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Abstract

Homing of hematopoietic stem cells (HSC) to their microenvironment niches in the bone marrow (BM) is a rapid and complex process
occurring within hours with a critical role in repopulation of the bone marrow after transplantation. Thus, homing of HSC is a prereq-
uisite for their repopulation and engraftment. It involves three consecutive steps: extravasation from peripheral blood through the
BM endothelium, migration through stroma, and lodgement into niches. Migration of hematopoietic stem cells to the bone marrow
is a highly regulated process that requires correct regulation of the expression and activity of various molecules including adhesion

molecules, chemokines, cytokines and proteolytic enzymes.

Currently, hematopoietic stem cell transplantations are serving as the most powerful treatment modality for many hematopoietic
malignancies. Indeed, successful hematopoietic recovery after transplantation depends on homing of hematopoietic stem cells to
the bone marrow and subsequent lodging of those cells in specific niches in the bone marrow. CXCL12-CXCR4 signalling was demon-
strated to play an essential role in the BM homing of HSCs. Likewise, a correct regulation of PI3K/PKB is crucial for migration of HSCs
to the bone marrow after transplantation. This mini-thesis is a short review of recent literatures about the molecular mechanisms

underlying adhesion, migration and bone marrow homing of hematopoietic stem cells.
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Introduction

Hematopoietic stem cells (HSCs) are the foundation of the vertebrate blood system. In mammals, hematopoiesis is a complex and
highly ordered process in which a HSC gives rise to all differentiated blood cells. During adult life this process is closely linked to a special-
ized environment, called niches, in the bone marrow (BM) (Clements and Traver, 2013). However, aberrant regulation of hematopoiesis
can result in the development of various forms of cancers, bone marrow failure, hereditary metabolic disorders and severe congenital

immuno-deficiencies (Lapidot., et al. 2005).

Recently, emerging field of regenerative or gene HSC-based therapy become a huge potential for the cure of numerous congenital and

acquired diseases. There has been a rapid surge in clinical trials involving HSC therapies that continued to demonstrate the importance of
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stem cells both in replacing damaged tissue and in providing extracellular factors capable of promoting endogenous cellular salvage and

replenishment (Vanhee and Vandekerckhove, 2016).

Thus, hematopoietic stem cell transplantation has become the standard of care for the treatment of many hematologic malignancies,
chemotherapy sensitive relapsed acute leukemias or lymphomas, multiple myeloma and for some non-malignant diseases such as aplas-
tic anemia and immunodeficient states. But, successful hematopoietic recovery after transplantation depends on homing of transplanted

hematopoietic stem cells to interact with their niches for re-establishment and repopulation to the recipient BM (Lapidot., et al. 2005).

Hence, homing is a phenomenon whereby transplanted hematopoietic cells can travel to and engraft or establish residence in the
bone marrow that relies on intracellular signalling and interaction between chemokines, chemokine receptors, adhesion molecules, and
proteases to promote HSC adhesion to micro-vessels (Lapidot., et al. 2005). Cells start rolling and firmly adhered to endothelial cells in
the bone marrow sinusoids. Then cells migrate across endothelium matrix barrier to anchor and lodge to their specialized niches within

the bone marrow compartments (Lo Celso and Fleming, 2009).

Indeed, HSC homing is the mirror image of mobilization. In homing, it involves sequential events that allow HSC to reach their niches
within bone marrow. On the other hand, mobilization follows a reversal steps required for stem cell to come out of BM and enter the

peripheral blood following administration of growth factors and/or chemotherapeutic agents.

Despite the central role these phenomena play in stem cell biology and cancer therapy, processes governing trafficking, migration
and homing of HSC to the BM, and their egress from the marrow into the periphery, both at the molecular and cellular levels, remain
poorly understood. Equally ambiguous at present, is the immediate fate of stem cells arriving in the BM shortly after transplantation.
Therefore, this review present HSCs homing with a focus on most important aspects of recent insights into the molecular mechanisms

underlying adhesion, migration and bone marrow homing.

