biomolecules

Review

Development of VLA4 and CXCR4 Antagonists for the
Mobilization of Hematopoietic Stem and Progenitor Cells

Peter G. Ruminski, Michael P. Rettig

check for
updates

Citation: Ruminski, P.G.; Rettig, M.P;
DiPersio, J.F. Development of VLA4
and CXCR4 Antagonists for the
Mobilization of Hematopoietic Stem
and Progenitor Cells. Biomolecules
2024, 14, 1003. https://doi.org/
10.3390/biom14081003

Academic Editor: Anna Rita Franco

Migliaccio

Received: 28 June 2024
Revised: 29 July 2024
Accepted: 2 August 2024
Published: 14 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and John E DiPersio *

Division of Oncology, Department of Medicine, Washington University School of Medicine, 660 S. Euclid Ave.,
St Louis, MO 63105, USA
* Correspondence: jdipersi@wustl.edu; Tel.: +1-314-454-8491

Abstract: The treatment of patients diagnosed with hematologic malignancies typically includes
hematopoietic stem cell transplantation (HSCT) as part of a therapeutic standard of care. The primary
graft source of hematopoietic stem and progenitor cells (HSPCs) for HSCT is mobilized from the bone
marrow into the peripheral blood of allogeneic donors or patients. More recently, these mobilized
HSPCs have also been the source for gene editing strategies to treat diseases such as sickle-cell anemia.
For a HSCT to be successful, it requires the infusion of a sufficient number of HSPCs that are capable
of adequate homing to the bone marrow niche and the subsequent regeneration of stable trilineage
hematopoiesis in a timely manner. Granulocyte-colony-stimulating factor (G-CSF) is currently the
most frequently used agent for HSPC mobilization. However, it requires five or more daily infusions
to produce an adequate number of HSPCs and the use of G-CSF alone often results in suboptimal stem
cell yields in a significant number of patients. Furthermore, there are several undesirable side effects
associated with G-CSF, and it is contraindicated for use in sickle-cell anemia patients, where it has
been linked to serious vaso-occlusive and thrombotic events. The chemokine receptor CXCR4 and the
cell surface integrin «4p1 (very late antigen 4 (VLA4)) are both involved in the homing and retention
of HSPCs within the bone marrow microenvironment. Preclinical and/or clinical studies have shown
that targeted disruption of the interaction of the CXCR4 or VLA4 receptors with their endogenous
ligands within the bone marrow niche results in the rapid and reversible mobilization of HSPCs
into the peripheral circulation and is synergistic when combined with G-CSEF. In this review, we
discuss the roles CXCR4 and VLA4 play in bone marrow homing and retention and will summarize
more recent development of small-molecule CXCR4 and VLA4 inhibitors that, when combined, can
synergistically improve the magnitude, quality and convenience of HSPC mobilization for stem cell
transplantation and ex vivo gene therapy after the administration of just a single dose. This optimized
regimen has the potential to afford a superior alternative to G-CSF for HSPC mobilization.

Keywords: CXCR4; VLA-4; stem cell mobilization

1. Introduction
1.1. Indications for HSPC Mobilization

Hematopoietic stem and progenitor cells (HSPCs) are required for both autolo-
gous and allogeneic hematopoietic stem cell transplantation (HSCT) and, more recently,
HSPC-based gene therapies being developed to treat genetic diseases such as sickle-cell
anemia [1,2]. The phenomenon of HSPC mobilization, which was discovered quite by
chance in patients recovering from chemotherapy almost 45 years ago [3], has trans-
formed the clinical practice of HSPC transplantation [4]. HSCT and the more recent
stem-cell-based gene therapies rely on the ability to harvest a sufficient number of
CD34" HSPCs from the patient (autologous) or from an HLA-matched or mismatched
donor (allogeneic), typically via mobilization of these HSPCs from the bone marrow
(BM) into the peripheral blood. Successful autologous and allogeneic HSCT, as well as
gene therapy for blood borne diseases, requires the infusion of these mobilized HSPCs,
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collected by a process called apheresis, that are then capable of homing to the BM and
regenerating durable trilineage hematopoiesis in a reasonable timeframe.

In addition to HSCT and gene therapy, HSPC mobilizing regimens have been
tested for their capacity to enhance the efficacy of chemotherapy against both hema-
tological and non-hematological malignancies. Like HSPCs, several malignant cells
rely on CXCR4 and VLA4 for their homing and retention within the BM and/or tu-
mor microenvironments [5-7]. These interactions between malignant cells and their
microenvironments provide potent protection against both spontaneous apoptosis and
chemotherapy [8-10]. Targeted disruption of the CXCR4-CXCL12 and VLA4-VCAM1
axes with CXCR4 or VLA4 antagonists has been explored to enhance the efficacy of
chemotherapy against both hematological (acute myeloid leukemia, acute and chronic
lymphoid leukemia, and multiple myeloma) and non-hematological malignancies. Since
these chemosensitization studies have been extensively reviewed elsewhere [11-16], this
review will focus on the roles of CXCR4 and VLA4 in HSPC mobilization for HSCT and
gene therapy applications.

1.2. Biology and Spatial Properties of the HSPC Niche

The majority of adult HSPCs reside in unique, specialized microenvironments of the
BM which consist of marrow stromal cells, osteoblasts, osteoclasts and other extracellular
matrix proteins such as collagens, fibronectins, proteoglycans [17-20]. HSPCs express a
number of cell-surface molecules—such as CD34, very late antigen 4 (VLA-4), CXCR4,
CXCR2, CD44, CD62L, lymphocyte-function-associated antigen-1, CD117 (c-kit), and
Robo4—that mediate their adherence in the BM microenvironment (Figure 1) [17,19,21,22].
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Figure 1. Representation of hematopoietic stem and progenitor cells (HSPCs) and the key receptors
and ligands used for binding and retention in the bone marrow niche. Disruption of these binding
interactions can lead to the HSPC mobilization into the peripheral blood.

These interactions are important for regulating HSPC trafficking, in addition to self-
renewal, proliferation and differentiation processes [19,23]. Only a small fraction of adult
HSPCs can normally be found in the peripheral circulation at any given time [24-26].
Although random leakiness of HSPCs could be a possible factor for the presence of a
small number of them in the peripheral blood, the regularity of this physiological HSPC
egress from the BM niche would imply that there is a biological role involved [27-29].
The number of HSPCs in the peripheral circulation at steady state can be substantially
affected by a variety of endogenous and exogenous factors, such as growth factors [30-37],
chemotherapy [3,38-40], chemokines [41-44], chemokine and integrin receptor agonists
and antagonists [45-48], bioactive lipids [49,50], exercise [51,52], infection, and inflam-
mation [53,54]. This enforced egress of HSPCs into peripheral blood is referred to as
mobilization. While the function of baseline circulating HSPCs remains somewhat unclear,
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pharmacologically induced HSPC mobilization is the preferred method for generating
grafts for HSPC transplantation. This has essentially replaced traditional bone marrow
transplants as the only therapeutically effective option for many hematopoietic malignan-
cies as well as for some non-malignant diseases. HSCT normally requires the intravenous
infusion of a minimum of 2 x 10° CD34* stem cells/kg recipient body weight. However, a
dose of 5 x 10° CD34* cells/kg is the preferable number for early, consistent, and long-term
multilineage engraftment [55-57]. If there is a failure or a delay in collecting sufficient
HSPCs to proceed to transplantation, it often extends the time of high-dose chemotherapy,
which increases the risk of disease progression in cancer patients.

1.3. Clinical Application of HSPC Mobilization

Present clinical practice for HSPC mobilization is achieved via dosing with an ex-
tended course of G-CSF, typically 5 or more days of daily injections. G-CSF-based HSPC
mobilization regimens are currently the preferred graft source for virtually all autologous
and the majority of allogeneic HSCTs owing to their generally higher stem cell contents,
reduced rates of graft failure, and better overall survival compared to BM transplanta-
tion [3,58,59]. In most healthy donors and in patients undergoing autologous stem cell
mobilization, G-CSF induces an average 50-100-fold increase in circulating HSPCs after
5 daily subcutaneous (SC) injections of 10 ug/kg of G-CSF [60,61]. Mechanistically G-CSF
induces egress of HSPCs from the BM into the peripheral blood by expanding the stem
cell mass in the BM and by modulating two of the major pathways involved in stem
cell BM retention: the chemokine receptor CXCR4-CXCL12 and integrin VLA4-VCAM]1
axes [62-64]. Attenuation of these pathways via G-CSF is achieved through downregula-
tion of CXCL12 (SDF-1) expression in BM stromal cells and osteoblasts and through the
activation of proteolytic pathways resulting in cleavage of critical tethers that form the
ligand-receptor pairs expressed in stem cells and BM niche constituents [62-67]. While the
role of specific proteases involved in this proteolytic cleavage of these key tethers remains
unresolved [68,69], the cell surface protease dipeptidyl peptidase 4 (DPP-4, CD26), which
cleaves and inactivates the CXCR4 ligand CXCL12, has been shown to be an essential
mechanism for G-CSF-induced mobilization [70,71].

1.4. Clinical Limitations of Current HSPC Mobilization Platforms

Current practices for harvesting HSPCs with G-CSF for HSCT are costly, involve a
multi-day procedure with suboptimal stem cell yields in up to 30% of patients and are
associated with some morbidity, including significant bone pain and on rare occasions
splenic rupture, myocardial infarction, cerebral ischaemia and vaso-occlusive episodes (in
sickle-cell patients) [72-77]. G-CSF is therefore often combined with the FDA approved
small-molecule CXCR4 inhibitor plerixafor (AMD3100; Sanofi, Paris, France) to boost the
number of HSPCs collected. Unfortunately, up to 24% of patients receiving plerixafor and
G-CSF still fail to collect enough CD34" HSPCs in 4 days of apheresis [78,79]. Likewise,
plerixafor or (BL-8040; BioLineRx, Modi’in-Maccabim-Re’ut, Israel), an alternative high-
affinity CXCR4 inhibitor, are too weak for efficient clinical mobilization when given as single
agents to normal healthy donors (~33% mobilization failure rate) [80-82]. Furthermore,
these regimens frequently yield suboptimal CD34* HSPC numbers for HSPC-based gene-
edited therapies, given the significantly higher HSPC number needed for successful gene
editing and manufacturing [83-85].

The shortcomings and the inherent disadvantages of G-CSE, such as the slow mode of
action [36,86], side effects, and associated contraindications [87,88], as well as significant
heterogeneity in the mobilization response among donors [61], have driven efforts to
identify alternative HSPC mobilization regimens. These new strategies would help address
patients who fail initial mobilization, decrease the number of leukaphereses required to
collect an adequate number of HSPCs, improve immune reconstitution, and presumably
decrease total overall cost.
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As indicated above, both the chemokine receptor CXCR4 and the cell-surface integrin
receptor o431 (VLA4) are essential for the homing and retention of HSPCs within the bone
marrow microenvironment. Preclinical and/or clinical studies have demonstrated that
disrupting the interaction of CXCR4 or VLA-4 with their endogenous ligands can result
in the rapid and reversible mobilization of HSPCs into the peripheral circulation within
hours, as opposed to the multi-day process required with G-CSF [2]. Furthermore, the
simultaneous inhibition of both VLA4 and CXCR4 results in an additive or even synergistic
mobilization effect, rapidly mobilizing HSPCs within an hour in mice [2].

Consequently, it would seem advantageous to identify and optimize inhibitors of
both CXCR4 and VLAA4 to use in tandem as a rapid and more favorable HSPC mobilizing
regimen as an alternative to G-CSE.

