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A novel view of the adult bone marrow stem cell hierarchy

and stem cell trafficking

MZ Ratajczak

This review presents a novel view and working hypothesis about the hierarchy within the adult bone marrow stem cell

compartment and the still-intriguing question of whether adult bone marrow contains primitive stem cells from early embryonic
development, such as cells derived from the epiblast, migrating primordial germ cells or yolk sac-derived hemangioblasts. It also
presents a novel view of the mechanisms that govern stem cell mobilization and homing, with special emphasis on the role of the
complement cascade as a trigger for egress of hematopoietic stem cells from bone marrow into blood as well as the emerging role
of novel homing factors and priming mechanisms that support stromal-derived factor 1-mediated homing of hematopoietic stem/

progenitor cells after transplantation.
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INTRODUCTION

It is a rule in science that visionary ideas need time for acceptance
and as Max Planck stated ‘one thing is important in science—only
courageous people win'. To support this as an example, the idea of
using blood transfusions for treatment was conceived centuries
ago, but it needed Karl Landsteiner, to open the door to
transfusion medicine.’

With time, it also became obvious that hematopoietic tissues in
addition to blood cells also contain stem cells. Historically, the
term ‘stem cell’ was first coined in the middle of nineteenth
century by Ernst Haeckel.? In the second half of the twentieth
century, James Till and Ernest McCulloch® presented functional
evidence for the presence of hematopoietic stem/progenitor cells
in mice, and for half a century human hematopoietic stem cells
have been successfully used in treating several hematopoietic,
metabolic and recently even some autoimmune-based disorders.*
The breakthrough discovery that enabled the introduction of
hematopoietic transplants into the clinic was the discovery of
histocompatibility antigens.”

Stem cells are currently not only aspirated from bone marrow
but also isolated from mobilized blood® and from umbilical cord
blood.” The remaining clinical problems are the existence of poor
mobilizers, which require more efficient mobilization strategies,
and, in the case of cord blood transplants, the low number of
hematopoietic stem cells, which requires the development
of strategies for efficient ex vivo expansion or to improve homing
of these cells to the bone marrow after transplantation.

Moreover, because of the success in the application of stem
cells to treat hematopoietic disorders, investigators in several other
clinical specialties are looking for a source of stem cells that can be
safely and efficiently used to treat damaged organs (e.g., heart, spinal
cord or liver). Therefore, the quest continues for more efficient
treatment strategies using cells with broader differentiation potential
that can be isolated, for example, from hematopoietic tissues.®

STEM CELL THERAPIES

The idea of using stem cells in tissue/organ regeneration, which
has become a basic concept of regenerative medicine, is still
awaiting identification of a pluripotent stem cell that can be safely
and efficiently used in the clinic. This search has focused on
embryonic stem cells, genetically modified postnatal cells and
unmodified adult stem cells.®

Both embryonic stem cells and induced pluripotent stem cells,
which are genetically manipulated cells derived from postnatal
tissues, are endowed with undisputed multigerm layer differentia-
tion potential but face the problem of teratoma formation, which
keeps them on hold for applications in patients.” The first clinical
trials currently running in Japan in patients suffering from acute
macular degeneration will try to address this issue. However, if any
improvement is observed, the next step will be to distinguish
between a real effect of stem cell therapy (the formation of new
retinal cells from induced pluripotent stem cells in patients) from
paracrine effects of these cells on the endogenous stem cells in
the retinal pigment epithelium. On the other hand, developmen-
tally early stem cells isolated from adult tissues are very rare and,
as of today, are difficult to expand and differentiate ex vivo.®

Nevertheless, stem cells isolated from adult tissues are so far the
only cells used in clinical settings with an attempt to regenerate
non-hematopoietic tissues. More than a decade ago, the concept
of stem cell plasticity was proposed, which was based on the
assumption that hematopoietic stem cells are plastic, meaning
that they may dedifferentiate and become committed to stem
cells for various organs/tissues (e.g., heart, brain, liver, bone or
skeletal muscle).’® This hypothesis, however, has been refuted,
and alternative explanations for postulated stem cell plasticity
have been proposed.