Molecular Mechanisms Underlying Bone Marrow Homing Of Hscs

The Role of Adhesion molecules

Cell adhesion receptors including selectins, integrins and CD34 are thought to play a key role both in migration of HSCs during em-
bryogenesis and retention of adult HSCs in the BM environment. Except L-selectin, both P-endothelial and E-endothelial selectin plays
an important role in bone marrow homing of hematopoietic stem cells during initial tethering and rolling steps on BM micro-vessels (Xia
and McDaniel, 2004; Pouget, 2014) (Figure 1).

In the next step of trans-endothelial migration, however in contrast to fluid-phase P- and E-selectin, (Xia and McDaniel, 2004), adhe-
sion of CD34+ hematopoietic progenitor cells to bone marrow derived endothelial cells under static conditions has been shown not to
depend on E-selectin. Experiments performed to study the importance of E-selectin in trans-endothelial migration of human hematopoi-

etic progenitor cells yielded contradictory results (Naiyer and Jo., et al. 1999).

Trans well experiments performed by Voermans and Rood (2000), for example, suggested that E-selectin is not important for trans-
endothelial migration. Transplantation of lethally irradiated recipient mice deficient for both P-and E-selectin with wild type bone mar-
row cells resulted in reduced recruitment of hematopoietic progenitors to the bone marrow and enhanced levels of circulating hemato-

poietic progenitors, indicating that selectins indeed play an important role in bone marrow homing (Forde and Tye, 2007).

Similarly, heterodimeric transmembrane molecules called integrins that consists an a and f subunit that play an important role in
HSC adhesion, trans-endothelial migration and regulation of bone marrow homing (Merzaban and Burdick, 2011). Zanjani., et al. (1999)
demonstrated that CD49d/CD29 or a431 or Very late antigen-4 (VLA-4) played a central role in homing and engraftment of transplanted
human cells to the BM of sheep foetuses and that migration of transplanted cells to foetal liver in lieu of the BM could be positively modu-

lated with anti-B1 integrin antibody.
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In vitro studies with blocking antibodies have, for example, shown that both CD49d/CD29 or a4$1 or VLA-4 and CD11a/CD18 or
aLB2 or lymphocyte function-associated molecule-1 (LFA-1), but not CD49e/CD29 or a5B1 or VLA-5, play an important role in adhesion
of hematopoietic stem and progenitor cells to endothelial cells and subsequent trans-endothelial migration (Voermans and Rood, 2000;
Peled and Kollet, 2000).

Furthermore, several studies have reported that a4f31/ligand interaction contributes to cellular tethering and rolling (Voermans
and Rood, 2000). Additionally, it has been shown that the homing ability of normal donor cells decreases after treatment with anti-a41
(Ibbotson., et al. 2001). Further evidence suggesting the involvement of a41-integrin in the homing process is given in the points below
(Burger and Spoo, 2003; Lapidot., et al. 2005):

e a4p1is widely expressed in both stem and progenitor cells, exceeding expression of both L-selectin and 2-integrin taken together;
e a4l is constitutively active in HSC and progenitor cells;

e a4f1is usually inactive in committed cells.

Another important role in HSC homing has been assigned to intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) (Figure 1). These two molecules have been shown to act as key factors in cell trafficking between blood and BM
(Peled and Kollet, 2000). The main ligand of a4$1 in committed cells is VCAM-1. Therefore, it can be reasonably assumed that all func-
tions are likely to be accomplished through their interactions (Xia and McDaniel, 2004).
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Figure 1: Migration and homing of HSCs into the bone marrow microenvironment. E- Endothelial and P- endothelial
selectin were found to be important to cell movement (cell rolling) and promote weak HSC adhesion to bone marrow
microvessels. The expression of the chemokine receptor CXCR4 on the HSC surface promotes cell activation via CXCL12
factor. Following stronger interaction between LFA-1/ICAM-1 and VLA-4/VCAM-1, HSCs arrest on the endothelial
surface and migrate through basal lamina. The migration is also promoted by VLA-4 and VLA-5 interaction with

fibronectin, present in the extracellular matrix.