2. HSPC Mobilizing Agents That Target CXCR4

CXCR4 belongs to a large family of seven-transmembrane domain receptors coupled
to heterotrimeric G proteins. It is expressed as different isoforms, via differential splicing,
which affect the length of its N terminus [89]. The binding of CXCR4 to its endogenous
ligand CXCL12 (SDF-1) results in the activation of multiple signal transduction pathways,
ultimately triggering chemotaxis [89,90]. The CXCR4-CXCL12 signaling axis also plays a
key role in maintaining HSPC self-renewal and quiescence [91-94]. In addition to CXCL12,
both trefoil factor family 2 [95] and macrophage migration-inhibiting factor [96] were
described as additional ligands capable of binding to CXCR4. CXCR4 expression on human
CD34" stem cells is dynamic, with the Flt3-ligand [97], SCF [98], IL-3 [99], IL-8 [100],
hepatocyte growth factor [101], and G-CSF [62] all showing an ability to modulate CXCR4
expression and its pathways.

A variety of different CXCR4 modulators, including small-molecule antagonists, pep-
tide agonists and anti-CXCR4 antibodies have been reported previously, targeting a number
of therapeutic indications [102-106]. This more recently includes the orally active small
molecule mavorixafor (X4 Pharmaceuticals, Boston, MA, USA), which was FDA approved
as a treatment for the rare disease WHIM (warts, hypogammaglobulinemia, infections, and
myelokathexis) syndrome [107].

Several preclinical and clinical studies have previously demonstrated that pharmaco-
logical disruption of the CXCL12/CXCR4 axis using CXCR4 inhibitors can stimulate HSPC
mobilization in a rapid and target-dependent manner [36,108].

We previously described in detail the roles that CXCR4 and VLA4 play in HSPC
retention in the bone marrow and how inhibition of these receptors can lead to rapid
mobilization of HSPCs into the peripheral blood [2]. At that time, plerixafor, a small-
molecule bicyclam CXCR4 antagonist, was the only CXCR4 inhibitor approved by the
FDA in association with G-CSF for autologous stem cell mobilization in patients with non-
Hodgkin’s lymphoma and multiple myeloma (MM) [78,79]. When used alone, plerixafor
is a rapid, but relatively weak mobilizer of HSPCs with a somewhat short duration of
action [82]. When combined with G-CSE, however, plerixafor increases peripheral CD34*
concentration 2-3-fold compared to G-CSF alone [78,79]. Despite this, up to 24% of patients
undergoing autologous stem cell transplantation for the treatment of lymphoma who
receive plerixafor and G-CSF still fail to collect >2 x 10° CD34* cells/kg in over 4 days of
apheresis [78,79].

Since that prior review article [2], motixafortide—a novel, small-molecule, cyclic-
peptide-based CXCR4 inhibitor—was further developed and is reported to have extended
in vivo activity (>48 h) in humans. Motixafortide was recently approved by the FDA
in September 2023 [109] based on evidence from the GENESIS study, a double-blind,
placebo-controlled prospective randomized study in which 122 participants with mul-
tiple myeloma undergoing autologous transplantation were randomized 2:1 to receive
motixafortide 1.25 mg/kg with G-CSF or a placebo with G-CSF for mobilization of HSPCs
for collection and apheresis [110]. Motixafortide plus G-CSF enabled 92.5% of patients
to collect >6 x 10° CD34* HSPCs/kg recipient body weight within two apheresis proce-



Biomolecules 2024, 14, 1003

50f 16

dures (primary endpoint) whereas only 26.2% of participants treated with placebo plus
G-CSF achieved this mobilization yield [110]. Furthermore, the data suggest that motix-
afortide preferentially mobilizes increased numbers of more primitive HSPCs, as shown by
immunophenotyping and single-cell RNA expression profiling [110].

3. HSPC Mobilizing Agents That Target VLA-4
3.1. The Alpha 4 Integrin Family

There are two o4 integrins, o431 (VLA4) [111] and o4p7 [112]. The «4f31 integrin
normally exists in the inactive (low-affinity) state. Although the precise mechanism of
activation in vivo is not clear, VLA4 can be activated in vitro via interaction with a ligand,
divalent cations [113-115], monoclonal antibodies [113-115], CXCL12 [116-119], IL-3 [120],
c-kit ligand [120,121], GM-CSF [120], stem cell factor [122], and phorbol esters. Once ac-
tivated, the main endogenous ligands for VLA4 are vascular cell adhesion molecule-1
(VCAM-1; CD106) [123,124] and the alternatively spliced connecting segment 1 domain of
fibronectin [125,126] which is found in the extracellular matrix [127]. VLA-4 can also bind
to mucosal addressin cell adhesion molecule 1 (MADCAML1), osteopontin, intercellular
adhesion molecule-4 (ICAM4), thrombospondin, as well as to some metalloprotease family
members, but it is not clear what the biological significance of these additional interactions
might be [128]. MADCAM1 is the primary ligand for the «47 integrin [129,130]. The
extracellular ligands VCAM-1 and MADCAM1 are both normally expressed in the gas-
trointestinal tract. However, VCAM-1 is also expressed within peripheral organs [131,132],
whereas MADCAMI1 expression is normally restricted to the gut [131,133,134]. VLA4 is con-
stitutively expressed on most leukocytes, including monocytes, lymphocytes, eosinophils,
basophils, and CD34* HSPCs, including early erythroid progenitors. IL-3 and SCF have
been shown to upregulate the expression of VLA4 on the surface of CD34" HSPCs. Alterna-
tively, G-CSF downregulates VLA4 expression and is therefore associated with mobilization
of CD34* HSPCs [135-140].

In vivo administration of anti-«4 integrin antibodies has been shown to increases
the number of peripheral circulating HSPCs in mice, primates, and humans compared to
untreated controls. Such inhibition in mice [45,46,141-144] and nonhuman primates [45-47]
leads to a rapid and prolonged mobilization of HSPCs. Colony-forming unit cell (CFU-C)
assays and competitive transplant studies in mice have shown that the anti-«4 integrin
antibody can mobilize committed progenitors and long-term repopulating cells, provided
the HSPCs have a functional c-kit receptor [142]. When the o4 antibody was combined
with G-CSF [46,47], plerixafor [45], c-kit ligand [46], and /or Flt3-ligand [34], an additive or
even synergistic HSPC mobilization effect was shown to occur. This enhanced mobilization
of HSPC:s is likely mediated through the disruption of the CXCR4/CXCL12 axis signaling
in the bone marrow in addition to inhibition of VLA4 [145].

3.2. Small-Molecule VLA4 Inhibitors

There have been previous efforts to develop small-molecule inhibitors of the VLA-4
integrin receptor as an alternative to the FDA approved alpha-4 antibody Natalizumab
(Biogen, Cambridge, MA, USA), which is used clinically for the treatment of multiple
sclerosis (MS) and in Crohn’s disease [146]. For these indications, the VL A4 inhibi-
tion mechanism attenuates inflammatory lymphocyte trafficking into the CNS and GI
tract, respectively.

We and others previously reported that BIO5192, a very potent and selective small-
molecule inhibitor of VLA-4, with an affinity 250- to 1000-fold higher than for the related
o437 integrin [48,147], or BOP, a dual «4(31/«931 inhibitor, can induce rapid and reversible
mobilization of murine HSPCs into the peripheral blood when compared to vehicle control
and exhibit a synergistic effect when combined with G-CSF and/or plerixafor [48,148].
The functional characteristics of these HSPCs mobilized into peripheral blood with sub-
cutaneous administration of BIO5192 was also assessed in competitive long-term repop-
ulating studies. Mice that received transplants of HSPCs mobilized after a single dose of
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BIO5192 plus plerixafor had a durable engraftment outcome that approached transplants
of HSPCs mobilized via a 4-day course of G-CSE. Additionally, the combination of BIO5192
and plerixafor compared to BIO5192 or plerixafor alone led to higher levels of donor
chimerism. Furthermore, secondary transplantation in mice demonstrated stable engraft-
ment of BIO5192-mobilized cells, suggesting that BIO5192, like plerixafor and G-CSF, can
mobilize primitive HSPCs capable of providing long-term multilineage engraftment [48].

Unfortunately, BIO5192 exhibits poor pharmacokinetic properties (very short plasma
half-life). This is partially compensated for by its strong binding affinity to its VLA4 target
(slow off rate), leading to an extended pharmacodynamic (PD) effect, but BIO5192 also has
significant solubility issues that cause difficulty in formulation for subcutaneous dosing
and thus was not advanced as a clinical candidate.

A number of other small-molecule VL A4 inhibitors have been previously reported [149,150],
and several have advanced through various stages of human clinical trials, including firate-
grast, TR-14035, carotegrast methyl (AJM300; EA Pharma, Tokyo, Japan), and valategrast,
which were being developed for multiple sclerosis, inflammatory GI indications, and/or
asthma [149,150]. Only one, carotegrast methyl (an oral «4 integrin antagonist ester pro-
drug), at very high doses (960 mg three times daily), has recently been approved in Japan
for ulcerative colitis after completion of Phase III trials [151] (see Table 1). None of these
were considered for HSPC mobilization, however.

Table 1. Inhibitors of VLA4 that have been in human clinical trials.

Drug Name Class Target Indication Furthest Phase Status
Firategrast Small Molecule Multiple Sclerosis Phase II Discontinued
Multiple Sclerosis/ Phase II (asthma); . .
Valategrast Small Molecule Asthma Phase I (MS) Discontinued
Phase II
TR-14035 Small Molecule fdii??e/gﬁe/rosis (asthma, RA); Discontinued
P Phase I (MS)
Carotegrast methyl Ulcerative Colitis .
(AJM300) Small Molecule (UQ) Phase III Approved in Japan for UC
. . . Multiple Sclerosis/ FDA approved
Natalizumab Antibody (anti-o4) Crohn’s Disease Phase III MS,/Crohn's

Our lab’s evaluation of these previously reported small-molecule clinical VLA4 in-
hibitors has shown either poor pharmacokinetic (PK) or metabolic properties, insufficient
VLA4 inhibition potency (thus requiring high doses to achieve in vivo efficacy) and/or very
poor solubility, making them inadequate candidates to use for extended HSPC mobilization
after a single subcutaneous or oral dose. Firategrast, for example, required oral dosing
of 1200 mg (in men) and 900 mg (in women) twice daily in order to observe a positive
biomarker readout in a Phase II multiple sclerosis trial [152], and further advancement of
this drug was discontinued. As noted above, carotegrast methyl required oral dosing of
960 mg three times daily in order to see a positive effect in ulcerative colitis.

Some of these previously reported inhibitors, and some of our own lab’s early leads,
can rapidly mobilize HSPCs into the peripheral blood of mice after a single subcutaneous
injection (often at very high doses), but the effect is short-lived and provides an inadequate
number of HSPCs necessary for stem cell transplantation or for gene therapy [153,154].
Therefore, we sought to develop potent VLA4 inhibitors with improved pharmacokinetic,
pharmacodynamic, and physiochemical properties, imparting significant and extended
HSPC mobilization (of at least 6 h) after a single dose. Once obtained, we envisioned that
an optimized VLA4 inhibitor could then be administered as a single dose in combination
with a CXCR4 antagonist, such as plerixafor or motixafortide, to provide an additive or
synergistic HSPC mobilization effect lasting six hours or more that could be used clinically
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as an alternative to the multi-day dosing regimen now required of G-CSF to achieve the
same level of HSPC mobilization.