First, hematopoietic stem cells or other types of stem cells used
in therapy, such as mesenchymal stem cells or the so-called
cardiac stem cells, are a rich source of soluble growth factors,
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cytokines, chemokines, and bioactive lipids that may inhibit
apoptosis and promote angiogenesis in damaged organs.'"'?
Second, in addition to soluble factors, stem cells used as
therapeutics also secrete extracellular microvesicles, which may
directly stimulate damaged cells and transfer mRNA, miRNA and
mitochondria to promote regeneration.'® Finally, cells used for
therapy and isolated, for example, from bone marrow, mobilized
blood and cord blood also contain other types of stem cells
besides hematopoietic stem cells, including mesenchymal stem
cells, endothelial progenitors and developmentally early stem cells
such as, for example, very small embryonic-like stem cells.®''¢

The future of regenerative medicine relies on the identification
of an efficient source of pluripotent stem cells that, in combination
with organic or synthetic scaffolds, can be safely and efficiently
used in tissue or organ regeneration. Currently, much effort is
being dedicated to solving the problem of the tumorigenecity
of embryonic and induced pluripotent stem cells,® as well as to
harness the paracrine effects of adult stem cells.'?> Another
important challenge is to expand ex vivo rare, developmentally
early stem cells isolated from adult tissues.

DEVELOPMENTAL ORIGIN OF HEMATOPOIETIC STEM CELLS

Although hematopoietic stem cells are the best-studied stem cell
population so far, several questions remain unanswered and await
clarification. The first question that seems not yet to be fully
resolved is the developmental origin of these cells. Intriguingly,
the first primitive hematopoietic stem/progenitor cells that are
detectable in the embryo are specified in extraembryonic tissues
(the extraembryonic mesoderm) in the so-called hematopoietic
blood islands in the yolk sac.'” On the other hand, the first stem
cells that become specified from the epiblast and give rise to all
three germ layers in the developing embryo are primordial germ
cells, which carry developmental totipotency to succeeding
generations and are the precursors of gametes.'® Shortly after
their specification in the proximal epiblast, primordial germ cells
enter the extraembryonic mesoderm, make a turn and then
migrate back through the embryo proper towards the genital
ridges, where they establish gametogenesis. During this migra-
tion, primordial germ cells are amplified in number. Interestingly,
this moment in migration, when they begin their journey through
the extraembryonic mesoderm, correlates in time and space
with the formation of the first hemangioblasts and the generation
of hematopoietic islands at the bottom of the yolk sac.”
Hemangioblasts, in turn, give rise to both primitive hematopoietic
cells and endothelial progenitors.

Another somewhat open and challenging question is the origin
of definitive hematopoietic stem cells in the developing embryo.
Most investigators accept the idea that definitive hematopoietic
stem cells emerge from hemangiogenic endothelium in the dorsal
aorta in response to shear stress from circulating blood, which
depends on the development of a beating heart.?*?" Never-
theless, at this point it is still not clear how great a contribution to
adult hematopoiesis is made by primitive hematopoietic stem
cells, which are specified in extraembryonic yolk sac blood island
mesoderm from hemangioblasts and may move into the
circulation.' Alternatively, because hematopoietic stem cell
precursors are developmentally associated with blood island
endothelium, when the endothelium establishes the circulatory
vessel network in the developing embryo, they could also migrate
associated with the developing vessels. Finally, it is also possible
that, during their migration to the genital ridges through the
embryo proper, primordial germ cells may also give rise to a
population of precursors of definitive hematopoietic stem cells.*?
In support of this latter possibility, the formation of definitive
hematopoietic stem cells in the dorsal aorta is spatially and
temporally connected with the wave of primordial germ cells
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migrating through the so-called aorta-gonads—-mesonephros
region to the genital ridges in the embryo proper.

