions between HSPCs and
stromal cells, for retention of HSPCs in the bone marrow niche was
suggested by experiments using function-blocking anti-VLA-4,
anti-VLA-5, or anti-CD44 antibodies, all resulting in liberation of
HSPCs and their mobilization into the blood [70, 71]. The release of
HSPCs from stromal cells within the bone marrow is affected by the
proteolytic degradation of VCAM-1 by elastase and cathepsin G,
and of CXCL12 by neutrophil proteases [72]. Importantly, cleavage
was also shown to occur with CXCR4 [73, 74]. Also, shedding of
membrane-bound SCF by matrix metalloproteinase 9 (MMP-9) has
been found to contribute to HSPC mobilization [73, 75]. These dis-
coveries pointed to a common ‘end pathway’ in HSPC mobilization,
after stimulation with G-SCF, but also after stimulation with other
stimuli such as chemokines or chemotherapy.

ARC/CAR Cells

A central mechanism that regulates HSPC-directed migration
from blood to bone marrow and retention in the bone marrow
niches involves activation of the CXCR4 receptor on the HSPCs by
CXCL12/SDEF-1 expressed on different subsets of ARCs including
the CAR cells [37], reticular Nestin—- GFP+ mesenchymal stem and
progenitor cells (MSPCs) [33], human reticular CD146+ MSPCs
[32] and perivascular reticular leptin receptor+ cells [55]. CXCL12
is secreted by these cells and decorated to the extracellular matrix
inducing a CXCL12 gradient and induction of HSPC adhesion to
the bone marrow niches [37, 76, 77]. During ontogeny, CXCL12 is
required for colonization of the bone marrow with HSPCs [78]. In-
terference with CXCL12/CXCR4, such as by conditional deletion
of CXCR4 or CXCL12 in mice, resulted in a reduced retention of
HSPCs in the bone marrow and in dramatically increased migra-
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Fig. 2. Mechanisms of G-CSF induced mobiliza-
tion of HSPCs. a During steady-state homeostasis,
HSPCs are predominantly retained in the bone
marrow niche via stromal/HSPC interactions regu-
lated by chemokines (especially SDF-1/CXCL12)
expressed by mesenchymal stromal progenitor
cells, endothelial cells and osteoblasts. Chemokines
induce expression of adhesion molecules VLA-4,
VLA-5, and CD44. b G-CSF induces expansion of
neutrophils in the bone marrow, which release
proteases. These proteases inactivate chemokines,
adhesion molecules and growth factors such as
CXCL12, VCAM-1, and SCF. G-CSF administra-
tion depletes macrophages which suppress osteo-
blast function with reduced CXCL12, SCF, and
VCAM-1 expression. Furthermore, G-CSF induces
3-adrenoceptor activation, which down-regulates
CXCL12, SCF, and VCAM-1 expression in osteo-
blasts and sinusoidal stromal cells, supporting
HSPC mobilization. Transiently increased concen-
trations of S1P and probably increased concentra-
tions of active CXCL12 in blood plasma induce mi-
gration of HSPCs in blood. The impact of further
chemotactic factors and SDF-1-CXCR4 axis prim-
ing factors has still to be elucidated.
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wards a gradient of CXCL12 [84]. Downregulation of CXCL12/
SDF-1 in the bone marrow was also observed upon administration
of SCF and FLT3-L [86, 87]. In contrast, chemokines may also in-
duce HSPC mobilization, albeit rapidly, in a direct manner and in-
dependently of CXCL12/CXCR4. This is the case with growth-regu-
lated protein beta [88], and with IL-8. The latter is dependent on the
serine protease inhibitor, serpinla [89]. Epidermal growth factor has
been shown to inhibit G-CSF-induced HSPC mobilization [90]. Ad-
ministration of VEGF followed by treatment of mice with AMD3100
resulted in mobilization of both, endothelial progenitor cells and
stromal progenitor cells, but suppressed HSPC mobilization [91].

Circadian rhythms have been clearly shown to influence the dis-
tribution of HSPCs between bone marrow and peripheral blood
with peaking 5 h after the initiation of light and reaching a nadir 5
h after darkness, as a result of sympathetic innervation of ARC
stromal cells [43]. Treatment with G-CSF influences expression of
clock genes in peripheral blood cells and may be useful in analyz-
ing the ‘clock stage’ of harvested HSPCs [92].