The Role of Chemoattractants in the migration of HSCs

Chemoattractant play an important role in directing migration of hematopoietic stem and progenitor cells to the bone marrow. Sev-
eral studies have demonstrated that Stromal-derived factor-1 (SDF-1), also known as CX chemokine ligand 12 (CXCL12) (Tashiro and
Tada, 1993) acts as a chemoattractant for hematopoietic stem and progenitor cells during their trans-endothelial migration (Broxmeyer
and Orschell, 2005; Glass and Lund, 2011).
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Further investigation, utilizing a large panel of CC and CXC chemokines, suggested that the only chemokine capable of inducing
migration of murine hematopoietic stem and progenitor cells appears to be SDF-1 (Liesveld and Rosell., 2001; Wright and Bowman,
2002). Although the chemokine receptors CCR3 and CCR9 were also expressed at mRNA level, their ligands could not induce migra-
tion (Wright and Bowman, 2002). Similarly, examination of a panel of chemokines and cytokines in trans-endothelial migration assays
revealed that SDF-1 is also important for migration of human hematopoietic progenitors through a confluent layer of endothelial cells
(Liesveld and Rosell, 2001).

However, to a lesser extent, also other chemokines and cytokines, including CCL2 (MCP-1), CCL5 (RANTES), CXCL10 (IP-10), IL-8
and SCF could also induce trans-endothelial migration (Liesveld and Rosell,, 2001). In addition, LTD4, a ligand for CysLT(1), a G protein-
coupled receptor recognizing inflammatory mediator of the cysteinyl leukotriene family, which is highly expressed in hematopoietic
progenitors, has been demonstrated to up-regulate a4p1 and aLB2 dependent adhesion of hematopoietic progenitors and to induce

chemotaxis and in vitro trans-endothelial migration (Bautz and Denzlinger, 2001; Boehmler and Drost, 2009).

Recently, a role for the proteolysis-resistant bioactive lipids sphingosine-1-phosphate and ceramide-1-phosphate in regulation of
bone marrow homing has been suggested. Conditioning of mice for transplantation resulted in enhanced levels of these lipids in the

bone marrow. In addition, both lipids appear to be chemoattractant for hematopoietic stem and progenitor cells (Kim and Wu, 2011).

The Role of SDF-1 in the bone marrow homing of HSCs

Stromal cell-derived factor (SDF-1) also known as CXC chemokine ligand (CXCL) 12 or pre-B-cell-growth stimulating factor [PBSF])
is a member of a large family of structurally related chemo-attractive cytokines and was first characterized as a growth-stimulating
factor for the B cell precursor clone (Nagasawa, 2006). The primary physiologic receptor for SDF-1 or CXCL12 is CXCR4. Signalling of
CXCL12-CXCR4 is essential in adult bone marrow to maintain the HSC pool and suggest that many HSCs are in contact with a small
population of reticular cells expressing high amounts of CXCL12 (Tokoyoda., et al. 2004; Nagasawa, 2006). CXCL12 chemokine gradient,
produced by BM niche cells, attracts transplanted HSCs, which first attach to and roll over the endothelium, followed by their penetra-

tion of the tissue via trans-endothelial migration.

The concentration of (SDF-1 ligand which increases in the BM microenvironment after conditioning regimens plays an important
role in HSC homing during transplantation (Lapidot., et al. 2005; Yin., 2006) (Figure 1). SDF-1 is a chemokine that interacts as a ligand
with the G-protein coupled receptor CXCR4, promoting HSC quiescence and survival. The expression of the chemokine receptor CXCR4

on the HSC surface promotes migration and homing into or from the BM (Asri,, et al. 2016).