This temporal and spatial connection between the migration of
primordial germ cells and the formation of primitive and definitive
hematopoietic stem cells raises another challenging question
about the potential developmental link between these both cell
populations. Interestingly, several papers have described the
sharing of chromosomal aberrations between germline tumors
and leukemias or lymphomas, which suggests their common
clonal origin.*** Similarly, both muirne and human hematopoie-
tic stem cells express several pituitary and gonadal sex hormone
receptors (submitted) and respond to stimulation by sex
hormones,?*?” and, as recently reported, germline-derived cells
share with hematopoietic cells a functional erythropoietin
receptor.® Furthermore, it has been demonstrated that murine
primordial germ cells isolated from embryos, stem cells isolated
from murine testes, and teratocarcinoma cell lines can be
specified into hematopoietic stem/progenitor cells.?>*° Moreover,
Sall4—an important developmental factor, is expressed in both
hematopoietic and germ cells.3' On the other hand, bone marrow
may contain cells that give rise to gametes.>>** Thus, further
research is needed to answer the intriguing question of how much
germline developmental potential is retained by hematopoietic
stem cells.

A NOVEL VIEW OF THE HIERARCHY OF BONE MARROW-
RESIDING STEM CELLS

The next few years should also yield an answer to the intriguing
question of whether stem cells that originated in the extraem-
bryonic mesoderm in yolk sac or epiblast or are derived from
migrating primordial germ cells can colonize the fetal liver and
subsequently migrate to the developing adult bone marrow. Such
cells could be potential precursors of long-term repopulating
hematopoietic stem cells as well as mesenchymal stem cells and
endothelial progenitor cells.

In fact, several investigators have described populations of stem
cells with broader potential to cross germline boundaries. Such
cells have been described by many investigators and, depending
on the methods for how they were isolated, assigned different
names: for example, spore-like stem cells** multipotent adult
stem cells,®® multilineage-differentiating stress-enduring cells,>®
multipotent adult progenitor cells,*” unrestricted somatic stem
cells,*® marrow-isolated adult multilineage-inducible cells*® and,
as described by us a decade ago and mentioned above, very small
embryonic-like stem cells."*"® Reports of the presence of all these
stem cell types in adult tissues has created a kind of
nomenclatural chaos, and probably several of them described as
separate entities are in fact overlapping populations of similar cells
(Figure 1).

Further research is needed to establish the relationship
between these different types of stem cells and compare their
developmental potential side by side.

VERY SMALL EMBRYONIC-LIKE STEM CELLS AS A CHALLENGE
TO THE EXISTING STEM CELL HIERARCHY

Very small embryonic-like stem cells have a distinct morphology
that corresponds to the quiescent state of these cells. They are
small, have a tiny rim of cytoplasm containing few mitochondria
and their nuclei are filled with euchromatin. Molecular analysis of
these cells has revealed that they truly express several genes
characteristic of pluripotent stem cells, migrating primordial germ
cells and hemangioblasts.*® As expected for pluripotent stem cells,
they also express bivalent domains, and cells from female mice
activate the X chromosome. Several groups, including us, have
shown that, in appropriate models, these small cells can
differentiate into cells from all three germ layers.*'™*
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Figure 1. Hypothetical relation of very small embryonic-like stem
cells (VSELs) to other multi/pluripotent stem cells identified by
several investigators in adult bone marrow, blood and umbilical
cord blood. It is very likely that VSELs are primitive, small, dormant,
stem cells that, upon proper activation, give rise to other larger
multi/pluripotent stem cells identified by other investigators in
hematopoietic tissues and may also give rise to hematopoietic/stem
progenitor cells, mesenchymal stem cells and endothelial progeni-
tor cells. Abbreviations: EPC, endothelial progenitor cell; HSC,
hematopoietic stem cell; MASC, multipotent adult stem cells; MIAMI,
marrow-isolated adult multilineage-inducible cell; MAPC, multi-
potent adult progenitor cell.

However, in contrast to immortalized embryonic and induced
pluripotent stem cells, very small embryonic-like stem cells do not
contribute to blastocyst development and do not grow teratomas
after inoculation into immunodeficient mice. The reason for this is
the erasure of imprinting of regulatory sequences encoding
certain parentally imprinted genes—a phenomenon that also
occurs in  primordial germ cells and prevents teratoma
formation.*® One of the most important imprinted regulatory
regions is present within the Igf2-H19 tandem gene, encoding
insulin-like growth factor-2 (IGF-2) (a potent stimulator of cell
proliferation) and noncoding H19 mRNA, which gives rise to
several microRNAs that may inhibit cell proliferation. One of these
(miR-675) is responsible for the downregulation of the IGF-1
receptor.*’” As result of erasure of imprinting at this locus the
expression of IGF-2 is downregulated and H19 upregulated.

