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ABSTRACT

Article history Hematopoietic stem/progenitor cells (HSPCs) whiiske gise to different blood
Received 3 Dec 2015 cell types are present within the bone marrow neioironment, especially in
Accepted 2 Feb 2016 flat bones such as skull, vertebrae, pelvis andtcheteracting factors such as
Available online 6 Mar 2016 gromal derived factor-1/CXCR4, very late antigéwadcular cell adhesion
Key words molecule-1, Lymphocyte function-associated antifenntercellular adhesion
Bone marrow transplantation molecule-1 retain the cells in the microenvironmény factor affecting these
Hematopoietic links may lead to migration and mobilization of H3Pinto peripheral blood.
gtztr;"'ézltl'on Several factors are involved in hematopoietic steffs (HSC) mobilization such

as granulocyte-colony stimulating factor, sphinges<i-phosphate, hepatocyte
growth factor, complement system, plasminogen g8ystand matrix
metalloproteinases. In bone marrow transplantatit®C is transferred to the
recipient from bone marrow of the donor, which t&nperformed in two ways.
In the first method, Jamshidi needle is used f@irason of bone marrow to
extract hematopoietic cells usually from the hipheTsecond method uses
mobilizer factors such as granulocyte-colony statin factor and
granulocyte-macrophage colony-stimulating factorntobilize the HSC into
peripheral blood. Mobilized hematopoietic stem <alte suitable for the bone
marrow transplantation in leukemias such as chromjeloid leukemia, acute
myeloid leukemia, chronic lymphocyte leukemia, Kaiell leukemia, etc.
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I ntroduction

Bone marrow (BM) is composed of two

parts known as osteoblastic and vascular
microenvironments. The mobilization of
hematopoietic stem and progenitor cells
(HSPCs) from bone marrow into the blood

circulation has been used for bone marrow
transplantation [1]. HSPCs residing in BM are
released from their niches and circulate under
steady-state conditions at detectable levels in
blood, their

increases in response to systemic or local

the peripheral and number

inflammation, strenuous exercise, stress,

tissue/organ injury and pharmacological
agents. The mobilization process has been
postulated to be directed by a number of
factors, in SDF-1-
CXCR4 and very late antigen (VLA)-4-

vascular cell adhesion molecule (VCAM)-1

including a decrease

interactions in BM microenvironment due to

release of proteolytic enzymes or after
molecular blockade by administration of small
molecule CXCR4 or VLA-4 antagonists, release
of neurotransmitters from synapses of the nerves
innervating the BM microenvironment (for
example, those involving the dopamine $i2d
adrenergic receptors), reversal of the trans-
endothelial chemotactic gradient between the
BM microenvironment and plasma, activation
of the plasminogen system and the
complement cascade (ComC) [2-6].
Hematopoietic cells form a small percentage
(0.01 to 0.05%) of PB cells, which are
increased under the influence of several
growth factors. Although the mechanism is not

well understood, hematopoietic stem cells are

recognized to be released into the bloodstream

in response to pharmacological agents,
physical and environmental factors such as
stress and physiological factors [7]. Today,
mobilization of hematopoietic stem cells into
the peripheral blood is used for the bone
marrow transplantation [8, 9]. granulocyte-
(G-CSF)

granulocyte-macrophage colony-stimulating

colony stimulating factor and
factor (GM-CSF) can be applied to mobilize the
hematopoietic cells [10, 11]. Among other factors
involved in hematopoietic cell mobilization,
chemokines, adhesion molecules such as
integrins, can be

mentioned [12, 13].

and metalloproteinases

Definition of mobilization

The forced migration of HSPC from BM into
blood

Mobilization is considered from a clinical

peripheral is called mobilization.
point of view as a procedure that allows for
HSPC collection [14]. HSPCs in peripheral
blood can be utilized in autologous and
heterologous bone marrow transplantation.
Traditionally, bone marrow stem cells have
been collected and injected into patients for
bone marrow transplantation, though this
method is regarded painful. However, today in
bone marrow transplantation, HSPCs entering
into peripheral blood via mobilization process
are the first choice, specifically in autologous
transplantation. Use of HSPCs in peripheral
blood has been shown to be even better than
cord blood HSPCs in

transplantation. Several factors play a role in

bone marrow
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mobilization of HSPCs, including G-CSF,
GM-CSF, SDF-1/CXCR4 axis, integrins and

chemokines (Table 1) [5, 15-16].