We recently synthesized multiple iterations of VLA4 inhibitor molecules based on
prior reported structure-activity relationship (SAR) studies and tested their VLA4 inhi-
bition potency using soluble VCAM-1 binding assays [154]. The most potent of these
new Inhibitors, and those with improved aqueous solubility, were then tested in mice for
extended HSPC mobilization beyond 4 h after a single injection, both alone as well as in
combination with the CXCR4 inhibitor plerixafor or motixafortide. HSPC mobilization
was measured in wild-type and splenectomized mice via flow cytometry to quantify the
proportion of LSK (Lineage- Sca+ cKit+) cells as well as via colony-forming unit (CFU)
assays [154]. For competitive transplantation studies [154], mobilized CD45.1* BALB/c
mouse blood was injected into lethally irradiated CD45.2" BALB/c recipients alongside
CD45.2* BALB/c bone marrow cells. Mobilized HSPC engraftment was monitored monthly
via flow cytometry for CD45.17" cells in peripheral blood.

Early leads from our lab’s initial efforts resulted in extremely potent (sub-nanomolar)
inhibitors of VLA4 that facilitated rapid HSPC mobilization in mice after a single subcuta-
neous dose. However, as with other previous inhibitors, the mobilization effect was only
sustained for ~2 h after dosing (Figure 2)—not long enough to collect an acceptable number
of HSPCs to proceed to transplant or for gene therapy [153-156]. Most compounds also
had poor solubility and very short plasma half-lives after subcutaneous injection in mice.
Fortunately, we were then able to identify a targeted spot on our optimized scaffolds for
covalent attachment that would tolerate polyethylene glycol (PEG) functional groups of
increasing PEG chain lengths that still maintained sub-nanomolar inhibition in the soluble
VCAM-1 binding assays, comparable to their non-pegylated parent analogues. These efforts
ultimately led to the discovery of lead molecules, which provide optimal and extended
mobilization in mice out to 6 h or greater (Figure 2) [155,156]. This coincided with im-
proved PK properties (a more extended drug plasma concentration) and also significantly
improved aqueous solubility, allowing for dissolution in plain saline.

Total CFUs
6-
)
cag Optimized PEG targeted
= 4 VLA4 inhibitors
X
3
s 24
0 - . * "
o @ Prior VLA4 inhibitors
=
0
0 2 6 8
Time (h)

Figure 2. Graph showing the number of colony-forming units (CFUs) collected and measured (as
per reference [138]) from the peripheral blood of mice out to 6 h. after a 3 mg/kg SC injection of
representative examples of small-molecule VLA4 inhibitors. Prior VLA4 inhibitors represent early
leads from our lab (depicted in the graph in blue, light blue and orange colors), which are potent
inhibitors but have poor pharmacokinetic properties, leading to a rapid mobilization effect peaking at
2 h. However, values returned to near baseline by 4 h, which is not enough time to collect an adequate
number of HSPCs for HSCT. The optimized VLA4 inhibitors with targeted PEG groups covalently
attached to our hybrid core molecule (depicted in the graph in light green, magenta and dotted black
colors) exhibit improved pharmacokinetics and solubility and provide for rapid mobilization after a
single SC injection that maintains a peak out past 4 h and continue to maintain mobilized HSPCs
at6 h.
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These new lead inhibitors mobilize two-fold more murine HSPCs and for a longer
period of time than previously published best-in-class VLA4 inhibitors or our own
early VLA4 inhibitor leads [155]. Furthermore, our novel, long-acting PEG analogues
demonstrate superior HSPC mobilization when compared to an alpha-4-targeted anti-
body (anti-CD49d) in mice [156] and, as observed previously, synergistically mobilize
murine HSPCs upon co-administration with a CXCR4 inhibitor (plerixafor or motixafor-
tide) [155,156]. A similar synergistic effect was also achieved in non-human primates
when one of our leads was tested in combination with plerixafor [155]. A competitive
repopulation study in mice demonstrated superior engraftment durability from HSPCs
mobilized with our lead VLA4 inhibitors in combination with a CXCR4 inhibitor, es-
pecially motixafortide, when compared to HSPCs mobilized with G-CSF. This drug
combination mobilized long-term repopulating cells that successfully engraft and ex-
pand in a multilineage fashion in secondary transplant experiments [133]. These newly
optimized VLA4 inhibitors combined with a CXCR4 inhibitor, such as the recently ap-
proved motixafortide, provide encouragement that a safe and quicker-acting HSPC
mobilization regimen as an alternative to G-CSF may be within reach.

4. Current and Future Trends of Stem Cell Mobilization

Modern stem cell mobilization for autologous stem cell transplantation for multiple
myeloma has evolved over time. The use of chemotherapy plus G-CSF for mobilization
was initially utilized to optimize stem cell yields, but G-CSF plus either plerixafor or
motixafortide can mobilize sufficient HSPCs (>6 x 10° CD34*/kg recipient body weight)
for two transplants after 2—4 apheresis collections [79,110]. Additionally, the use of tandem
autologous transplantation has largely disappeared from the normal clinical practice for
myeloma since multiple other more effective and less toxic therapies are now available,
including small molecules, bispecifics and chimeric antigen receptor (CAR)-T cells. In
our center, only 2% of the patients with myeloma that underwent a single autotransplant
were treated with a second autotransplant in the last five years. For potential cost-saving,
many centers utilize prediction algorithms for timing of initiation of stem cell collection
(usually >10 CD34" /uL blood) [157] and for determining if one or more doses of a CXCR4
inhibitor are necessary to achieve optimal stem cell mobilization.

The application of predictive algorithms provides a valuable tool to aid decision-
making in various aspects of stem cell collection, including the timing of collection,
procedure scheduling, processing requirements, the number of required procedures,
procedure duration, and minimizing the storage of surplus product. These principles
hold true for autologous stem cell mobilization and transplantation of patients with
non-Hodgkin’s lymphoma, which is also less frequently offered as a therapeutic option
again due to more effective and potentially less toxic immunotherapies. For patients
undergoing allogeneic stem cell transplantation, G-CSF is the only approved treatment
for mobilization and results in successful mobilization of >5 x 10° CD34%*/ kg in a
single apheresis in >70% of normal donors. In contrast, only 6-16% of normal donors
receiving a single dose of plerixafor or motixafortide provide enough HSPCs in a single
apheresis session to allow allogeneic recipients to proceed to transplant [158]. Some
clinical trials are utilizing a G-CSF-plus-plerixafor regimen to maximize CD34" HSPC
collection for gene editing, base editing, and lentiviral transduction. However, since
G-CSF is unsafe and contraindicated in patients with sickle-cell disease, robust and rapid
stem cell mobilization regimens lacking G-CSF are needed for autologous gene therapy
for patients with sickle cell anemia, which may require >20 x 10° CD34*/ kg. The use of
novel approaches, such as motixafortide or motixafortide plus small-molecule VLA-4
inhibitors, may be the future of mobilization for this population of sickle cell anemia
patients undergoing curative gene therapy and autologous stem cell transplantation.
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5. Summary

Both the chemokine receptor CXCR4 and the integrin receptor VLA4 have important
roles in the homing and retention of HSPCs within the bone marrow microenvironment.
Disrupting the interaction of these receptors on the surface of the stem cells with their
endogenous ligands within the bone marrow niche leads to their rapid egress into the
peripheral blood. Targeting both receptors with pharmacological inhibitors has the potential
to quickly drive a significant number of HSPCs into the peripheral blood, where a donor
could undergo apheresis over several hours and potentially collect a sufficient number of
CD34" HSPCs to be used for transplant or gene therapy. Potent inhibitors of CXCR4 and
VLA4, when given in combination, may provide a viable—and potentially safer, faster, and
more cost-effective—alternative to G-CSF as a stem cell mobilization therapeutic regimen.
With the potent, long-acting, and recently approved CXCR4 inhibitor motixafortide and the
promising optimized small-molecule VLA4 inhibitors we are currently developing, such a
combination HSPC mobilization therapeutic regimen may provide such an option in the
near future.

Author Contributions: P.G.R., M.P.R. and ].E.D. provided the conceptual framework and experimental
data for this review. All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by two grants from the National Institutes of Health, National
Cancer Institute R35 CA210084 (J.ED.) and R50 CA211466 (M.PR.), and by a grant from the Washington
University School of Medicine Needleman Program for Innovation and Commercialization (J.ED.).

Conflicts of Interest: ].ED. receives research funding from NeolmmuneTech, Macrogenics, Incyte,
Bioline Rx; has equity ownership in Magenta Therapeutics, Wugen; and is a board member for
hC Bioscience Inc., RiverVest Venture Partners. PG.R., M.P.R., and J.ED. are inventors on a patent
application for their VLA-4 inhibitors.

References

1.

10.

11.
12.

13.

14.

15.

Frangoul, H.; Altshuler, D.; Cappellini, M.D.; Chen, Y.S.; Domm, J.; Eustace, B.K.; Foell, J.; de la Fuente, J.; Grupp, S.; Hand-
gretinger, R.; et al. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and beta-Thalassemia. N. Engl. . Med. 2021, 384, 252-260.
[CrossRef] [PubMed]

Rettig, M.P.; Ansstas, G.; DiPersio, ].F. Mobilization of hematopoietic stem and progenitor cells using inhibitors of CXCR4 and
VLA-4. Leukemia 2012, 26, 34-53. [CrossRef] [PubMed]

Richman, C.M.; Weiner, R.S.; Yankee, R.A. Increase in circulating stem cells following chemotherapy in man. Blood 1976, 47,
1031-1039. [CrossRef] [PubMed]

Henig, I.; Zuckerman, T. Hematopoietic stem cell transplantation-50 years of evolution and future perspectives. Rambam
Maimonides Med. ]. 2014, 5, €0028. [CrossRef] [PubMed]

Koehrer, S.; Burger, J.A. Chronic Lymphocytic Leukemia: Disease Biology. Acta Haematol. 2024, 147, 8-21. [CrossRef] [PubMed]
Schroeder, M.A.; DiPersio, J.F. Mobilization of hematopoietic stem and leukemia cells. J. Leukoc. Biol. 2012, 91, 47-57. [CrossRef]
[PubMed]

Shen, Y.; Zhou, C.; Cao, Y.; Li, Q.; Deng, H.; Gu, S.; Wu, Y,; Shen, Z. Expression profile and prognostic value of CXCR family
members in head and neck squamous cell carcinoma. World J. Surg. Oncol. 2022, 20, 259. [CrossRef] [PubMed]

Allert, C.; Muller-Tidow, C.; Blank, M.F. The relevance of the hematopoietic niche for therapy resistance in acute myeloid leukemia.
Int. J. Cancer 2024, 154, 197-209. [CrossRef] [PubMed]

Granata, V.; Crisafulli, L.; Nastasi, C.; Ficara, F.; Sobacchi, C. Bone Marrow Niches and Tumour Cells: Lights and Shadows of a
Mutual Relationship. Front. Immunol. 2022, 13, 884024. [CrossRef] [PubMed]

Pedersen, R K.; Andersen, M.; Skov, V.; Kjaer, L.; Hasselbalch, H.C.; Ottesen, ].T.; Stiehl, T. HSC Niche Dynamics in Regeneration,
Pre-malignancy, and Cancer: Insights from Mathematical Modeling. Stem Cells 2023, 41, 260-270. [CrossRef] [PubMed]
Cancilla, D.; Rettig, M.P,; DiPersio, ].E. Targeting CXCR4 in AML and ALL. Front. Oncol. 2020, 10, 1672. [CrossRef] [PubMed]
Kim, H.N.; Ruan, Y.; Ogana, H.; Kim, Y.M. Cadherins, Selectins, and Integrins in CAM-DR in Leukemia. Front. Oncol. 2020, 10,
592733. [CrossRef] [PubMed]