Pharmacological Inhibition of HSPC-Niche
Interactions Leading to Mobilization

AMD?3100/plerixafor is a synthetic organic molecule of the bi-
cyclam class, originally developed as an anti-HIV drug. It was
found to rapidly mobilize HSPCs in various animal models, and in
patients it is used as a supportive measure in cases where G-CSF-
mediated HSPC mobilization fails to induce sufficient numbers of
HSPCs [93-95]. Another CXCR4 inhibitor, T-140, mobilizes
HSPCs and also erythroblasts in murine models and displays syn-
ergy with G-CSF [96]. To date, more chemical inhibitors have been
developed as a means to mobilize HSPCs from bone marrow into
blood and are in part clinically tested [97]. Another way, which is
also followed clinically, is mobilization of HSPCs by function-
blocking antibodies or chemicals directed against integrins, medi-
ating HSPC adhesion to niche cells. Firategrast, an a4p1 and a4p7
integrin inhibitor (a4f1/7) has been shown to disrupt HSPC reten-
tion in the postnatal hematopoietic niche and to synergistically in-
teract with the CXCR4 inhibitor AMD3100 [98]. Vedolizumab, a
humanized monoclonal antibody against the a4f7 integrin, is
available and has been tested in phase I in another context [99].
Other inhibitors are discovered in preclinical experiments. Reduc-
tion in plasma CXCL12 levels, accompanied by reduced HSPC
egress, has been observed in mice treated with vedolizumab, a hu-
manized monoclonal antibody against the a4p7 integrin receptors.
The rapid mobilization by AMD3100 does not only regulate
CXCL12 levels, but also induces MMP-9 and uPA activation [77,
100]. Interference with integrins is also reached by a substance
named BOP (N-(benzenesulfonyl)-L-prolyl-L-O-(1-pyrrolidinyl-
carbonyl)tyrosine) which targets integrins a9p1/a4p1 [101]. Inter-
estingly, it also enhanced AMD3100-induced HSPC mobilization.

The Rac small GTPases expressed in hematopoietic progenitors
and HSPCs have been found to be intricately involved in HSPC
mobilization, and application of a specific inhibitor of Rac activity
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(but not Cdc42 or RhoA activity) may be used for rapid HSPC mo-
bilization [102, 103]. Recently, it was shown that Racl activation
leads to reversible conformational change in human CXCR4 that
potentiates SDF-1/CXCR4 signaling, implying reciprocal cross-talk
between these signaling pathways [104]. Finally, diabetic mice
show increased HSPC retention in the bone marrow and poor
HSPC mobilization upon G-CSF [105]. Down-modulation of
CXCL12/SDE-1 with G-SCF is absent in these animals. The defect
could be salvaged by application of AMD-3100 and shows that mo-
bilization of HSPCs may be influenced by diseases outside the he-
matopoietic system. On the other hand, increased chemotactic ac-
tivity was found in murine and human plasma upon mobilization
with G-CSF and chemotherapy, which in vitro was inhibited by a
functional CXCR4 antibodies [106]. In mice, G-CSF- and chemo-
therapy induced production of this chemotactic activity from the
bone marrow, liver, and spleen, indicating that an increased con-
centration of active SDF-1/CXCLI12 is circulating in blood during
mobilization of HSPCs [106].

Osteoblastic Cells

Osteoblastic cells have been under study of alterations in the
HSPC niche during mobilization. As with ARCs, osteoblastic cells
secrete B-AR agonists to down-regulate osteolineage expression of
CXCL12, VCAM-1, and SCF [107]. SCF/c-kit ligand, IL-7, and
VCAM-1 and, as a counter-regulator of HSPC maintenance, osteo-
pontin are all selectively down-regulated during mobilization by
G-CSF treatment or after p3 adrenoreceptor activation [40]. Since
G-SCF stimulates -adrenergic sympathetic nervous activity, this
provides evidence for a signaling chain inducing HSPC mobiliza-
tion. However, three recent studies in mice genetically altered by a
conditional deletion of the CXCL12 or SCF genes in mature osteo-
blasts using Ocn-Cre or the 2.3-kb fragment of the rat collagen 1a
(Col2.3)-Cre did not result in HSPC mobilization, but rather a re-
striction in B-cell lymphopoiesis [55, 108, 109], casting some doubt
on the relevance of the above-mentioned gene regulation in this
cell type [110]. On the other hand, in transgenic mice expressing
the human diphtheria toxin receptor under the control of the
Dmpl1 gene promoter, treatment with diphtheria toxin which kills
osteocytes in these mice, abolished HSPC mobilization in response
to G-CSF [111]. Figure 2a,b shows the functions of osteoblastic
cells in HSPC mobilization.