Table 1. Agents and their mechanisms in the HPSC mobibnati

SDF-1 is the major chemokine involved in HSPC ntigrg HSPC mobilization via

MT1-MMP degrades ECM macromolecules, cytokinespablkdnes and adhesion

plasmin-mediated proteolytic mechanisms increaséhlP and cleavage of the

Agent M echanisms

G-CSF Induces activation of proteases, inhibition of axitve molecules and
attenuation of CXCR4/CXCL12 signaling.

SDF-

1/CXCRA4 modulation of SDF-1 or its receptor CXCRA4.

MM Ps
molecules and mediates tumor cell migration.
MMPs have been shown to cleave and inactivate SBRdlconsequently,
mobilization.

S1P Increases the mobilization

HGF Increases the mobilization

Plasminogen
CXCR4/CXCL12 axis.

complement Modulates the CXCR4/CXCL12 axis

system

The role of G-CSF in mobilization of
HSPCs

G-CSF is a short-lived protein with a half-life
of approximately 3.5 hours. G-CSF is the most
powerful and the most common agent used in
this process. The use of G-CSF in bone marrow
transplantation, especially in autologous
transplantation, has been approved by Food and
Drug Administration in US. Although the
functional mechanism of G-CSF is not
understood, it presumably augments the initial
precursors of myeloid lineage and increases their
number in the peripheral blood. Upregulation
of CXCR1 and CXCR2 on neutrophils is the
second stated mechanism of action for G-CSF
[15, 16]. Another possibility is induction of
protease secretion from myeloid cells leading to
loss of communication between HSPCs and BM
stroma [17, 18]. In addition, other mechanisms

involved in this process consist of inhibition of

macrophage stimulation and downregulation
of CXCL12 expression, decrease in the
number of B-cells in bone marrow, a change in
gradient of chemotactic factors such as
sphingosine-1-phosphate (S1P) and CXCL12,
degranulation of neutrophils as well as breakdown
and inactivation of stromal derived factor (SDF)-
1 [19-22].

recombinant

Humanized and glycosylated
G-CSF is

lenogratism, and non-glycosylated form of G-CSF

form  of called

is called neopazen or philgrastim. G-CSF not only
induces the mobilization of HSPCs, but also
induces the mobilization of immature cells

such as stromal mesenchymal and
endothelial cells. In addition, G-CSF induces
increased hepatocyte growth factor (HGF) in
plasma (especially in patients) and its
receptor of "C-Met" on HSPCs and myeloid
cells, and it is conjectured that mobilization

occurs via interaction between HGF and C-Met

3 International Journal of Medical Laboratory 20161)31-12.
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[23]. It was also demonstrated that increase in
HGF is directly correlated with the number of
CD34 cells in the peripheral blood [24]. The
combination of G-CSF and HGF leads to
increased secretion of matrix metalloproteinases
(MMP)-9 [25]. In addition, G-CSF causes an
in MMP-9 and MT-1MMP

polymorphonuclear

increase in

leukocytes as well as
mononuclear cells, and increases the number of
HSPCs in the peripheral blood [26], augmenting

the level of HGF more effectively [25].

Role of SDF-I/CXCR4

mobilization

in stem cdl

SDF-1 is a member of CXC chemokine family
initially identified as a growth factor of precurso

It binds CXCR4, produced by the
stromal cells in bone marrow, which is also
known as CXCL12 [5, 6]. It also has the ability
to bind to CXCRY7, that is the most important

B-cells.

chemokine involved in the migration of
hematopoietic stem cells [24-27]. Moreover, it
seems to be essential regarding circulation and

homing of hematopoietic stem cells [28].

Research has also shown that SDF-1 plays a key
role in migration of primitive hematopoietic cells
from fetal liver to the bone marrow. Reduced
level of SDF-1 on the stimulated cells, which
indicates the relationship between SDF-1 and
CXCR4, plays a key role in blood cell migration
[6].
blood

hematopoietic cells into the peripheral blood [5,

Increased levels of SDF-1 in peripheral

enhances the migration of the
29]. Many cytokines and factors are involved in
mobilization by regulating and modulating the
interaction between CXCR4 and SDF-1; for
instance, G-CSF breaks down the connection
between SDF-1 and CXCR4 [30]. The use of
CXCR4 antagonists induces the migration of
hematopoietic cells into peripheral blood [31].
Moreover, a decrease in function of SDF-1

protein in bone marrow is sufficient for

hematopoietic cell migration [32]. Based on the
above facts, it can be concluded that the
relationship between SDF-1 and CXCR4 plays
an role

important in hematopoietic cell

mobilization (Fig. 1).
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Fig. 1. Role of SDF-1/CXCR4 axis in stem cell mobilizati®tromal derived factor-1 (SDF-1, CXCL12) and
its major receptor (CXCR4) play crucial roles imting and mobilization of hematopoietic stem celiBF-1 is
expressed on stromal cells in BM niche and bindtstoeceptor, CXCR4 on hematopoietic stem cedlsulting

in homing of the stem cell.