Kokkaliaris, K.D.; Scadden, D.T. Cell interactions in the bone marrow microenvironment affecting myeloid malignancies. Blood
Adv. 2020, 4, 3795-3803. [CrossRef] [PubMed]

Ogana, H.A.; Hurwitz, S.; Wei, N.; Lee, E.; Morris, K.; Parikh, K.; Kim, Y.M. Targeting integrins in drug-resistant acute myeloid
leukaemia. Br. J. Pharmacol. 2024, 181, 295-316. [CrossRef] [PubMed]

Skorupan, N.; Palestino Dominguez, M.; Ricci, S.L.; Alewine, C. Clinical Strategies Targeting the Tumor Microenvironment of
Pancreatic Ductal Adenocarcinoma. Cancers 2022, 14, 4209. [CrossRef] [PubMed]


https://doi.org/10.1056/NEJMoa2031054
https://www.ncbi.nlm.nih.gov/pubmed/33283989
https://doi.org/10.1038/leu.2011.197
https://www.ncbi.nlm.nih.gov/pubmed/21886173
https://doi.org/10.1182/blood.V47.6.1031.1031
https://www.ncbi.nlm.nih.gov/pubmed/1276467
https://doi.org/10.5041/RMMJ.10162
https://www.ncbi.nlm.nih.gov/pubmed/25386344
https://doi.org/10.1159/000533610
https://www.ncbi.nlm.nih.gov/pubmed/37717577
https://doi.org/10.1189/jlb.0210085
https://www.ncbi.nlm.nih.gov/pubmed/22028335
https://doi.org/10.1186/s12957-022-02713-z
https://www.ncbi.nlm.nih.gov/pubmed/35978426
https://doi.org/10.1002/ijc.34684
https://www.ncbi.nlm.nih.gov/pubmed/37565773
https://doi.org/10.3389/fimmu.2022.884024
https://www.ncbi.nlm.nih.gov/pubmed/35603212
https://doi.org/10.1093/stmcls/sxac079
https://www.ncbi.nlm.nih.gov/pubmed/36371719
https://doi.org/10.3389/fonc.2020.01672
https://www.ncbi.nlm.nih.gov/pubmed/33014834
https://doi.org/10.3389/fonc.2020.592733
https://www.ncbi.nlm.nih.gov/pubmed/33425742
https://doi.org/10.1182/bloodadvances.2020002127
https://www.ncbi.nlm.nih.gov/pubmed/32780848
https://doi.org/10.1111/bph.16149
https://www.ncbi.nlm.nih.gov/pubmed/37258706
https://doi.org/10.3390/cancers14174209
https://www.ncbi.nlm.nih.gov/pubmed/36077755

Biomolecules 2024, 14, 1003 10 of 16

16.

17.
18.

19.
20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zhou, W,; Guo, S.; Liu, M.; Burow, M.E.; Wang, G. Targeting CXCL12/CXCR4 Axis in Tumor Immunotherapy. Curr. Med. Chem.
2019, 26, 3026-3041. [CrossRef] [PubMed]

Adams, G.B.; Scadden, D.T. The hematopoietic stem cell in its place. Nat. Immunol. 2006, 7, 333-337. [CrossRef] [PubMed]
Kiger, A.A.; White-Cooper, H.; Fuller, M.T. Somatic support cells restrict germline stem cell self-renewal and promote differentia-
tion. Nature 2000, 407, 750-754. [CrossRef] [PubMed]

Wilson, A.; Trumpp, A. Bone-marrow haematopoietic-stem-cell niches. Nat. Rev. Immunol. 2006, 6, 93-106. [CrossRef] [PubMed]
Xie, T.; Spradling, A.C. A niche maintaining germ line stem cells in the Drosophila ovary. Science 2000, 290, 328-330. [CrossRef]
[PubMed]

Lapidot, T.; Dar, A.; Kollet, O. How do stem cells find their way home? Blood 2005, 106, 1901-1910. [CrossRef] [PubMed]
Smith-Berdan, S.; Bercasio, A.; Rajendiran, S.; Forsberg, E.C. Viagra Enables Efficient, Single-Day Hematopoietic Stem Cell
Mobilization. Stem Cell Rep. 2019, 13, 787-792. [CrossRef] [PubMed]

Kiel, M.J.; Morrison, S.J. Uncertainty in the niches that maintain haematopoietic stem cells. Nat. Rev. Immunol. 2008, 8, 290-301.
[CrossRef] [PubMed]

Abkowitz, ].L.; Robinson, A.E.; Kale, S.; Long, M.W.; Chen, J. Mobilization of hematopoietic stem cells during homeostasis and
after cytokine exposure. Blood 2003, 102, 1249-1253. [CrossRef] [PubMed]

Goodman, J.W.; Hodgson, G.S. Evidence for stem cells in the peripheral blood of mice. Blood 1962, 19, 702-714. [CrossRef]
[PubMed]

Wright, D.E.; Wagers, A.J.; Gulati, A.P; Johnson, F.L.; Weissman, I.L. Physiological migration of hematopoietic stem and progenitor
cells. Science 2001, 294, 1933-1936. [CrossRef] [PubMed]

Mendez-Ferrer, S.; Chow, A.; Merad, M.; Frenette, P.S. Circadian rhythms influence hematopoietic stem cells. Curr. Opin. Hematol.
2009, 16, 235-242. [CrossRef] [PubMed]

Mendez-Ferrer, S.; Lucas, D.; Battista, M.; Frenette, P.S. Haematopoietic stem cell release is regulated by circadian oscillations.
Nature 2008, 452, 442-447. [CrossRef]

Scheiermann, C.; Kunisaki, Y.; Lucas, D.; Chow, A.; Jang, ].E.; Zhang, D.; Hashimoto, D.; Merad, M.; Frenette, P.S. Adrenergic
nerves govern circadian leukocyte recruitment to tissues. Immunity 2012, 37, 290-301. [CrossRef]

Briddell, R.A.; Hartley, C.A.; Smith, K.A.; McNiece, 1.K. Recombinant rat stem cell factor synergizes with recombinant hu-
man granulocyte colony-stimulating factor in vivo in mice to mobilize peripheral blood progenitor cells that have enhanced
repopulating potential. Blood 1993, 82, 1720-1723. [CrossRef] [PubMed]

Matsunaga, T.; Sakamaki, S.; Kohgo, Y.; Ohi, S.; Hirayama, Y.; Niitsu, Y. Recombinant human granulocyte colony-stimulating
factor can mobilize sufficient amounts of peripheral blood stem cells in healthy volunteers for allogeneic transplantation. Bone
Marrow Transplant. 1993, 11, 103-108. [PubMed]

Mayer, P; Lam, C.; Obenaus, H.; Liehl, E.; Besemer, J. Recombinant human GM-CSF induces leukocytosis and activates peripheral
blood polymorphonuclear neutrophils in nonhuman primates. Blood 1987, 70, 206-213. [CrossRef] [PubMed]

McNiece, LK,; Briddell, R.A.; Yan, X.Q.; Hartley, C.A.; Gringeri, A.; Foote, M.A.; Andrews, R.G. The role of stem cell factor in
mobilization of peripheral blood progenitor cells. Leuk. Lymphoma 1994, 15, 405-409. [CrossRef] [PubMed]

Morstyn, G.; Brown, S.; Gordon, M.; Crawford, J.; Demetri, G.; Rich, W.; McGuire, B.; Foote, M.; McNiece, I. Stem cell factor is a
potent synergistic factor in hematopoiesis. Oncology 1994, 51, 205-214. [CrossRef] [PubMed]

Murray, L.J.; Luens, K.M.; Estrada, M.E; Bruno, E.; Hoffman, R.; Cohen, R.L.; Ashby, M.A.; Vadhan-Raj, S. Thrombopoietin
mobilizes CD34+ cell subsets into peripheral blood and expands multilineage progenitors in bone marrow of cancer patients with
normal hematopoiesis. Exp. Hematol. 1998, 26, 207-216. [PubMed]

Nervi, B.; Link, D.C.; DiPersio, ]J.F. Cytokines and hematopoietic stem cell mobilization. J. Cell Biochem. 2006, 99, 690-705.
[CrossRef] [PubMed]

Vadhan-Raj, S.; Murray, L.J.; Bueso-Ramos, C.; Patel, S.; Reddy, S.P.; Hoots, W.K.; Johnston, T.; Papadopolous, N.E.; Hittelman,
W.N.; Johnston, D.A; et al. Stimulation of megakaryocyte and platelet production by a single dose of recombinant human
thrombopoietin in patients with cancer. Ann. Intern. Med. 1997, 126, 673-681. [CrossRef] [PubMed]

Stiff, PJ.; Murgo, A J.; Wittes, R.E.; DeRisi, M.E,; Clarkson, B.D. Quantification of the peripheral blood colony forming unit-culture
rise following chemotherapy. Could leukocytaphereses replace bone marrow for autologous transplantation? Transfusion 1983, 23,
500-503. [CrossRef] [PubMed]

To, L.B.; Davy, M.L.; Haylock, D.N.; Dyson, P.G.; Thorp, D.; Juttner, C.A. Autotransplantation using peripheral blood stem cells
mobilized by cyclophosphamide. Bone Marrow Transplant. 1989, 4, 595-596. [PubMed]

To, L.B.; Haylock, D.N.; Kimber, R.J.; Juttner, C.A. High levels of circulating haemopoietic stem cells in very early remission from
acute non-lymphoblastic leukaemia and their collection and cryopreservation. Br. . Haematol. 1984, 58, 399-410. [CrossRef]
[PubMed]

Fukuda, S.; Bian, H.; King, A.G.; Pelus, L.M. The chemokine GRObeta mobilizes early hematopoietic stem cells characterized by
enhanced homing and engraftment. Blood 2007, 110, 860-869. [CrossRef] [PubMed]