Endothelial Cells

Endothelial cells have been shown to be the main constitutive
source of infection-induced expression of G-CSF in bone marrow
[112]. It is therefore likely that these signals are related to or part of
mobilization of HSPCs. A mutually exclusive distribution of
EPHB4 receptors in bone marrow sinusoids and ephrin B2 ligands
in hematopoietic cells prompted investigation of the role of inter-
actions of these molecules in HSPC mobilization. Blockade of the
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EPHB4/ephrin B2 signaling pathway in mice was shown to reduce
mobilization of HSPCs and other myeloid cells to the circulation
[113]. Endothelial cells also play a role in secreting CXCL12/SDF-1
into the circulation upon stimulation with AMD3100 [77]. Inter-
estingly, the role of endothelial cells in egress of HSPCs into the
circulation is in many parts non-deciphered [86]. Of note, neutro-
phils permeabilize the sinusoid endothelial barrier in the bone
marrow, as shown by transmission electron microscopy studies
[114]. However, disruption of the bone marrow endothelial barrier
is prominent during repetitive G-CSF stimulations, indicating that
the endothelial cells do function as a target of G-CSF during HSPC
mobilization [115].

Granulocytes

G-CSF treatment was shown to induce a robust expansion of
neutrophils within the bone marrow, and they are the first cells to
egress from the bone marrow during mobilization after G-CSF ad-
ministration [116]. All three classical types of HSPC mobilization
by external stimuli, i.e. G-CSF, chemotherapy and chemokines, are
disrupted if the G-CSF receptor is absent in neutrophilic granulo-
cytes, but not if it is absent in hematopoietic progenitor cells de-
spite normal hematopoiesis [117]. G-CSF receptor has been shown
to be required for chemotherapy- - or IL-8-induced, but not fIt3L-
induced mobilization [117]. Serine proteases and metalloprotein-
ases released by neutrophilic granulocytes have been shown to
cleave VCAM-1 [72], c-kit [73], SCF [75] and CXCL12/SDF-1 [85]
from stromal niche cells or HSPCs and include neutrophil elastase,
cathepsin G and MMP-9 (figure 2 A,B). These proteases are re-
leased by neutrophils as a last step during the mobilization process
after G-CSF, and during mobilization with chemokines or chemo-
therapy, leading to rapid egress of HSPCs and progenitors into the
circulation.

Monocytic Cells

Granulocyte colony-stimulating factor receptor (G-CSFR) has
been also been reported to signal in monocytes to mobilize HSPCs
into the blood stream, by suppressing the supportive role of osteo-
blasts and disrupting the CXCR4/CXCL12 axis [60] (se figure 2
A,B). Moreover, monocytic cells are involved through the comple-
ment cascade, which is activated by radio- and chemotherapy
[118], thereby liberating the complement factors C3a and des-
ArgC3a anaphylatoxin [119, 120]. Complement factor 3 (C3)
knockout mice, under steady-state conditions, are hematologically
normal but display a significant delay in hematopoietic recovery
subsequent to irradiation or transplantation of wild-type HSPCs.
C3 complement factors increase responsiveness of HSPCs to
CXCR4/CXCL12 axis [121-123], also suggesting an involvement of
the classical complement activation pathway in HSPC mobiliza-
tion. Moreover, complement factor 5(C5)-deficient mice showed
impaired mobilization of HSPCs [114].
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A factor which is likely dependent on monocytes and which
regulates HSPC mobilization is nitric oxide. Mobilization studies
in inducible nitric oxide synthase(iNOS)-/- mice indicated that
iNOS is a negative regulator of hematopoietic cell migration and
prevents egress of HSPCs into peripheral blood during mobiliza-
tion [124].

Sphingolipids and Nucleotides in HSPC Mobilization

In addition to CXCL12 (SDF-1) and its receptor CXCR4 a num-
ber of other chemoattractants, inducing migration of HSPCs are
found. These include the sphingolipids sphingosine-1-phosphate
(S1P) [100, 125-128] that couple to G protein-coupled sphingosine
1-phosphate receptor 1 (S1P1), and ceramide-1-phosphate (C1P)
which acts via an hitherto unknown receptor [127, 129]. Moreover,
extracellular nucleotides, such as adenosine triphosphate (ATP) or
uridine triphosphate (UTP) [130] and divalent cation Ca?* and the
CaR, and H* [131, 132] regulate adhesion molecules on the surface
of the HSPCs as well as on certain cells of the stem cell niches.
Whereas the cells of origin of these molecules are in many cases
not clear as yet, their action includes the mediation of engraftment
(after transplantation), adhesion (under steady state), and mobili-
zation (after its induction).