For instance, mouse embryos knocked out for SDF-1 or CXCR4 show multiple lethal defects, as well as the absence of BM homing
by HSCs. Activation of the CXCR4 receptor by SDF-1 is one of the transductional axes most studied in recent years because of its funda-
mental importance in regulating trafficking of HSCs to and from the BM. It has also been reported that CXCR4-depleted human cells are

insensitive to mobilization with agonists or antagonists of the CXCR4 receptor (Liles., et al. 2003; Desmond and Dunfee., 2011).

SDF-1-CXCR4 interaction triggers chemotaxis via intracellular GTPase proteins (heterotrimeric G-proteins, typically Gai subunits)
(Papayannopoulou.,, et al. 2003). After binding to SDF-1, CXCR4 undergoes down-modulation and ubiquitination of the C-terminus (C-
ter) by E3 ubiquitin ligase, in this way promoting receptor degradation or it’s recycling via the endosomal pathway (Marchese,, et al.
2003).

Other potential factors involved in the homing process are the extracellular nucleotides (eNTPs), such as adenosine triphosphate
(ATP) and uridine triphosphate (UTP), recently described as having a fundamental role in the modulation of HSC migration in the pres-
ence of SDF-1. Since extracellular UTP improves HSC migration toward SDF-1 gradients, pre-treatment with eUTDP, it is likely to increase
homing of HSCs to the BM significantly as has been demonstrated in immunodeficient mice (Rossi., et al. 2007). The aforesaid eNTPs

act through P2 nucleotide receptors (P2Rs); particularly P2YRs. These seven transmembrane-spanning receptors, also referred to as
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G-protein coupled receptors, activate their signal transduction pathway via activation of phospholipase C or activation/inhibition of
adenylate cyclase (Di Virgilio., et al. 2001; Kollet and Dar, 2006).

Although the influence of SDF-1 on HSC chemotactic responses has been well established, its role in the different molecular path-
ways underlying the early stages of homing remains a highly discussed and contentious issue. Indeed, evidence has been produced of
HSC homing to the BM independent of the SDF-1-CXCR4 axis (Brenner., et al. 2004; Kahn and Byk, 2004 ;). Several observations support
this evidence. Adamiak (2015) and colleagues recently confirmed the involvement of the bioactive phosphosphingolipid sphingosine-
1-phosphate (S1P) as a potent chemotactic factor for HSCs. They performed hematopoietic transplantation in mice deficient in BM-
expressed sphingosine kinase 1 (Sphk1-/-), using HSCs from normal control mice as well as mice in which floxed CXCR4 (CXCR4{l/fl)
had been conditionally deleted.

They found that homing and engraftment in the Sphk1-/- mice was defective after transplantation of CXCR4-/- BM cells, indicat-
ing that SIP expressed in the BM microenvironment was involved in the homing process. Thus, SIP levels in the BM are regulated by a
balance in activity between type 1 SP-1 kinase (Sphk1) and S1P lyase, which has the role of degrading S1P (Ratajczak., et al. 2013). Since
2013, it has been observed that S1P is a potent chemoattractant for HSCs, much stronger than SDF-1 (Adamiak,, et al. 2015).

In addition, it has also been suggested that HSC homing could be improved by inhibiting membrane-bound extracellular peptidase
CD26 protein (DPPIV/dipeptidyl peptidase 1V). Peptidase CD26 removes dipeptides from the amino terminus of proteins, and it is has
been demonstrated that endogenous CD26 expression on donor cells downregulates homing and engraftment. Therefore, it can be
reasonably assumed that by deleting or inhibiting CD26, it would be possible to increase HSC transplantation efficiency (Hattori and
Heissig, 2002).