Laterveer, L.; Lindley, L.].; Hamilton, M.S.; Willemze, R.; Fibbe, W.E. Interleukin-8 induces rapid mobilization of hematopoietic
stem cells with radioprotective capacity and long-term myelolymphoid repopulating ability. Blood 1995, 85, 2269-2275. [CrossRef]
[PubMed]


https://doi.org/10.2174/0929867324666170830111531
https://www.ncbi.nlm.nih.gov/pubmed/28875842
https://doi.org/10.1038/ni1331
https://www.ncbi.nlm.nih.gov/pubmed/16550195
https://doi.org/10.1038/35037606
https://www.ncbi.nlm.nih.gov/pubmed/11048722
https://doi.org/10.1038/nri1779
https://www.ncbi.nlm.nih.gov/pubmed/16491134
https://doi.org/10.1126/science.290.5490.328
https://www.ncbi.nlm.nih.gov/pubmed/11030649
https://doi.org/10.1182/blood-2005-04-1417
https://www.ncbi.nlm.nih.gov/pubmed/15890683
https://doi.org/10.1016/j.stemcr.2019.09.004
https://www.ncbi.nlm.nih.gov/pubmed/31607567
https://doi.org/10.1038/nri2279
https://www.ncbi.nlm.nih.gov/pubmed/18323850
https://doi.org/10.1182/blood-2003-01-0318
https://www.ncbi.nlm.nih.gov/pubmed/12714498
https://doi.org/10.1182/blood.V19.6.702.702
https://www.ncbi.nlm.nih.gov/pubmed/13900318
https://doi.org/10.1126/science.1064081
https://www.ncbi.nlm.nih.gov/pubmed/11729320
https://doi.org/10.1097/MOH.0b013e32832bd0f5
https://www.ncbi.nlm.nih.gov/pubmed/19417648
https://doi.org/10.1038/nature06685
https://doi.org/10.1016/j.immuni.2012.05.021
https://doi.org/10.1182/blood.V82.6.1720.1720
https://www.ncbi.nlm.nih.gov/pubmed/7691233
https://www.ncbi.nlm.nih.gov/pubmed/7679596
https://doi.org/10.1182/blood.V70.1.206.206
https://www.ncbi.nlm.nih.gov/pubmed/3496133
https://doi.org/10.3109/10428199409049743
https://www.ncbi.nlm.nih.gov/pubmed/7533017
https://doi.org/10.1159/000227335
https://www.ncbi.nlm.nih.gov/pubmed/7515171
https://www.ncbi.nlm.nih.gov/pubmed/9502616
https://doi.org/10.1002/jcb.21043
https://www.ncbi.nlm.nih.gov/pubmed/16888804
https://doi.org/10.7326/0003-4819-126-9-199705010-00001
https://www.ncbi.nlm.nih.gov/pubmed/9139552
https://doi.org/10.1046/j.1537-2995.1983.23684074271.x
https://www.ncbi.nlm.nih.gov/pubmed/6316590
https://www.ncbi.nlm.nih.gov/pubmed/2571378
https://doi.org/10.1111/j.1365-2141.1984.tb03987.x
https://www.ncbi.nlm.nih.gov/pubmed/6498099
https://doi.org/10.1182/blood-2006-06-031401
https://www.ncbi.nlm.nih.gov/pubmed/17416737
https://doi.org/10.1182/blood.V85.8.2269.bloodjournal8582269
https://www.ncbi.nlm.nih.gov/pubmed/7718900

Biomolecules 2024, 14, 1003 11 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Laterveer, L.; Lindley, 1].; Heemskerk, D.P; Camps, J.A.; Pauwels, E.K.; Willemze, R.; Fibbe, W.E. Rapid mobilization of
hematopoietic progenitor cells in rhesus monkeys by a single intravenous injection of interleukin-8. Blood 1996, 87, 781-788.
[CrossRef] [PubMed]

Pelus, L.M.; Bian, H.; Fukuda, S.; Wong, D.; Merzouk, A ; Salari, H. The CXCR4 agonist peptide, CTCE-0021, rapidly mobilizes
polymorphonuclear neutrophils and hematopoietic progenitor cells into peripheral blood and synergizes with granulocyte
colony-stimulating factor. Exp. Hematol. 2005, 33, 295-307. [CrossRef]

Bonig, H.; Watts, K.L.; Chang, K.H.; Kiem, H.P,; Papayannopoulou, T. Concurrent blockade of alpha4-integrin and CXCR4 in
hematopoietic stem/progenitor cell mobilization. Stem Cells 2009, 27, 836-837. [CrossRef] [PubMed]

Craddock, C.F; Nakamoto, B.; Andrews, R.G.; Priestley, G.V.; Papayannopoulou, T. Antibodies to VLA4 integrin mobilize
long-term repopulating cells and augment cytokine-induced mobilization in primates and mice. Blood 1997, 90, 4779-4788.
[CrossRef] [PubMed]

Papayannopoulou, T.; Nakamoto, B. Peripheralization of hemopoietic progenitors in primates treated with anti-VLA4 integrin.
Proc. Natl. Acad. Sci. USA 1993, 90, 9374-9378. [CrossRef] [PubMed]

Ramirez, P; Rettig, M.P; Uy, G.L.; Deych, E.; Holt, M.S.; Ritchey, ] K.; DiPersio, J.F. BIO5192, a small molecule inhibitor of VLA-4,
mobilizes hematopoietic stem and progenitor cells. Blood 2009, 114, 1340-1343. [CrossRef] [PubMed]

Juarez, J.G.; Harun, N.; Thien, M.; Welschinger, R.; Baraz, R.; Pena, A.D.; Pitson, S.M.; Rettig, M.; DiPersio, J.F.; Bradstock, K.E;
et al. Sphingosine-1-phosphate facilitates trafficking of hematopoietic stem cells and their mobilization by CXCR4 antagonists in
mice. Blood 2012, 119, 707-716. [CrossRef] [PubMed]

Ogle, M.E,; Olingy, C.E.; Awojoodu, A.O.; Das, A.; Ortiz, R.A.; Cheung, H.Y.; Botchwey, E.A. Sphingosine-1-Phosphate Receptor-3
Supports Hematopoietic Stem and Progenitor Cell Residence Within the Bone Marrow Niche. Stem Cells 2017, 35, 1040-1052.
[CrossRef]

Barrett, A.J.; Longhurst, P.; Sneath, P.; Watson, ].G. Mobilization of CFU-C by exercise and ACTH induced stress in man. Exp.
Hematol. 1978, 6, 590-594. [PubMed ]

Zaldivar, E; Eliakim, A.; Radom-Aizik, S.; Leu, S.Y.; Cooper, D.M. The effect of brief exercise on circulating CD34* stem cells in
early and late pubertal boys. Pediatr. Res. 2007, 61, 491-495. [CrossRef] [PubMed]

Benner, R.; Rijnbeek, A.M.; Molendijk, W.; Vos, O. Genetic control of lipopolysaccharide-induced mobilization of CFUs. Dissocia-
tion between early and delayed mobilization of CFUs in complement C5-deficient mice and LPS non-responder mice. Cell Tissue
Kinet. 1981, 14, 143-151. [CrossRef] [PubMed]

Cline, M.].; Golde, D.W. Mobilization of hematopoietic stem cells (CFU-C) into the peripheral blood of man by endotoxin. Exp.
Hematol. 1977, 5, 186-190. [PubMed]

Benedetti, G.; Patoia, L.; Giglietti, A.; Alessio, M.; Pelicci, P.; Grignani, F. Very large amounts of peripheral blood progenitor cells
eliminate severe thrombocytopenia after high-dose melphalan in advanced breast cancer patients. Bone Marrow Transplant. 1999,
24,971-979. [CrossRef] [PubMed]

Bensinger, W.; Appelbaum, E; Rowley, S.; Storb, R.; Sanders, J.; Lilleby, K.; Gooley, T.; Demirer, T.; Schiffman, K.; Weaver, C.; et al.
Factors that influence collection and engraftment of autologous peripheral-blood stem cells. J. Clin. Oncol. 1995, 13, 2547-2555.
[CrossRef] [PubMed]

Weaver, C.H.; Hazelton, B.; Birch, R.; Palmer, P,; Allen, C.; Schwartzberg, L.; West, W. An analysis of engraftment kinetics
as a function of the CD34 content of peripheral blood progenitor cell collections in 692 patients after the administration of
myeloablative chemotherapy. Blood 1995, 86, 3961-3969. [CrossRef] [PubMed]

Russell, N.H.; Hunter, A.; Rogers, S.; Hanley, J.; Anderson, D. Peripheral blood stem cells as an alternative to marrow for
allogeneic transplantation. Lancet 1993, 341, 1482. [CrossRef] [PubMed]

van Besien, K.; Shore, T.; Cushing, M. Peripheral-blood versus bone marrow stem cells. N. Engl. |. Med. 2013, 368, 287-288.
[PubMed]

Holig, K.; Kramer, M.; Kroschinsky, F.; Bornhauser, M.; Mengling, T.; Schmidt, A.H.; Rutt, C.; Ehninger, G. Safety and efficacy of
hematopoietic stem cell collection from mobilized peripheral blood in unrelated volunteers: 12 years of single-center experience
in 3928 donors. Blood 2009, 114, 3757-3763. [CrossRef]

Mueller, M.M.; Bialleck, H.; Bomke, B.; Brauninger, S.; Varga, C.; Seidl, C.; Seifried, E.; Tonn, T.; Bonig, H. Safety and efficacy
of healthy volunteer stem cell mobilization with filgrastim G-CSF and mobilized stem cell apheresis: Results of a prospective
longitudinal 5-year follow-up study. Vox Sang. 2013, 104, 46-54. [CrossRef] [PubMed]

Levesque, J.P; Hendy, J.; Takamatsu, Y.; Simmons, P.J.; Bendall, L.J. Disruption of the CXCR4/CXCL12 chemotactic interaction
during hematopoietic stem cell mobilization induced by GCSF or cyclophosphamide. J. Clin. Investig. 2003, 111, 187-196.
[CrossRef] [PubMed]

Salvucci, O.; Jiang, K.; Gasperini, P.; Maric, D.; Zhu, J.; Sakakibara, S.; Espigol-Frigole, G.; Wang, S.; Tosato, G. MicroRNA126 con-
tributes to granulocyte colony-stimulating factor-induced hematopoietic progenitor cell mobilization by reducing the expression
of vascular cell adhesion molecule 1. Haematologica 2012, 97, 818-826. [CrossRef] [PubMed]

Semerad, C.L.; Christopher, M.].; Liu, E; Short, B.; Simmons, P.J.; Winkler, I.; Levesque, ].P.; Chappel, J.; Ross, EP.; Link, D.C.
G-CSF potently inhibits osteoblast activity and CXCL12 mRNA expression in the bone marrow. Blood 2005, 106, 3020-3027.
[CrossRef] [PubMed]


https://doi.org/10.1182/blood.V87.2.781.bloodjournal872781
https://www.ncbi.nlm.nih.gov/pubmed/8555503
https://doi.org/10.1016/j.exphem.2004.11.008
https://doi.org/10.1002/stem.9
https://www.ncbi.nlm.nih.gov/pubmed/19350684
https://doi.org/10.1182/blood.V90.12.4779
https://www.ncbi.nlm.nih.gov/pubmed/9389694
https://doi.org/10.1073/pnas.90.20.9374
https://www.ncbi.nlm.nih.gov/pubmed/7692447
https://doi.org/10.1182/blood-2008-10-184721
https://www.ncbi.nlm.nih.gov/pubmed/19571319
https://doi.org/10.1182/blood-2011-04-348904
https://www.ncbi.nlm.nih.gov/pubmed/22049516
https://doi.org/10.1002/stem.2556
https://www.ncbi.nlm.nih.gov/pubmed/211045
https://doi.org/10.1203/pdr.0b013e3180332d36
https://www.ncbi.nlm.nih.gov/pubmed/17515877
https://doi.org/10.1111/j.1365-2184.1981.tb00519.x
https://www.ncbi.nlm.nih.gov/pubmed/7471163
https://www.ncbi.nlm.nih.gov/pubmed/872907
https://doi.org/10.1038/sj.bmt.1702008
https://www.ncbi.nlm.nih.gov/pubmed/10556956
https://doi.org/10.1200/JCO.1995.13.10.2547
https://www.ncbi.nlm.nih.gov/pubmed/7595706
https://doi.org/10.1182/blood.V86.10.3961.bloodjournal86103961
https://www.ncbi.nlm.nih.gov/pubmed/7579367
https://doi.org/10.1016/0140-6736(93)90929-B
https://www.ncbi.nlm.nih.gov/pubmed/8099182
https://www.ncbi.nlm.nih.gov/pubmed/23323912
https://doi.org/10.1182/blood-2009-04-218651
https://doi.org/10.1111/j.1423-0410.2012.01632.x
https://www.ncbi.nlm.nih.gov/pubmed/22827736
https://doi.org/10.1172/JCI15994
https://www.ncbi.nlm.nih.gov/pubmed/12531874
https://doi.org/10.3324/haematol.2011.056945
https://www.ncbi.nlm.nih.gov/pubmed/22271895
https://doi.org/10.1182/blood-2004-01-0272
https://www.ncbi.nlm.nih.gov/pubmed/16037394