SIP

S1P and the receptor S1P1 are suggested to regulate HSPC
steady-state egress and mobilization from the bone marrow. S1P is
produced by mature red blood cells [133-135] and activated plate-
lets [136], leading to micromolar S1P concentrations in blood,
mostly bound to albumin and high-density lipoproteins (HDL)
[137]. Since only low concentrations of S1P are detectable in solid
tissues, a constant SIP concentration gradient between the bone
marrow and blood important for the constant steady-state release
of HSPCs has been suggested [133-137]. This idea is supported by
the finding that inhibition of S1P1 receptor with the specific inhibi-
tor FTY720 decreases steady-state mobilization of HSPCs into the
bloodstream [100]. In line with this, over-expression of S1P1 recep-
tor in HSPCs increased S1P-mediated migration, and a reduction of
CXCR4 surface expression with a significant inhibition of in vitro
CXCLI12/SDF-1 induced migration and reduced HSPC homing po-
tential to the bone marrow [138]. Also, transiently increased S1P
plasma concentrations are observed during mobilization with
G-CSF or AMD3100 [100], probably due to increased hemolysis by
activating the complement cascade and the membrane attack com-
plex [127], suggesting that SIP is involved in release of HSPCs dur-
ing mobilization [100]. Increased bone marrow concentrations of
S1P also induce CXCL12/SDF-1 secretion from bone marrow Nes-
tin+ MSCs, and a reduced release of HSPCs into the blood [100].

A second S1P receptor, SIPR3, expressed on HSPCs is sug-
gested to be involved in the retention of HSPCs in the bone mar-
row niche. Inhibition or knockout of SIPR3 results in mobilization
of HSPCs into blood circulation, whereby S1PR3 antagonism sup-
presses bone marrow and plasma CXCL12/SDF-1 concentrations
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[139]. On the other hand, S1PR3 antagonism increases AMD3100
induced mobilization, indicating a synergy between S1PR3 and
CXCR4 pathways.

Cip

After lethal irradiation, levels of S1P and CI1P have been seen to
increase in the bone marrow microenvironment; moreover, pe-
ripheral circulating HSPCs are exposed to relatively high levels of
S1P and CI1P present in the circulation. Both these mechanisms
may desensitize responses to potential homing gradients of these
bioactive lipids [129].

ATP and UTP

5-nucleotide triphosphates, particularly ATP and UTP, engage
P2 nucleotide receptor-mediated regulation of proliferation, differ-
entiation, cell death, and chemotaxis on hematopoietic cells in-
cluding HSPCs. UTP is thought to represent an endogenous dan-
ger signal, which is rapidly released into the extracellular environ-
ment due to tissue injury and cell death. UTP and other nucleo-
tides induce migration of leukocytes into the injured tissue,
stimulate tissue recovery by induction of cell proliferation, and
promote resolution of the immune response by activating anti-in-
flammatory pathways [140, 141]. Preincubation of HSPCs with
UTP significantly improved CXCR4-induced migration of HSPCs
in vitro, whereas UTP itself only induces marginal chemotactic mi-
gration of HSPCs [130]. In addition, pre-treatment with UTP alone
or in combination with CXCL12/SDEF-1 significantly increases cell
adhesion to fibronectin and UTP pre-treatment improves homing
of human HSPCs to the bone marrow [130, 142]. Involvement of
UTP signaling in PBSC mobilization remains to be elucidated. In-
hibition of CXCL12- and UTP-dependent chemotaxis by pertussis
toxin suggests that Rho guanosine 5'-triphosphatase (GTPase)
Rac2 and its effectors Rho GTPase-activated kinases 1 and 2
(ROCK1/2) are involved in UTP-regulated/CXCL12-dependent
HSPC migration [130].