The resistance of these small cells to IGF-2 and -1 signaling not
only explains their quiescence but also sheds new light on the
potential role of these cells in regulating lifespan and cancer-
ogenesis. In further support of this possibility, the number of these
cells is high in long-living murine strains, which have very low
levels of circulating IGF-1 in blood plasma, and is reduced in short-
living mice with high blood plasma levels of this growth factor.
Low levels of circulating IGF-1 in these animals also correlate with
their resistance to tumorigenesis, and, vice versa, mice with high
levels of circulating IGF-1 frequently develop malignancies.*® We
propose that resistance of very small embryonic-like stem cells to
somatotropic signaling, on the one hand, preserves the pool of
these cells for tissue and organ rejuvenation and, on the other
hand, protects them from uncontrolled proliferation. Interestingly,
mice that have low levels of circulating IGF-1 and as result of this
high numbers of very small embryonic-like stem cells in tissues
remain fertile at an age >2 years, which supports a role for
ovarian very small embryonic-like stem cells in giving rise to
gamete precursors.*® Finally, our data indicate that calorie
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restriction, prolonged exercise and metformin administration
exert positive effects on the number of these cells residing in adult
tissues.>® These findings indicate new directions for regenerative
medicine and modern pharmacology: specific new drugs that
attenuate somatotropic signaling may contribute to an increase in
lifespan and a reduced risk of cancer.

Although very small embryonic-like stem cells have been shown
by several groups to differentiate in vivo and in vitro into cells from
various germ lineages, the efficient expansion of these cells ex vivo
for therapeutic use is still a problem because of the above-
mentioned epigenetic changes in imprinted genes. More studies
are also needed to compare them with other types of
developmentally early stem cells residing in bone marrow
(Figure 1).

STEM CELLS AS NONSTOP TRAVELERS

One important property of hematopoietic stem cells is that they
are highly migratory, moving during development between
different organs where hematopoiesis takes place and finally
reaching the bone marrow, which remains the main hematopoie-
tic organ in an adult organism.>' Stem cells may leave their niches,
usually after their symmetric division, and circulate in blood to find
a new niche and thus keep the pool of stem cells in balance in the
bone marrow at distant locations in the body. It has been
proposed that they also have a role as ‘paramedics’ patrolling
tissues for potential infections or damage. In addition to
hematopoietic stem cells, other types of stem cells circulate in
blood, including mesenchymal stem cells, endothelial progenitors
and very small embryonic-like stem cells. The number of all types
of these stem cells increases in blood during organ and tissue
injuries, infections and other situations, such as after strenuous
exercise.’>** These observations indicate that circulating stem
cells may have an important role in ameliorating several
pathological processes. The number of stem cells circulating in
blood is also regulated by a circadian rhythm.>>™’ Forced egress
of stem cells from their niches into blood also occurs during
pharmacological mobilization, where their number increases up to
100 times compared with steady-state conditions.

For many years my group has been studying the role of the
complement cascade in orchestrating the mobilization
of stem cells*® In fact, this evolutionarily ancient proteolytic
cascade becomes activated in response to infection, tissue
organ injury, strenuous exercise and after administration
of stem cells mobilization-promoting drugs, including granulocyte
colony-stimulating factor’® and CXCR4 inhibitor—plerixafor
(AMD3100).%°

As, the complement cascade is a sensor of environmental
changes in adult organisms, it also interacts with two other
ancient proteolytic cascades, the coagulation cascade and the
fibrynolytic cascade, which, as recently reported, also affect the
mobilization process of stem cells5"®? Importantly, all these
cascades show a circadian rhythm of activation, with a peak
during deep sleep due to hypoxia, and activation of the
coagulation and the complement cascades precedes the peak of
stem cell release from bone marrow observed in the early
morning hours.®® Interestingly, we recently observed that C5-
deficient mice, which do not activate the distal part of the
complement cascade, are not only poor mobilizers®® but also do
not show circadian changes in the number of stem cells
circulating in blood.