Biomolecules 2024, 14, 1003 12 of 16

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Levesque, J.P; Hendy, J.; Takamatsu, Y.; Williams, B.; Winkler, I.G.; Simmons, P.J. Mobilization by either cyclophosphamide or
granulocyte colony-stimulating factor transforms the bone marrow into a highly proteolytic environment. Exp. Hematol. 2002, 30,
440-449. [CrossRef] [PubMed]

Levesque, J.P.; Hendy, ].; Winkler, 1.G.; Takamatsu, Y.; Simmons, P.J. Granulocyte colony-stimulating factor induces the release in
the bone marrow of proteases that cleave c-KIT receptor (CD117) from the surface of hematopoietic progenitor cells. Exp. Hematol.
2003, 31, 109-117. [CrossRef] [PubMed]

Winkler, I.G.; Hendy, J.; Coughlin, P.; Horvath, A.; Levesque, ]J.P. Serine protease inhibitors serpinal and serpina3 are down-
regulated in bone marrow during hematopoietic progenitor mobilization. J. Exp. Med. 2005, 201, 1077-1088. [CrossRef]
[PubMed]

Greenbaum, A.M.; Link, D.C. Mechanisms of G-CSF-mediated hematopoietic stem and progenitor mobilization. Leukemia 2011,
25,211-217. [CrossRef] [PubMed]

Levesque, J.P.;; Liu, E; Simmons, PJ.; Betsuyaku, T.; Senior, RM.; Pham, C.; Link, D.C. Characterization of hematopoietic
progenitor mobilization in protease-deficient mice. Blood 2004, 104, 65-72. [CrossRef] [PubMed]

Christopherson, K.W., 2nd; Cooper, S.; Broxmeyer, H.E. Cell surface peptidase CD26/DPPIV mediates G-CSF mobilization of
mouse progenitor cells. Blood 2003, 101, 4680-4686. [CrossRef] [PubMed]

Christopherson, KW.; Cooper, S.; Hangoc, G.; Broxmeyer, H.E. CD26 is essential for normal G-CSF-induced progenitor cell
mobilization as determined by CD26~/~ mice. Exp. Hematol. 2003, 31, 1126-1134. [CrossRef] [PubMed]

Micallef, I.N.; Stiff, PJ.; Stadtmauer, E.A.; Bolwell, B.].; Nademanee, A.P.; Maziarz, R.T.; Partisano, A.M.; Marulkar, S.; DiPersio,
J.E Safety and efficacy of upfront plerixafor + G-CSF versus placebo + G-CSF for mobilization of CD34" hematopoietic progenitor
cells in patients >60 and <60 years of age with non-Hodgkin’s lymphoma or multiple myeloma. Am. ]. Hematol. 2013, 88,
1017-1023. [PubMed]

Uy, G.L.; Rettig, M.P.; Cashen, A.F. Plerixafor, a CXCR4 antagonist for the mobilization of hematopoietic stem cells. Expert Opin.
Biol. Ther. 2008, 8, 1797-1804. [CrossRef] [PubMed]

Cashen, A.F; Lazarus, H.M.; Devine, S.M. Mobilizing stem cells from normal donors: Is it possible to improve upon G-CSF? Bone
Marrow Transplant. 2007, 39, 577-588. [CrossRef] [PubMed]

Fitzhugh, C.D.; Hsieh, M.M.; Bolan, C.D.; Saenz, C.; Tisdale, J.F. Granulocyte colony-stimulating factor (G-CSF) administration in
individuals with sickle cell disease: Time for a moratorium? Cytotherapy 2009, 11, 464—471. [CrossRef] [PubMed]

Gertz, M.A. Current status of stem cell mobilization. Br. . Haematol. 2010, 150, 647-662. [CrossRef] [PubMed]

Winkler, I.G.; Pettit, A.R.; Raggatt, L.].; Jacobsen, R.N.; Forristal, C.E.; Barbier, V.; Nowlan, B.; Cisterne, A.; Bendall, L.].; Sims,
N.A.; et al. Hematopoietic stem cell mobilizing agents G-CSF, cyclophosphamide or AMD3100 have distinct mechanisms of
action on bone marrow HSC niches and bone formation. Leukemia 2012, 26, 1594-1601. [CrossRef] [PubMed]

DiPersio, J.E; Micallef, LN.; Stiff, PJ.; Bolwell, B.J.; Maziarz, R.T.; Jacobsen, E.; Nademanee, A.; McCarty, J.; Bridger, G;
Calandra, G.; et al. Phase III prospective randomized double-blind placebo-controlled trial of plerixafor plus granulocyte colony-
stimulating factor compared with placebo plus granulocyte colony-stimulating factor for autologous stem-cell mobilization and
transplantation for patients with non-Hodgkin’s lymphoma. J. Clin. Oncol. 2009, 27, 4767-4773. [PubMed]

DiPersio, J.F,; Stadtmauer, E.A.; Nademanee, A.; Micallef, LN.; Stiff, PJ.; Kaufman, ].L.; Maziarz, R.T.; Hosing, C.; Fruehauf, S,;
Horwitz, M.; et al. Plerixafor and G-CSF versus placebo and G-CSF to mobilize hematopoietic stem cells for autologous stem cell
transplantation in patients with multiple myeloma. Blood 2009, 113, 5720-5726. [CrossRef] [PubMed]

Crees, Z.D.; Rettig, M.P,; Bashey, A.; Devine, S.M.; Jaglowski, S.; Wan, F.; Zhou, A.; Harding, M.; Vainstein-Haras, A.; Sorani, E.;
et al. Hematopoietic stem cell mobilization for allogeneic stem cell transplantation by motixafortide, a novel CXCR4 inhibitor.
Blood Adv. 2023, 7,5210-5214. [CrossRef] [PubMed]

Devine, S.M.; Vij, R.; Rettig, M.; Todt, L.; McGlauchlen, K.; Fisher, N.; Devine, H.; Link, D.C.; Calandra, G.; Bridger, G.; et al.
Rapid mobilization of functional donor hematopoietic cells without G-CSF using AMD3100, an antagonist of the CXCR4/SDF-1
interaction. Blood 2008, 112, 990-998. [CrossRef] [PubMed]

Schroeder, M.A.; Rettig, M.P,; Lopez, S.; Christ, S.; Fiala, M.; Eades, W.; Mir, EA.; Shao, J.; McFarland, K.; Trinkaus, K.; et al.
Mobilization of allogeneic peripheral blood stem cell donors with intravenous plerixafor mobilizes a unique graft. Blood 2017,
129, 2680-2692. [CrossRef]

Chabannon, C.; Visentin, S.; Granata, A.; Thuret, I. Mobilization and collection of CD34 + cells in patients with globin disorders:
Providing the starting material to manufacturers of autologous gene therapies. Transfus. Apher. Sci. 2024, 63, 103926. [CrossRef]
[PubMed]

Leonard, A.; Weiss, M.]. Hematopoietic stem cell collection for sickle cell disease gene therapy. Curr. Opin. Hematol. 2024, 31,
104-114. [CrossRef] [PubMed]

Urena-Bailen, G.; Block, M.; Grandi, T.; Aivazidou, F.; Quednau, J.; Krenz, D.; Daniel-Moreno, A.; Lamsfus-Calle, A.; Epting, T.;
Handgretinger, R.; et al. Automated Good Manufacturing Practice-Compatible CRISPR-Cas9 Editing of Hematopoietic Stem and
Progenitor Cells for Clinical Treatment of beta-Hemoglobinopathies. CRISPR J. 2023, 6, 5-16. [CrossRef]

Anderlini, P; Przepiorka, D.; Huh, Y.; Lauppe, J.; Miller, P.; Sundberg, J.; Seong, D.; Champlin, R.; Korbling, M. Duration of
filgrastim mobilization and apheresis yield of CD34" progenitor cells and lymphoid subsets in normal donors for allogeneic
transplantation. Br. . Haematol. 1996, 93, 940-942. [CrossRef] [PubMed]


https://doi.org/10.1016/S0301-472X(02)00788-9
https://www.ncbi.nlm.nih.gov/pubmed/12031650
https://doi.org/10.1016/S0301-472X(02)01028-7
https://www.ncbi.nlm.nih.gov/pubmed/12591275
https://doi.org/10.1084/jem.20042299
https://www.ncbi.nlm.nih.gov/pubmed/15795238
https://doi.org/10.1038/leu.2010.248
https://www.ncbi.nlm.nih.gov/pubmed/21079612
https://doi.org/10.1182/blood-2003-05-1589
https://www.ncbi.nlm.nih.gov/pubmed/15010367
https://doi.org/10.1182/blood-2002-12-3893
https://www.ncbi.nlm.nih.gov/pubmed/12576320
https://doi.org/10.1016/S0301-472X(03)00256-X
https://www.ncbi.nlm.nih.gov/pubmed/14585379
https://www.ncbi.nlm.nih.gov/pubmed/23907769
https://doi.org/10.1517/14712598.8.11.1797
https://www.ncbi.nlm.nih.gov/pubmed/18847313
https://doi.org/10.1038/sj.bmt.1705616
https://www.ncbi.nlm.nih.gov/pubmed/17369869
https://doi.org/10.1080/14653240902849788
https://www.ncbi.nlm.nih.gov/pubmed/19513902
https://doi.org/10.1111/j.1365-2141.2010.08313.x
https://www.ncbi.nlm.nih.gov/pubmed/20636438
https://doi.org/10.1038/leu.2012.17
https://www.ncbi.nlm.nih.gov/pubmed/22266913
https://www.ncbi.nlm.nih.gov/pubmed/19720922
https://doi.org/10.1182/blood-2008-08-174946
https://www.ncbi.nlm.nih.gov/pubmed/19363221
https://doi.org/10.1182/bloodadvances.2023010407
https://www.ncbi.nlm.nih.gov/pubmed/37327120
https://doi.org/10.1182/blood-2007-12-130179
https://www.ncbi.nlm.nih.gov/pubmed/18426988
https://doi.org/10.1182/blood-2016-09-739722
https://doi.org/10.1016/j.transci.2024.103926
https://www.ncbi.nlm.nih.gov/pubmed/38670856
https://doi.org/10.1097/MOH.0000000000000807
https://www.ncbi.nlm.nih.gov/pubmed/38359264
https://doi.org/10.1089/crispr.2022.0086
https://doi.org/10.1046/j.1365-2141.1996.d01-1747.x
https://www.ncbi.nlm.nih.gov/pubmed/8703830

Biomolecules 2024, 14, 1003 13 of 16

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Anderlini, P; Champlin, R.E. Biologic and molecular effects of granulocyte colony-stimulating factor in healthy individuals:
Recent findings and current challenges. Blood 2008, 111, 1767-1772. [CrossRef] [PubMed]

Anderlini, P; Przepiorka, D.; Champlin, R.; Korbling, M. Biologic and clinical effects of granulocyte colony-stimulating factor in
normal individuals. Blood 1996, 88, 2819-2825. [CrossRef] [PubMed]