Uridine Diphosphate-Glucose

Uridine diphosphate-glucose (UDP-glc) is released into extra-
cellular fluids in response to stress. UDP-glc has been shown to
mobilize long-term repopulating HSPCs, and co-administration of
UDP-glc and G-CSF led to greater HSPC mobilization than G-CSF
alone [143]. In competitive repopulation experiments, HSPCs mo-
bilized with UDP-glc plus G-CSF repopulated better than HSPCs
mobilized with G-CSF alone. In comparison with G-CSF, UDP-
glc-mobilized HSPCs exhibited a more lymphoid-biased differen-
tiation capacity, indicating that UDP-glc mobilizes a functionally
distinct subset of HSPCs [143]. In contrast, inhibition experiments
showed that reactive oxygen species (ROS) are mediators of UDP-
glc-mediated HSPC mobilization. Application of the ROS inhibitor
N-acetyl-L-cysteine (NAC) was able to significantly abrogate UDP-
glc-induced HSPC mobilization. Kook et al. suggest that ROS in-
duce enhancement in receptor activator of nuclear factor kappa-B
ligand (RANKL) expression and a RANKL-induced osteoclast dif-
ferentiation, leading to HSPC mobilization [143].

Current Developments in Mobilization of
Hematopoietic Stem and Progenitor Cells and
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Ca®* and the CaR

HSPCs express the seven-transmembrane-spanning CaR which
is strongly involved in retention and liberation of HSPCs in/from
the stem cell niche. Newborn mice deficient in CaR revealed a re-
duced cellularity in the bone marrow and a lack of primitive
HSPCs, whereas increased numbers of HSPCs were found in the
circulation and spleen. The fetal liver of CaR-/- mice had normal
numbers of HSPCs with normal proliferation, differentiation, and
migrational capacity. But these HSPCs revealed an adhesion defect
to collagen I, leading to a defective lodgment to the endosteal niche
[144]. On the other hand, pharmacological activation of CaR with
cinacalcet, a positive allosteric modulator of CaR, resulted in in-
creased adhesion of HSPCs to collagen I and fibronectin, an in-
creased in vitro migration towards CXCL12/SDF-land an in-
creased in vivo homing and lodgment to the endosteal niche [145].
Wu et al. [146] showed that Ca?* treatment increased transcription
and expression of CXCR4 of bone marrow cells and SDF-1-medi-
ated CXCR4 internalization. Ca* influx inhibitors or blocking of
CaR inhibited Ca?*-induced CXCR4 expression, indicating that
Ca**-induced changes on HSPCs are partially modulated by an in-
creased expression of CXCR4.

Molecules, which Promote Incorporation of CXCR4 into

Membrane Lipid Rafts

Cationic antimicrobial peptides (CAMPs), Cathelicidin LL-37,
B2-defensin, andC3a [123, 147] were found to highly improve re-
sponsiveness of HSPCs to picomolar levels of SDF-1/CXCL12 (1-2
ng/ml), which reflect the physiological SDF-1/CXCL12 concentra-
tions in tissues, supporting the biological significance of this class
of molecules in HSPCs [148, 149]. These molecules improve incor-
poration of the CXCR4 receptor into membrane lipid rafts [123,
147]. Within membrane lipid rafts, several cellular signaling mole-
cules are assembled, such as small guanine nucleotide triphos-
phatases (GTPases) Rac-1 and Rac-2, known to be important for
the lodgment of HSPC:s into niches or, when blocked, for mobiliza-
tion [150-152]. Co-localization of CXCR4 and Rac-1 in lipid rafts
may improve GTP binding and activation of Rac-1 [153-156].

Cathelicidin LL-37 is an antimicrobial peptide expressed by
bone marrow stromal cells and is upregulated after bone marrow
irradiation. It was shown that LL-37 enhances chemotactic migra-
tion and adhesiveness of HSPCs and that short-time pre-incuba-
tion of HSPCs with LL-37 prior to transplantation accelerates re-
covery of platelet and neutrophil counts in mice [148]. Its effect on
mobilization remains to be determined.

Prostaglandin E2

Murine and human HSPCs express prostaglandin E2 (PGE2)
receptors. In murine transplantation experiments, short-term ex
vivo exposure to PGE2 enhances homing and proliferation of
HSPCs and increases the number of primitive, long-term repopu-
lating cells, indicating that PGE2 supports self-renewal of HSPCs
[157, 158]. In contrast, differentiation of immature myeloid pro-
genitor cells leading to colony-forming units-granulocyte mac-
rophage (CFU-GM) and macrophage (CFU-M) is suppressed by
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PGE2 [159-161], suggesting a differential regulation of the hema-
topoiesis by PGE2. Blocking of PGE2 production by nonsteroidal
anti-inflammatory drugs (NSAID) such as indomethacin, aspirin,
ibuprofen, and meloxicam doubled G-CSF-induced HSPC mobili-
zation. Transplantation of G-CSF + NSAID-mobilized grafts was
associated with a faster regeneration of posttransplant hematopoie-
sis [162]. The significance of PEG2 in the bone marrow niche is
supported by the findings of i) an increased PGE2 production by
irradiated bone marrow stromal cells, and ii) a C1P- and S1P-in-
duced, increased expression of cyclooxygenase 2 in stromal cells,
whereby C1P and S1P is released from lethally irradiated, damaged
bone marrow cells, suggesting that conditioning for HSPC trans-
plantation by lethal irradiation induces PGE2 production in bone
marrow [118].