Besides the BM microenvironment, other individual genetic factors can have an impact on successful engraftment of HSCs. For
example, HSC homing is influenced by several molecules involved in inflammatory and other signalling pathways of innate immune
response (Orru., et al. 2012). Ratajczak and his colleagues describe how innate immunity derived factors are external modulators of the
SDF-1-CXCR4 axis. Because SDF-1 is extremely susceptible to degradation by proteolytic enzymes, its availability in biological fluids

may be somewhat limited.

However, the authors observed that at a minimum near threshold doses, SDF-1 was still able to exert a robust chemotactic influence
on engraftment. They showed that chemotactic responsiveness of HSCs to several different types of homing gradients could be modu-
lated by ex vivo manipulations, using a strategy that takes advantage of a hematopoietic stem and progenitor cell (HSPC), a priming
approach. Homing of HSPCs can be enhanced by ex vivo cell exposure to C3a (cleavage fragments of the third protein component of the

complement cascade). (Ratajczak., et al. 2013).

The Role of PI3K/PKB signalling module in homing of HSCs

Correct regulation of the PhosphatidyLinositol-3-Kinase (PI3K)/Protein Kinase B (PKB/c- Akt) signaling module is essential for
multiple processes during hematopoiesis. Phosphatidylinositol 4, 5 bisphosphate (PI (4, 5) P,), the most important substrate for PI3K,
can be phosphorylated upon extracellular stimulation, resulting in the formation of phosphatidylinositol 3, 4, 5 trisphosphate (PI (3, 4,
and 5) P,) (Hawkins and Anderson, 2006). PI (3, 4, and 5) P, subsequently serves as an anchor for Pleckstrin Homology (PH) domain-
containing proteins, like Protein Kinase B (PKB/c-akt). Activation of PI3K and its downstream effector Protein Kinase B (PKB/c-Akt)
has been observed in leukemic cell lines stimulated with SDF-1 (Fuhler and Drayer, 2008). A positive role for PI3K/PKB in regulation of

SDF-1 induced migration of hematopoietic stem cells was therefore suggested.

However, it has been shown that Protein Phosphatase 2A plays an important role in positively regulating SDF-1 mediated migra-
tion of human hematopoietic progenitors by inhibiting PKB activity (Basu and Ray, 2007). Similarly, inhibition of PKB activity in CD34+
cells for over 24 hours appears to be sufficient to reduce their adhesion to bone marrow derived stromal cells and to induce their basal

migratory capacity (Buitenhuis and Van Dder Linden, 2010).
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Transwell migration experiments through a confluent layer of human umbilical vein endothelial cells revealed that the observed re-
duction in firm adhesion does not ameliorate the induced migratory capacity of CD34+ cells pre-treated with a PKB inhibitor (Buitenhuis
and Van Dder Linden, 2010). In addition, ectopic expression of constitutively active PKB in CD34+ cells conversely induced firm adhesion

and reduced the basal level of migration.
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Figure 2: Schematic representation of HSC homing. HSCs infused into blood are more responsive
to stromal cell-derived factor (SDF)-1 gradient between bone marrow and blood compared to

other factors that are upregulated after transplantation conditioning regimen (S1B, ATP).

Although it cannot be excluded that transient activation of PI3K/PKB activity by SDF-1 is important for induction of migration, these
studies suggest that prolonged activation of PKB activity is detrimental for migration of CD34+ cells (Maehama and Dixon, 1998; Zhang
and Grindley, 2006). SH2-containing inositol-5’-phosphatase (SHIP) and Phosphate and Tensin Homologue (PTEN) are critical negative

regulators of PI3K signaling in bone marrow regulation (Davis and Singer, 2005; Desponts and Hasen, 2006; Buitenhuis., et al. 2008).

Several studies demonstrated that correct regulation of PI3K/PKB is essential for migration of hematopoietic stem and progenitor
cells to the bone marrow after transplantation, which is essential for optimal engraftment and hematopoietic recovery (Buitenhuis and
Van Dder Linden, 2010; Desponts and Hasen, 2006; Kharas and Okabe, 2010).