Circadian oscillation in the number of circulating hematopoietic
stem cells in blood, with the peak occurring in the early morning
hours and the nadir at night, has been attributed in mice to
enhanced tonus of the autonomic nervous system in the early
morning hours.>® In support of a possible role of this branch of the
nervous system, it has been shown that UDP-galactose:ceramide
galactosyltransferase-deficient mice, which exhibit aberrant nerve
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conduction and do not release norepinephrine into the bone
marrow microenvironment, do not mobilize stem cells.>” However,
modification of the sympathetic output, as seen in normal human
stem cell volunteer donors receiving norepinephrine reuptake
inhibitors for depression or 32-blockers for hypertension, induces
mobilization in a similar manner as normal controls.>’ Mobilization
in these patients was neither enhanced by norepinephrine
reuptake inhibitor administration nor suppressed by (2-blockers,
which is not what one would have expected based on the murine
data reported in the literature. This finding may indicate some
differences in the role of the vegetative nervous system in the
release of hematopoietic stem cells between mice®® and
humans,”' and further studies are warranted to shed more light
on this phenomenon.

THE MECHANISM REGULATING EGRESS OF HEMATOPOIETIC
STEM CELLS FROM BONE MARROW INTO BLOOD

Our knowledge about the mechanisms that trigger mobilization of
hematopoietic stem cells is increasing. The first and most
important step in the mobilization process is their detachment
from bone marrow niches, where they are anchored owing to the
interaction between the a-chemokine stromal-derived factor 1
(SDF-1) and vascular cell adhesion molecule-1 (VCAM-1),
expressed in stem cell niches and, respectively, corresponding
to the CXCR4 and a4f1 integrin (VLA-4) receptors expressed on
hematopoietic stem/progenitor cells.** Of note, both CXCR4 and
VLA-4 receptors are membrane lipid raft-associated receptors, and
their incorporation into lipid rafts is essential to their optimal
biological function.>"%>~%”

A crucial role in this process is played by the induction of a
proteolytic microenvironment in bone marrow due to the release
of proteolytic enzymes from granulocytes and monocytes, and
this effect has been observed, for example, after the administra-
tion of granulocyte colony-stimulting factor®® It has been
demonstrated that several proteolytic enzymes released by cells
in bone marrow digest proteins involved in the retention of
hematopoietic stem cells in the bone marrow microenvironment
(e.g., SDF-1 and CXCR4).°*%® Interestingly, the crucial proteases
involved in this process have not yet been identified, as mice with
knockout of multiple proteolytic enzymes, such as matrix
metalloproteinase-9, matrix metalloproteinase-2, cathepsin G
and elastase, mobilize hematopoietic stem cells in a similar
manner as control wild-type mice.>® This finding may indicate that
their deficiency is compensated by other proteolytic enzymes, and
one of the candidates is cathepsin K, which is expressed, for
example, by osteoclasts, and direct mobilization studies in
cathepsin K-knockout mice could answer this question.

Another previously unrecognized possibility is the involvement
of other types of non-proteolytic enzymes. Our recent results
indicate the involvement of the lipolytic enzyme hematopoietic
cell-specific phospholipase CB2 (PLC-B2).5° Our data indicate that
the level of this lipase increases in BM during mobilization, and it
is released from neutrophils in response to several promobilization
factors (e.g., granulocyte colony-stimulting factor, AMD3100,
sphingosine-1-phosphate (S1P) and C5a). PLC-B2 is an enzyme
that targets (i) truncated isoform of VCAM-1 expressed in stem cell
niches and (ii) the glycoplipidglycosylphosphatidylinositol anchor,
which is important for lipid raft formation and thus optimal
function of CXCR4 and VLA-4, and is required for membrane
expression of endogenous complement cascade inhibitors (CD55
and CD59). Thus, after PLC-32 release during mobilization, stem
cells are easily detached from their niches, on the one hand, as a
result of the removal of truncated VCAM-1 and, on the other hand,
due to perturbation of the formation of membrane lipid rafts
required for optimal bone marrow-retention signaling from the
CXCR4 and VLA-4 receptors.®>®” In addition, removal of CD55 and
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CD59 from the cell surface leads to enhanced activation of the
mobilization-promoting complement cascade.