PGE2 treatment increases cellular CXCR4 mRNA concentra-
tion and the expression of CXCR4 on the HSPC surface, leading to
an enhanced migration to SDF-1/CXCL12 in vitro and homing to
bone marrow in vivo. Furthermore, PGE2 enhances HSPC survival
due to an increased expression of survivin and reduction in intra-
cellular active caspase-3 [157]. Another mechanism, which is im-
portant for PGE2-mediated modulation of HSPC retention and
egress of HSPCs into the blood, is the regulation of osteopontin
expression. Hoggatt et al. [162] suggested that blockade of PGE2
synthesis by NSAID lead to a reduction in osteopontin expression,
which is responsible for the retention of HSPCs in the stem cell
niche. Also, osteopontin is a negative regulator of the size of the
stem cell pool, and down-regulation or absence of osteopontin is
associated with an increased number of primitive HSPCs [21].
Thus, osteopontin expressed by stromal cells may be associated
with a superior repopulating ability and long-term engraftment of
G-CSF plus NSAID mobilized stem cell graft compared to grafts
mobilized with G-CSF alone [162].

EPI-X4, an Endogenous Human CXCR4 Antagonist

EPI-X4 is a 16 amino acid peptide isolated from human blood
filtrate and plasma and generated from albumin by aspartic pro-
teases cathepsin D and E under acidic conditions [163]. These pro-
teases are released from immune cells during inflammatory pro-
cesses [164, 165]. Neutrophils were shown to produce EPI-X4 from
albumin [163]. Since neutrophilic granulocytes in the bone mar-
row are strongly activated during HSPC mobilization with G-CSF,
which leads to a highly proteolytic environment [72, 166], and
since albumin is distributed throughout the extracellular space of
the bone marrow [167], regulation of the CXCR4-SDF-1/CXCL12
axis by EPI-X4 production in the bone marrow is a possibility,
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which is in line with the idea that single intraperitoneal injection of
EPI-X4 into mice resulted in marked mobilization of HSPCs,
which engrafted lethally irradiated hosts [163].

Open Questions in the Field

Until now, a plethora of intelligent studies have been conducted
to better understand the nature of niches in the bone marrow and
their interaction with HSPCs. Meanwhile, more than 20 individual
signals have been identified which are active to hold HSPCs in the
niche. On the other hand, research on HSPC mobilization has
shown that many of the endpoints of the mobilization target mole-
cules which are made responsible for niche localization of HSPCs.
Figures 1 and 2B demonstrate some of these pathways. More cell
types, signals, and molecules have been found, which seem to be
involved in inducing HSPC mobilization. These include granulo-
cytes, monocytic cells, proteases, chemokines, peptides, and endog-
enous CXCR4 inhibitor, a number of CXCL12 axis modulators,
and other substances as nucleotides or sphingolipids.

To further clarify the interdependence of HSPC maintenance
and niche localization, it would be valuable to learn about some
more central questions.

Open questions and fields for new research include:

- The role of chemokine gradients in HSPC steady-state hema-
topoiesis

— The sources and the role of sphingolipids and nucelotides/nu-
cleotide analogues in steady-state hematopoiesis and during
mobilization

- The constituents and dynamics of bone marrow interstitial flu-

id, and how its soluble mediators are embedded in regulation

of the HSPC niche maintenance and HSPC mobilization
- The role of neutrophilic granulocytes and their secreted pro-

teases in steady-state hematopoiesis.

It needs to be clarified whether signals such as CaR-mediated
and B-adrenergic innervation are part of intrinsic feedback signal-
ing loops, and which other players are involved in such possible
circuits

The question remains whether the continuous exit of HSPCs
into the bloodstream and their re-entry into bone marrow, as seen
in steady state and during induced mobilization, are mediated by
the same mechanism or are regulated differently.
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