t'ﬁ CACR4 : a receptor for- SDFI expressed on the cells
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Role of VLA-4 and other adhesion
moleculesin stem cells mobilization

Integrins are cell adhesion receptors involved
in cell-cell and cell-matrix interactions [33],
among which VLA-4 can be mentioned which
is expressed on hematopoietic cells and bound
to its receptor known as VCAM-1, expressed
on bone marrow stromal cells. It plays a major
role in homeostatic distribution of hematopoietic
cells [34].
hematopoietic stem cells depend on the
interactions between VLA-4/VCAM and SDF-
1/CXCRA4. Studies have reported that the use

of antibodies against VLA-4 can cause entry

Homing and mobilization of

of hematopoietic stem cells into peripheral
blood [35-37]. Moreover, it has been revealed
that mobilized CD34+ cells in the peripheral
blood show a lower expression level of VLA-4
compared with the bone marrow CD3eells
[38, 39]. VLA-4 on CD34+

hematopoietic cells has a key role in homing

Hence,

and mobilization of hematopoietic stem cells
[40, 41]. In addition, it was proposed that
applying small molecules against VLA 4
results in approximately 30-fold increase in
circulating HSPCs relative to normal
hematopoietic cells [42]. CD44 is another
adhesion molecule that has effects on stem cell
mobilization involved in binding to extracellular
components. It is worth mentioning that its
defect or use of antibodies against it can lead to
stem cell mobilization. Moreover, CD44 is
reduced on the mobilized bone marrow cells.
Indeed, the use of G-CSF can lead to a
decrease in expression of CD44 [43]. Another

factor involved in homing and mobilization of

stem cells is parathyroid hormone, which
increases the calcium concentration in the bone
marrow as well as the number of osteoblasts
[44].

Role of MM Psin stem cell maobilization
MMPs are a family of over 24 zinc-dependent
endopeptidase enzymes responsible for
proteolytic processing of ECM structural
proteins in various physiological and path-
MMP-2 and MMP-9

gelatinases preferentially cleave denatured

ological processes.
collagens (gelatin), laminin and collagen type
IV, which are major constituents of basement
membranes [45]. Degradation and functional
inactivation of BM extracellular matrix

proteins via such proteases as elastase,
cathepsin G and MMP-9 are also indicated as a
major player in the stem cell mobilization [46].

As their MMPs
endoproteinases (matrix-degrading proteases)

that

name suggests, are

actually cause destruction of all
components of the extracellular matrix [13].
So far, 24 MMPs have been detected with a
similar structure but are different in expression
and substrate specificity.

MMPs play an important role in physiological
processes such as bone morphogenic
determination. They induce mobilization of stem
cells to peripheral blood through breakdown of
basement membrane in the bone marrow. The
most important members are MMP-2 and MMP-
9, which are expressed by normal bone cells
[26]. Research has shown that CD3#lls in
bone marrow, unlike circulating CD3dells, are

to express MMP-2 and MMP-9;
therefore, it can be concluded that increased

MMP-2 and MMP-9 on

unable

expression  of

5 International Journal of Medical Laboratory 2036t): 1-12.
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hematopoietic stem cells results in increased
migration of these cells into the peripheral blood
[31, 47]. Studies have revealed that one of the
CD44 mechanisms in stem cell mobilization is
neutrophil degranulation and release of enzymes
including MMP-9. MMP-9 destroys SDF-1 as its
substrate. In addition, SDF-1 also increases the
expression of MMP-9, finally increasing the
stem cell mobilization [48]. Furthermore, the use
of antibodies against MMP-9 can prevent
migration of hematopoietic cells into the
peripheral blood; therefore, SDF-1 destruction
by MMP-9 is a critical step in stem cells
mobilization [23]. It has been demonstrated that
MT-1IMMP  could
MMP-2 protein

mobilization

induce the activation of

directly leading to the

of hematopoietic cells into
peripheral blood [49].