In support of this mechanism, we observed a mobilization
defect in PLCB2™~ mice, as evaluated by the number of mobilized
leukocytes, Sca-17Kit*Lin~ cells and colony-forming units of
granulocyte-macrophage.®® These results indicate that, in addi-
tion to proteolytic enzymes, lipolytic enzymes, including PLC-f32,
are also upregulated in the bone marrow microenvironment
during the mobilization process and that PLC-B2 promotes
mobilization of hematopoietic stem cells by perturbing the bone
marrow-retention function of glycoplipidglycosylphosphatidylino-
sitol anchor-associated proteins.

As mentioned above, our results also indicate that activation of
the complement cascade is a trigger for mobilization of stem cells,
and a major role is played here by cleavage fragments of the fifth
complement cascade protein (C5), C5a and gesargC5a. Known also
as anaphylatoxins, both these molecules are potent stimulators
and chemoattractants of granulocytes and monocytes. Activation
of granulocytes and monocytes by C5 cleavage fragments
explains the release of proteolytic enzymes and, as mentioned
above, also PLC-f2. As the result of the coordinated action of
proteolytic and lipolytic enzyme mechanisms, hematopoietic stem
cell retention in bone marrow niches is attenuated, and these cells
are released from their ‘anchors’. After release from their niches,
stem cells respond to a major chemoattractant in blood, the
bioactive phosphosphingolipid S1P.”°7? The role of this lipid
somewhat challenges the conventional view of the role of SDF-1
gradients between bone marrow and blood plasma in the egress
of stem cells. Accumulating evidence indicates that, despite the
fact that the SDF-1-CXCR4 axis has an unquestionably important
role in the retention of stem cells in bone marrow, the SDF-1 level
in blood does not clearly correlate with the mobilization of
hematopoietic stem cells.”®”>7* By contrast, it has been demon-
strated that the level of STP in blood, even under steady-state
conditions, is already high enough to chemoattract stem cells
released from their niches.””? In addition, the high S1P level in
blood may be additionally increased by erythrocytes and platelets
due to the activation of the complement and coagulation
cascades.”®

Hematopoietic stem cells released from their niches must cross
the bone marrow-blood endothelial barrier in bone marrow
sinusoids. In this step of the mobilization process, a crucial role is
played by neutrophils and monocytes, which, as the first cells to
egress from bone marrow into blood, are chemoattracted by C5a
and gesargC5a cleavage fragments of the activated complement
cascade in bone marrow sinusoids.”” In response to the gradient
of C5 cleavage fragments between bone marrow and blood,
granulocytes and monocytes, which are highly enriched in
proteolytic enzymes necessary to digest the endothelial barrier,
are the first cells to egress from the bone marrow into blood and,
by doing so, pave the way for hematopoietic stem cells to follow
in their footsteps (Figure 2).

Although there are vast amounts of experimental data on the
mechanisms and factors that induce or promote mobilization of
stem cells, there is relatively less data on negative regulators
of this process. We demonstrated for the first time that
heme oxygenase 1 (HO-1), which has a well-documented anti-
inflammatory potential, has an important and heretofore
unrecognized role in the retention of hematopoietic stem cells
in bone marrow niches by negatively modulating the activation of
complement cascade.”® Based on this result, the tug of war
between complement cascade activation and HO-1 activity
becomes an interesting target for developing new mobilization
strategies.
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Figure 2. The proposed major mechanism underlying the processes of mobilization and homing of hematopoietic stem cells (HSCs).
Mobilization of HSCs (upper panel). Activation of the complement cascade (ComC) is a trigger for the mobilization process. The ComC
cleavage fragments C5a and gesargC5a induce proteolytic and lypolytic enzymes from bone marrow-residing granulocytes and macrophages.
These enzymes attenuate SDF-1-CXCR4- and VCAM-1-VLA-4-mediated retention of HSCs in bone marrow niches. An increase in the ComC
cleavage fragments C5a and gesargC5a in BM sinusoids chemoattracts leukocytes and monocytes from BM into PB, and these cells are the first
to egress from the BM microenvironment and pave the way for HSPCs through the endothelial barrier. HSCs released from their niches are
chemoattracted by the S1P gradient between bone marrow and blood. HO-1 is an inhibitor of ComC activation and mobilization of HSPCs.
Homing of HSCs (lower panel). HSCs infused into blood respond to a gradient of SDF-1 between bone marrow and blood; however,
conditioning for transplantation by chemo/radiotherapy may also upregulate other homing factors, such as S1P and ceramide-1-phosphate
(C1P), and increase the level of extracellular nucleotides (ATP and UTP). In addition, LL-37 and 2-defensin released from BM stromal cells and

osteoblasts increase the responsiveness of HSCs to an SDF-1 gradient by a priming mechanism.