Busillo, ].M.; Benovic, J.L. Regulation of CXCR4 signaling. Biochim. Biophys. Acta 2007, 1768, 952-963. [CrossRef] [PubMed]
Kucia, M.; Jankowski, K.; Reca, R.; Wysoczynski, M.; Bandura, L.; Allendorf, D.J.; Zhang, J.; Ratajczak, J.; Ratajczak, M.Z.
CXCR4-SDF-1 signalling, locomotion, chemotaxis and adhesion. J. Mol. Histol. 2004, 35, 233-245. [CrossRef] [PubMed]

Foudi, A.; Jarrier, P.; Zhang, Y.; Wittner, M.; Geay, ].F,; Lecluse, Y.; Nagasawa, T.; Vainchenker, W.; Louache, F. Reduced retention
of radioprotective hematopoietic cells within the bone marrow microenvironment in CXCR4—/ — chimeric mice. Blood 2006, 107,
2243-2251. [CrossRef] [PubMed]

Ma, Q.; Jones, D.; Borghesani, P.R.; Segal, R.A.; Nagasawa, T.; Kishimoto, T.; Bronson, R.T.; Springer, T.A. Impaired B-
lymphopoiesis, myelopoiesis, and derailed cerebellar neuron migration in CXCR4- and SDF-1-deficient mice. Proc. Natl.
Acad. Sci. USA 1998, 95, 9448-9453. [CrossRef] [PubMed]

Nagasawa, T. CXC chemokine ligand 12 (CXCL12) and its receptor CXCR4. |. Mol. Med. 2014, 92, 433-439. [CrossRef] [PubMed]
Sugiyama, T.; Kohara, H.; Noda, M.; Nagasawa, T. Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine
signaling in bone marrow stromal cell niches. Immunity 2006, 25, 977-988. [CrossRef] [PubMed]

Dubeykovskaya, Z.; Dubeykovskiy, A.; Solal-Cohen, J.; Wang, T.C. Secreted trefoil factor 2 activates the CXCR4 receptor in
epithelial and lymphocytic cancer cell lines. |. Biol. Chem. 2009, 284, 3650-3662. [CrossRef]

Bernhagen, ].; Krohn, R.; Lue, H.; Gregory, J.L.; Zernecke, A.; Koenen, R.R.; Dewor, M.; Georgiev, I.; Schober, A.; Leng, L.; et al.
MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment. Nat. Med. 2007, 13,
587-596. [CrossRef]

Fukuda, S.; Broxmeyer, H.E.; Pelus, L.M. Flt3 ligand and the FIt3 receptor regulate hematopoietic cell migration by modulating
the SDF-1alpha(CXCL12)/CXCR4 axis. Blood 2005, 105, 3117-3126. [CrossRef] [PubMed]

Dutt, P; Wang, ].E; Groopman, ].E. Stromal cell-derived factor-1 alpha and stem cell factor/kit ligand share signaling pathways
in hemopoietic progenitors: A potential mechanism for cooperative induction of chemotaxis. J. Immunol. 1998, 161, 3652-3658.
[CrossRef] [PubMed]

Aiuti, A.; Tavian, M.; Cipponi, A.; Ficara, F.,; Zappone, E.; Hoxie, ].; Peault, B.; Bordignon, C. Expression of CXCR4, the receptor for
stromal cell-derived factor-1 on fetal and adult human lympho-hematopoietic progenitors. Eur. J. Immunol. 1999, 29, 1823-1831.
[CrossRef]

Pruijt, ].F,; Fibbe, W.E.; Laterveer, L.; Pieters, R.A.; Lindley, L].; Paemen, L.; Masure, S.; Willemze, R.; Opdenakker, G. Prevention
of interleukin-8-induced mobilization of hematopoietic progenitor cells in rhesus monkeys by inhibitory antibodies against the
metalloproteinase gelatinase B (MMP-9). Proc. Natl. Acad. Sci. USA 1999, 96, 10863-10868. [CrossRef] [PubMed]

Kollet, O.; Shivtiel, S.; Chen, Y.Q.; Suriawinata, J.; Thung, S.N.; Dabeva, M.D.; Kahn, J.; Spiegel, A.; Dar, A.; Samira, S.; et al. HGF,
SDF-1, and MMP-9 are involved in stress-induced human CD34* stem cell recruitment to the liver. J. Clin. Investig. 2003, 112,
160-169. [CrossRef] [PubMed]

Adlere, I.; Caspar, B.; Arimont, M.; Dekkers, S.; Visser, K.; Stuijt, J.; de Graaf, C.; Stocks, M.; Kellam, B.; Briddon, S.; et al.
Modulators of CXCR4 and CXCR7/ACKR3 Function. Mol. Pharmacol. 2019, 96, 737-752. [CrossRef] [PubMed]

Debnath, B.; Xu, S.; Grande, F.; Garofalo, A.; Neamati, N. Small molecule inhibitors of CXCR4. Theranostics 2013, 3, 47-75.
[CrossRef] [PubMed]

Fang, X.; Fang, X.; Mao, Y.; Ciechanover, A.; Xu, Y.; An, J.; Huang, Z. A novel small molecule CXCR4 antagonist potently mobilizes
hematopoietic stem cells in mice and monkeys. Sterm Cell Res. Ther. 2021, 12, 17. [CrossRef] [PubMed]

Mishra, R K.; Shum, A.K; Platanias, L.C.; Miller, R.].; Schiltz, G.E. Discovery and characterization of novel small-molecule CXCR4
receptor agonists and antagonists. Sci. Rep. 2016, 6, 30155. [CrossRef] [PubMed]

Zhao, R.; Liu, J.; Li, Z.; Zhang, W.; Wang, E.; Zhang, B. Recent Advances in CXCL12/CXCR4 Antagonists and Nano-Based Drug
Delivery Systems for Cancer Therapy. Pharmaceutics 2022, 14, 1541. [CrossRef] [PubMed]

Mullard, A. CXCR4 chemokine antagonist scores a first FDA approval for WHIM syndrome. Nat. Rev. Drug Discov. 2024, 23, 411.
[CrossRef] [PubMed]

Pelus, L.M. Peripheral blood stem cell mobilization: New regimens, new cells, where do we stand. Curr. Opin. Hematol. 2008, 15,
285-292. [CrossRef] [PubMed]

Hoy, S.M. Motixafortide: First Approval. Drugs 2023, 83, 1635-1643. [CrossRef] [PubMed]

Crees, Z.D.; Rettig, M.P; Jayasinghe, R.G.; Stockerl-Goldstein, K.; Larson, S.M.; Arpad, I.; Milone, G.A.; Martino, M.; Stiff, P;
Sborov, D.; et al. Motixafortide and G-CSF to mobilize hematopoietic stem cells for autologous transplantation in multiple
myeloma: A randomized phase 3 trial. Nat. Med. 2023, 29, 869-879. [CrossRef] [PubMed]

Hemler, M.E ; Elices, M.J.; Parker, C.; Takada, Y. Structure of the integrin VLA-4 and its cell-cell and cell-matrix adhesion functions.
Immunol. Rev. 1990, 114, 45-65. [CrossRef] [PubMed]

Berlin, C.; Berg, E.L.; Briskin, M.].; Andrew, D.P; Kilshaw, PJ.; Holzmann, B.; Weissman, I.L.; Hamann, A.; Butcher, E.C. Alpha 4
beta 7 integrin mediates lymphocyte binding to the mucosal vascular addressin MAdCAM-1. Cell 1993, 74, 185-195. [CrossRef]
[PubMed]


https://doi.org/10.1182/blood-2007-07-097543
https://www.ncbi.nlm.nih.gov/pubmed/18057230
https://doi.org/10.1182/blood.V88.8.2819.bloodjournal8882819
https://www.ncbi.nlm.nih.gov/pubmed/8874177
https://doi.org/10.1016/j.bbamem.2006.11.002
https://www.ncbi.nlm.nih.gov/pubmed/17169327
https://doi.org/10.1023/B:HIJO.0000032355.66152.b8
https://www.ncbi.nlm.nih.gov/pubmed/15339043
https://doi.org/10.1182/blood-2005-02-0581
https://www.ncbi.nlm.nih.gov/pubmed/16291599
https://doi.org/10.1073/pnas.95.16.9448
https://www.ncbi.nlm.nih.gov/pubmed/9689100
https://doi.org/10.1007/s00109-014-1123-8
https://www.ncbi.nlm.nih.gov/pubmed/24722947
https://doi.org/10.1016/j.immuni.2006.10.016
https://www.ncbi.nlm.nih.gov/pubmed/17174120
https://doi.org/10.1074/jbc.M804935200
https://doi.org/10.1038/nm1567
https://doi.org/10.1182/blood-2004-04-1440
https://www.ncbi.nlm.nih.gov/pubmed/15618475
https://doi.org/10.4049/jimmunol.161.7.3652
https://www.ncbi.nlm.nih.gov/pubmed/9759889
https://doi.org/10.1002/(SICI)1521-4141(199906)29:06%3C1823::AID-IMMU1823%3E3.0.CO;2-B
https://doi.org/10.1073/pnas.96.19.10863
https://www.ncbi.nlm.nih.gov/pubmed/10485917
https://doi.org/10.1172/JCI17902
https://www.ncbi.nlm.nih.gov/pubmed/12865405
https://doi.org/10.1124/mol.119.117663
https://www.ncbi.nlm.nih.gov/pubmed/31548340
https://doi.org/10.7150/thno.5376
https://www.ncbi.nlm.nih.gov/pubmed/23382786
https://doi.org/10.1186/s13287-020-02073-z
https://www.ncbi.nlm.nih.gov/pubmed/33413613
https://doi.org/10.1038/srep30155
https://www.ncbi.nlm.nih.gov/pubmed/27456816
https://doi.org/10.3390/pharmaceutics14081541
https://www.ncbi.nlm.nih.gov/pubmed/35893797
https://doi.org/10.1038/d41573-024-00083-7
https://www.ncbi.nlm.nih.gov/pubmed/38740966
https://doi.org/10.1097/MOH.0b013e328302f43a
https://www.ncbi.nlm.nih.gov/pubmed/18536564
https://doi.org/10.1007/s40265-023-01962-w
https://www.ncbi.nlm.nih.gov/pubmed/37996648
https://doi.org/10.1038/s41591-023-02273-z
https://www.ncbi.nlm.nih.gov/pubmed/37069359
https://doi.org/10.1111/j.1600-065X.1990.tb00561.x
https://www.ncbi.nlm.nih.gov/pubmed/2142475
https://doi.org/10.1016/0092-8674(93)90305-A
https://www.ncbi.nlm.nih.gov/pubmed/7687523

Biomolecules 2024, 14, 1003 14 of 16

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Jakubowski, A.; Rosa, M.D.; Bixler, S.; Lobb, R.; Burkly, L.C. Vascular cell adhesion molecule (VCAM)-Ig fusion protein
defines distinct affinity states of the very late antigen-4 (VLA-4) receptor. Cell Adhes. Commun. 1995, 3, 131-142. [CrossRef]
[PubMed]

Lobb, R.R.; Antognetti, G.; Pepinsky, R.B.; Burkly, L.C.; Leone, D.R.; Whitty, A. A direct binding assay for the vascular
cell adhesion molecule-1 (VCAM1) interaction with alpha 4 integrins. Cell Adhes. Commun. 1995, 3, 385-397. [CrossRef]
[PubMed]