Role of complement system in stem cdll
mobilization

The complement cascade cleavage fragments,
resulted from the activation of complement
cascade, seem to be effective on mobilization of
HSPCs.

immunity emerge as important underappreciated

complement cascade and innate
modulators of trafficking of HSPC. Research has
shown that the complement becomes activated in
the bone marrow during G-CSF-induced
mobilization by classical immunoglobulin (Ig)-
dependent pathway, and C3 cleavage fragments
increase the responsiveness of HSPC to an SDF-
1 gradient [50].

Evidence has accumulated that the complement
system, which is part of innate immunity, may
also orchestrate

regeneration. Complement

becomes activated with the release of C3

cleavage fragments (e.g., C3a, desArgC3a, and
iC3b) during tissue/organ injury. Recently, it
has been demonstrated that these fragments
modulate responsiveness of CXCR4tem
cells to an SDF-1 gradient. Thus, a high
concentration of SDF-1 and C3 cleavage
fragments in damaged organs results in the
formation of an optimal gradient for
chemoattracting the circulating CXCRdtem
cells [51].

In one study, mobilization was induced with
G-CSF in both C3-deficient (C3-/-) and C3a
receptor-deficient (C3aR-/-) mice as well as in
wild-type mice in the presence or absence of a
C3aR antagonist, i.e. SB 290157. The study
that G-CSF-induced

mobilization in C3-/- and C3aR-/- mice was

findings indicated
significantly accelerated compared with wild-
type mice and enhanced G-CSF-induced
mobilization in wild-type but not in C3-/- or
C3aR-/-mice treated with SB 290157 as well
as deposition of C3b/iC3b fragments onto the
viable bone marrow cells of G-CSF-treated
animals (52). Jalili et al. have proposed that C5
cleavage fragments are strong chemoattracts
for granulocytes, promoting their egress into
arrow blood, which is crucial for subsequent
mobilization of HSPC. They can induce a
highly proteolytic microenvironment in the
human BM, which perturbs retention through
the CXCR4/SDF-1 axis, as well. [53].
Plasminogen system in regulating stem

cell mobilization

Activation of the fibrinolytic system is

conversion of

(Plg),

dependent upon plasma

zymogen, plasminogen to serine

International Journal of Medical Laboratory 20161)31-12. 6
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protease plasmin (Pm) by physiological
activators urokinase-type Plg activator (UPA)
or tissue-type plasminogen activator (tPA)
[54]. Many studies indicate that the Plg system
HPSC

plasmin-mediated proteolytic mechanisms, by

facilitates mobilization  through
inactivates  chemotactic
ECM in BM

compartment. Plg activation via administration

which  plasmin

cytokines and degrades
of tPA promotes cleavage of KitL mediated by
MMP-9 secreted from stromal cells, which
subsequently enhances HPSC proliferation,
differentiation, and mobilization. These data
suggest that Plg regulates HPSC function via
MMP-9-mediated KitL release [46]. Genetic loss
of PAI-1 or plasmin inhibitor-antiplasmin has
been found to enhance plasmin generation,
increased HPSC mobilization in response to G-
CSF, as well as thrombolytic agents such as
tenecteplase and microplasmin enhanced
HPSC mobilization in mice and humans [55].
It has been demonstrated that Plg is required
for G-CSF-induced stem cell mobilization. A
recent study has established the interplay
between Plg and SDF-1/CXCR4 signals.
Furthermore, the interaction of Plg with its cell
surface receptors and plasmin activation result
in degradation of matrix proteins as well as
activation of cytokines. Plg directly binds to
ECM, and upon its conversion to plasmin,
degrades multiple ECM proteins including
fibrin, laminin and fibronectin. Plasmin can
also activate other proteases such as MMP-3,
MMP-9, MMP-12 and MMP-13 to degrade
other matrix components such as collagens
[46].

mechanism that is to say Plg regulates MMP-

Recent data elucidated a novel

9-dependent CXCR4 expression in order to
facilitate HPSC mobilization in response to G-
CSF [56].

Role of S1P in stem cell mobilization

The S1P families of G protein-coupled
receptors regulate essential cellular processes
such as proliferation, migration, cytoskeletal
organization, and adherents junction assembly
as well as morphogenesis. S1P is a breakdown
product of sphingomyelin. Five members of
this receptor family include S1P (1), S1P (2),
S1P (3), S1P (4) and S1P (5), previously
referred to as endothelial differentiation gene
(EDG)-1, -5, -3, -6 and -8 [57, 58]. HSPCs
also express S1P receptor signaling pathway
through which their mobilization from non-
lymphoid peripheral tissues to draining
lymphatics has been shown to enhance. Steady
level of S1P in plasma creates a gradient, which
continuously attracts bone marrow HSPCs, and
is counteracted by HSC interactions within the
BM niche. Mechanisms that either weaken the
effect of the niche on HSC retention or those that
increase HSC attraction to plasma will lead HSC
mobilization to the peripheral blood [59,60]
Role of HGF in stem cell mobilization
Hepatocyte growth factor, initially identified
as a potent mitogen for mature hepatocytes, is
a kringle-containing polypeptide growth factor
possessing  structural homology  with
plasminogen. Takai et al. have stated that
human BM stromal cells constitutively produce
a significant amount of biologically active HGF,
which have both motogenic and mitogenic
activities [61]. In addition, HGF enhances the