HOMING OF HEMATOPOIETIC STEM CELLS TO THE BONE
MARROW

Migration and bone marrow homing of hematopoietic stem cells
after transplantation precedes their final engraftment and is a key
factor in successful hematopoietic transplantation. The major role
in homing to bone marrow has been assigned to the SDF-1
gradient, which increases after conditioning for transplantation in
the bone marrow microenvironment.?®’” In the meantime,
evidence has accumulated that hematopoietic stem cells also
home to the bone marrow in an SDF-1-CXCR4 axis-independent
manner. In support of this evidence, (i) CXCR4™~ fetal liver
hematopoietic stem cells home to bone marrow,”® (ii) homing of
murine hematopoietic stem cells made refractory to SDF-1 by
incubation and coinjection with a CXCR4 receptor antagonist is
normal or only mildly reduced”® and (jii) hematopoietic stem cells
in which CXCR4 has been knocked down by means of an SDF-1
intrakine strategy are also able to engraft.®’ These observations
open up a new area of investigation to look for homing factors
that, based on the aforementioned examples, can compensate for
SDF-1 deficiency.

In fact, there are very few chemoattractants that have been
identified for hematopoietic stem cells. Besides SDF-1, which is the
only known chemokine that chemoattracts these cells,®®’” these
include bioactive phosphosphingolipids, such as S1P and cer-
amide-1-phosphate,®’ and the extracellularly released nucleotides,
such as UTP and ATP.%? Interestingly, all of these homing factors
seem to bind to G; protein-coupled receptors. The involvement of
these novel homing factors in the homing of hematopoietic stem
cells is currently being investigated in my laboratory (Figure 2).

Leukemia (2015) 776 -782

Another important mechanism involved in homing of hemato-
poietic stem cells that could be explored in the clinic is the so-
called priming phenomenon.®' Specifically, the responsiveness of
stem cells to an SDF-1 gradient is enhanced by the presence of
anti-microbial cationic peptides that are part of the innate
immunity response, such as (i) the complement cascade cleavage
fragment C3a®® and (ii) cathelicidin (LL-37) and B2-defensin, which
are induced by C5b-C9 in bone marrow stroma during condition-
ing for transplantation.®* The basis for priming by these factors is
their promotion of the incorporation of CXCR4 into membrane
lipid rafts,%>” which makes the CXCR4 receptor more responsive
to an SDF-1 gradient.?>"%”#" These domains also act as good sites
for crosstalk between various cellular proteins, including cytoske-
letal elements. As reported by other investigators, the respon-
siveness of hematopoietic stem cells to an SDF-1 gradient may
also be enhanced by the presence of prostaglandin E2 (ref. 85)
and hyaluronic acid.®® These findings suggest that the respon-
siveness of cells to an SDF-1 gradient is modulated by several
molecules related to innate immunity and inflammation.>® Finally,
homing of stem cells into bone marrow could be achieved by
inhibiting CD26 on these cells,”® an interesting strategy that is
being currently tested in cord blood transplants.

CONCLUSIONS AND FUTURE DIRECTIONS

The paradigms in science shift, and, according to Albert Einstein,
‘blind belief in authority is the greatest enemy of truth’. Einstein
also stated that ‘anyone who has never made a mistake has never
tried anything new’. These wise words apply not only to
theoretical physicists of the twentieth century, who were
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challenging various scientific paradigms, but also has meaning for
the biological sciences and should be remembered at a time of
dynamic developments in the area of stem cell research. There are
still a lot of questions that need to be answered, with hypothesis
testing by independent groups, and new generations of scientists
will be needed to verify many of the current paradigms.
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