As described above, adhesion and migration of HSCs depend on correct integrin and selectin expression and regulation of integrin
activity. PKB and its downstream effector GSK-3 have initially been shown to play an important role in recycling of the CD49e/CD29 and
CD51/CD61 (avf3) integrins to the membrane in NIH 3T3 fibroblasts, resulting in enhanced cell spreading and adhesion (Roberts and
Woods, 2004). Ectopic expression of PKB in human hematopoietic stem and progenitor cells has been demonstrated to enhance the level
of CD49d, while inhibition of PKB activity conversely reduces expression of both CD49d and CD18 (Buitenhuis and Van Dder Linden,
2010), providing a potential mechanism by which PKB induces adhesion and inhibits migration. Although it is evident that integrins play
an important role in adhesion and migration of cells, the importance of these molecules in PKB mediated inhibition of migration remains
to be investigated. In addition, CXCR4 expression has been demonstrated to be reduced in SHIP deficient hematopoietic stem cells, sug-

gesting that activation of PI3K also impairs their response to SDF-1(Zhang., et al. 2006).

Discussions and Conclusion

Correct regulation of HSC homing to bone marrow after transplantation is required for normal long-term hematopoiesis. It was
revealed that homing of HSCs into their specialized niches requires tightly regulated interactions between the progenitors and the micro-
environment that provides a suitable condition for their final anchorage (Clements and Traver, 2013). Likewise, subsequent trafficking
of human CD34* stem cells reported to be regulated by adhesion molecules, chemokines, cytokines and proteolytic enzymes (Zhang and
Grindley, 2006).
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The initial tethering and rolling of hematopoietic stem and progenitor cells along the endothelial wall of blood vessels are primarily
regulated by specific selectins, various integrins have been shown to be involved in regulation of the next stages in this process; firm
adhesion to the endothelial wall and trans-endothelial migration (Merzaban and Burdick, 2011). Directional migration toward the he-
matopoietic stem cell niche in the bone marrow requires a chemokine gradient. A chemokine SDF-1 is found to be the most powerful

chemoattractant that stimulate rapid and potent HSC adhesion and serve as a directional migration guider (Asri., et al. 2016).

Thus, SDF-1 has been demonstrated to induce the activity of integrins which allows interaction with their substrates. Hence, both
CD49d/CD29 and CD11a/CD18 integrins appeared to be involved in mediation of SDF-1 induced directional migration of CD34+ cells
through the basal lamina (Buitenhuis and Van Dder Linden, 2010). In fact, regulation of SDF-1 activity by a variety of proteolytic enzymes

has been demonstrated to play an important role in migration of hematopoietic stem cells to and from the bone marrow.

Hence, the molecular mechanism underlying SDF-1 mediated regulation of HSC migration has been investigated extensively (Rata-
jczak., et al. 2013). Various studies showed that ICAM-1 and VCAM-1 play an important role in adhesion of hematopoietic stem and
progenitor cells to endothelial cells and subsequent trans-endothelial migration (Peled and Kollet, 2000). Although activation of PI3K
and its downstream effector Protein Kinase B has been observed in leukemic cell lines stimulated with SDF-1, suggesting a positive role
for PI3K/PKB in regulation of SDF-1 induced migration of HSCs. Several studies described the PI3K/PKB signaling module in playing a
critical role in negatively regulating migration of HSCs and bone marrow homing (Buitenhuis and Van Dder Linden, 2010). Despite the
many questions that still need to be answered, all these molecules could support a rationale for the development of innovative strategies

aimed at improving HSC engraftment.

In conclusion, this review highlighted the molecular basics in BM homing of HSCs which is very essential for better understanding
to design novel therapeutic strategies and to apply enhancement of homing properties of other stem cell types which share common

migration mechanisms.
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