formation of burst-forming unit-erythroid and

7 International Journal of Medical Laboratory 20161)31-12.
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colony-forming unit-granulocyte erythroid,
by BM
mononuclear cells in the presence of GM-CSF

and erythropoietin. In fact, HGF and SDF-1

macrophage, = megakaryocyte

are required in regard with effective HSC
mobilization and homing to the liver after
hepatic resection [62]. Jalili et al. have suggkste
that G-CSF-mediated HSPC mobilization occurs
in part through HGF/c-Met axis in HSPC and
myeloid cells, eliciting increased production of
matrix-degrading enzymes and subsequently
facilitating egress of HSPC [25].

Peripheral blood stem cell (PBSC)
transplantation

BM

hematopoietic cells are taken from donor BM

In the bone marrow transplantation,

that is then transferred to a recipient. It can be
carried out in two ways. The first method is
performed through the aspiration of bone
marrow cells with Jamshidi needle normally
taken from hip of another person, which is
known as allogeneic hematopoietic stem cell
transplantation. In the second method,
hematopoietic stem cells are mobilized to the
peripheral blood using a mobilizer of stem cells
such as G-CSF, GM-CSF or MMPs, which can
be either the individual's peripheral blood
(autologous) or donor's peripheral blood with
human leukocyte antigen similar to recipient
(allogeneic). Allogeneic hematopoietic stem cell
transplantation is treatment of choice for many
hematological malignancies [63]. Due to easy
collection, PBSC transplantation is widely used
in autologous transplantation [64-66].
Autologous or allogeneic granulocyte colony-

stimulating factor-mobilized peripheral blood

is regarded as an important source of
hematopoietic progenitor cells for subsequent
various

transplantation in hematologic

diseases, but the therapeutic success to
mobilize sufficient numbers of CD34ells is
limited in a number of patients, in part because
of their refractoriness or poor response to G-
CSF [55]. The first bone marrow transplant
in 1980, the

hematopoietic stem cells were mobilized to

was performed in  which
peripheral blood using a mobilizing agent. The
recent IBMRT data report that since 1990,
autologous transplantation has been performed
more frequently than allogeneic transplantation,
and since 1993, transplants from peripheral
increased compared to BM
The idea that PBSC

transplantation is superior to BM transplantations

blood have

transplantations [14].

and other methods was studied by many

researchers. Robbert et al. proposed that

individuals who  received  autologous

transplantation of PBSC had faster recovery in
both neutrophil and platelet counts compared
to autologous and allogeneic bone marrow
transplant recipients [67]. Henon et al.

indicated that mortality, hospitalization time

and cost of PBSCs transplantation were less
than bone marrow transplantation, and
recovery time in all lineages in the first group

was reported shorter than the second one [68].
Moreover, Kessinger et al. demonstrated that
transfer of tumor cells was less likely to occur in

PBSC transplantation than BM transplantation
[69].

Other advantages of PBSC transplantation
over BM transplantation include avoiding the

general anesthesia, no requirement for patient

International Journal of Medical Laboratory 20161)31-12. 8
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hospitalization and reduced risk  of

contamination with malignant cells [70].

PBSC transplantation bears a higher risk of
graft-versus-host reaction due to the large
number of T cells [71]. Thus, by 1989,

autologous PBSC transplantation was practiced,
and in the same year, the first attempt was
performed for human leukocyte antigen-identical
allogeneic PBSC transplantation at Nebraska
Medical

mobilizing factors were not used, graft-versus-

Center in Omaha. In this case,
host reaction was limited to skin, and the
patient died after 34 days [72]. In 1994, the
second allogeneic PBSC transplant was failed,
and the recipient died after 58 days, albeit the
[73].

Ultimately, in 1995, the first successful clinical

mobilizing factors were not used
trial of allergenic PBSC and BM transplant was

performed in Anderson Cancer Center [74].

Conclusion

The present study has reviewed several factors

involved in stem cell mobilization to the
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