Masumoto, A.; Hemler, M.E. Multiple activation states of VLA-4. Mechanistic differences between adhesion to CS1/fibronectin
and to vascular cell adhesion molecule-1. ]. Biol. Chem. 1993, 268, 228-234. [CrossRef] [PubMed]

DiVietro, J.A.; Brown, D.C,; Sklar, L.A.; Larson, R.S.; Lawrence, M.B. Immobilized stromal cell-derived factor-lalpha triggers
rapid VLA-4 affinity increases to stabilize lymphocyte tethers on VCAM-1 and subsequently initiate firm adhesion. J. Immunol.
2007, 178, 3903-3911. [CrossRef] [PubMed]

Peled, A.; Grabovsky, V.; Habler, L.; Sandbank, J.; Arenzana-Seisdedos, F,; Petit, I.; Ben-Hur, H.; Lapidot, T.; Alon, R. The
chemokine SDF-1 stimulates integrin-mediated arrest of CD34* cells on vascular endothelium under shear flow. J. Clin. Investig.
1999, 104, 1199-1211. [CrossRef] [PubMed]

Petty, ].M.; Lenox, C.C.; Weiss, D.].; Poynter, M.E.; Suratt, B.T. Crosstalk between CXCR4/stromal derived factor-1 and
VLA-4/VCAM-1 pathways regulates neutrophil retention in the bone marrow. J. Immunol. 2009, 182, 604-612. [CrossRef]
[PubMed]

Sanz-Rodriguez, F.; Hidalgo, A.; Teixido, J. Chemokine stromal cell-derived factor-lalpha modulates VLA-4 integrin-mediated
multiple myeloma cell adhesion to CS-1/fibronectin and VCAM-1. Blood 2001, 97, 346-351. [CrossRef] [PubMed]

Levesque, ].P.; Leavesley, D.I; Niutta, S.; Vadas, M.; Simmons, PJ. Cytokines increase human hemopoietic cell adhesiveness by
activation of very late antigen (VLA)-4 and VLA-5 integrins. |. Exp. Med. 1995, 181, 1805-1815. [CrossRef] [PubMed]

Kodama, H.; Nose, M.; Niida, S.; Nishikawa, S.; Nishikawa, S. Involvement of the c-kit receptor in the adhesion of hematopoietic
stem cells to stromal cells. Exp. Hematol. 1994, 22, 979-984.

Kovach, N.L.; Lin, N.; Yednock, T.; Harlan, ].M.; Broudy, V.C. Stem cell factor modulates avidity of alpha 4 beta 1 and alpha 5 beta
1 integrins expressed on hematopoietic cell lines. Blood 1995, 85, 159-167. [CrossRef] [PubMed]

Elices, M.].; Osborn, L.; Takada, Y.; Crouse, C.; Luhowskyj, S.; Hemler, M.E.; Lobb, R.R. VCAM-1 on activated endothelium
interacts with the leukocyte integrin VLA-4 at a site distinct from the VLA-4/fibronectin binding site. Cell 1990, 60, 577-584.
[CrossRef] [PubMed]

Makarem, R.; Newham, P.; Askari, J.A.; Green, L.J.; Clements, J.; Edwards, M.; Humphries, M.].; Mould, A.P. Competitive binding
of vascular cell adhesion molecule-1 and the HepII/IIICS domain of fibronectin to the integrin alpha 4 beta 1. J. Biol. Chem. 1994,
269, 4005-4011. [CrossRef] [PubMed]

Guan, J.L.; Hynes, R.O. Lymphoid cells recognize an alternatively spliced segment of fibronectin via the integrin receptor alpha 4
beta 1. Cell 1990, 60, 53-61. [CrossRef] [PubMed]

Wayner, E.A.; Garcia-Pardo, A.; Humphries, M.J.; McDonald, J.A.; Carter, W.G. Identification and characterization of the T
lymphocyte adhesion receptor for an alternative cell attachment domain (CS-1) in plasma fibronectin. J. Cell Biol. 1989, 109,
1321-1330. [CrossRef] [PubMed]

Williams, D.A.; Rios, M.; Stephens, C.; Patel, V.P. Fibronectin and VLA-4 in haematopoietic stem cell-microenvironment
interactions. Nature 1991, 352, 438-441. [CrossRef] [PubMed]

Humpbhries, M.]. Integrin structure. Biochem. Soc. Trans. 2000, 28, 311-339. [CrossRef] [PubMed]

Fong, S.; Jones, S.; Renz, M.E.; Chiu, H.H.; Ryan, A.M.; Presta, L.G.; Jackson, D. Mucosal addressin cell adhesion molecule-1
(MAdCAM-1). Its binding motif for alpha 4 beta 7 and role in experimental colitis. Immunol. Res. 1997, 16, 299-311. [CrossRef]
[PubMed]

Viney, J.L.; Jones, S.; Chiu, H.H.; Lagrimas, B.; Renz, M.E.; Presta, L.G.; Jackson, D.; Hillan, K.J.; Lew, S.; Fong, S. Mucosal
addressin cell adhesion molecule-1: A structural and functional analysis demarcates the integrin binding motif. J. Immunol. 1996,
157,2488-2497. [CrossRef]

Connor, EM.; Eppihimer, M.].; Morise, Z.; Granger, D.N.; Grisham, M.B. Expression of mucosal addressin cell adhesion molecule-1
(MAdCAM-1) in acute and chronic inflammation. J. Leukoc. Biol. 1999, 65, 349-355. [CrossRef]

Quinlan, K.L.; Song, 1.S.; Naik, S.M.; Letran, E.L.; Olerud, J.E.; Bunnett, N.W.; Armstrong, C.A.; Caughman, SW.; Ansel, ].C.
VCAM-1 expression on human dermal microvascular endothelial cells is directly and specifically up-regulated by substance P. J.
Immunol. 1999, 162, 1656-1661. [CrossRef] [PubMed]

Erle, D.J.; Briskin, M.].; Butcher, E.C.; Garcia-Pardo, A.; Lazarovits, A.L; Tidswell, M. Expression and function of the MAdCAM-1
receptor, integrin alpha 4 beta 7, on human leukocytes. J. Immunol. 1994, 153, 517-528. [CrossRef] [PubMed]

Shyjan, A.M.; Bertagnolli, M.; Kenney, C.J.; Briskin, M.]. Human mucosal addressin cell adhesion molecule-1 (MAdCAM-1)
demonstrates structural and functional similarities to the alpha 4 beta 7-integrin binding domains of murine MAdCAM-1, but
extreme divergence of mucin-like sequences. J. Immunol. 1996, 156, 2851-2857. [CrossRef] [PubMed]

Bellucci, R.; De Propris, M.S.; Buccisano, F.; Lisci, A.; Leone, G.; Tabilio, A.; de Fabritiis, P. Modulation of VLA-4 and
L-selectin expression on normal CD34" cells during mobilization with G-CSF. Bone Marrow Transplant. 1999, 23, 1-8.
[CrossRef] [PubMed]


https://doi.org/10.3109/15419069509081282
https://www.ncbi.nlm.nih.gov/pubmed/7583006
https://doi.org/10.3109/15419069509081293
https://www.ncbi.nlm.nih.gov/pubmed/8640376
https://doi.org/10.1016/S0021-9258(18)54139-9
https://www.ncbi.nlm.nih.gov/pubmed/7677996
https://doi.org/10.4049/jimmunol.178.6.3903
https://www.ncbi.nlm.nih.gov/pubmed/17339490
https://doi.org/10.1172/JCI7615
https://www.ncbi.nlm.nih.gov/pubmed/10545519
https://doi.org/10.4049/jimmunol.182.1.604
https://www.ncbi.nlm.nih.gov/pubmed/19109194
https://doi.org/10.1182/blood.V97.2.346
https://www.ncbi.nlm.nih.gov/pubmed/11154207
https://doi.org/10.1084/jem.181.5.1805
https://www.ncbi.nlm.nih.gov/pubmed/7536795
https://doi.org/10.1182/blood.V85.1.159.bloodjournal851159
https://www.ncbi.nlm.nih.gov/pubmed/7528564
https://doi.org/10.1016/0092-8674(90)90661-W
https://www.ncbi.nlm.nih.gov/pubmed/1689216
https://doi.org/10.1016/S0021-9258(17)41734-0
https://www.ncbi.nlm.nih.gov/pubmed/7508437
https://doi.org/10.1016/0092-8674(90)90715-Q
https://www.ncbi.nlm.nih.gov/pubmed/2295088
https://doi.org/10.1083/jcb.109.3.1321
https://www.ncbi.nlm.nih.gov/pubmed/2527858
https://doi.org/10.1038/352438a0
https://www.ncbi.nlm.nih.gov/pubmed/1861722
https://doi.org/10.1042/bst0280311
https://www.ncbi.nlm.nih.gov/pubmed/10961914
https://doi.org/10.1007/BF02786396
https://www.ncbi.nlm.nih.gov/pubmed/9379078
https://doi.org/10.4049/jimmunol.157.6.2488
https://doi.org/10.1002/jlb.65.3.349
https://doi.org/10.4049/jimmunol.162.3.1656
https://www.ncbi.nlm.nih.gov/pubmed/9973426
https://doi.org/10.4049/jimmunol.153.2.517
https://www.ncbi.nlm.nih.gov/pubmed/7517418
https://doi.org/10.4049/jimmunol.156.8.2851
https://www.ncbi.nlm.nih.gov/pubmed/8609404
https://doi.org/10.1038/sj.bmt.1701522
https://www.ncbi.nlm.nih.gov/pubmed/10037043

Biomolecules 2024, 14, 1003 15 of 16

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Leavesley, D.I; Oliver, ].M.; Swart, B.W.; Berndt, M.C.; Haylock, D.N.; Simmons, PJ. Signals from platelet/endothelial cell
adhesion molecule enhance the adhesive activity of the very late antigen-4 integrin of human CD34+ hemopoietic progenitor
cells. J. Immunol. 1994, 153, 4673-4683. [CrossRef] [PubMed]

Lichterfeld, M.; Martin, S.; Burkly, L.; Haas, R.; Kronenwett, R. Mobilization of CD34* haematopoietic stem cells is associated
with a functional inactivation of the integrin very late antigen 4. Br. |. Haematol. 2000, 110, 71-81. [CrossRef] [PubMed]

Mohle, R.; Murea, S.; Kirsch, M.; Haas, R. Differential expression of L-selectin, VLA-4, and LFA-1 on CD34* progenitor cells from
bone marrow and peripheral blood during G-CSF-enhanced recovery. Exp. Hematol. 1995, 23, 1535-1542. [PubMed]

Prosper, F.; Stroncek, D.; McCarthy, J.B.; Verfaillie, C.M. Mobilization and homing of peripheral blood progenitors is related to
reversible downregulation of alpha4 betal integrin expression and function. J. Clin. Investig. 1998, 101, 2456—2467. [CrossRef]
[PubMed]

Yamaguchi, M.; Ikebuchi, K.; Hirayama, F,; Sato, N.; Mogi, Y.; Ohkawara, J.; Yoshikawa, Y.; Sawada, K.; Koike, T.; Sekiguchi, S.
Different adhesive characteristics and VLA-4 expression of CD34* progenitors in Gy/G; versus S+G; /M phases of the cell cycle.
Blood 1998, 92, 842-848. [CrossRef] [PubMed]

Papayannopoulou, T.; Craddock, C.; Nakamoto, B.; Priestley, G.V.; Wolf, N.S. The VLA4/VCAM-1 adhesion pathway defines
contrasting mechanisms of lodgement of transplanted murine hemopoietic progenitors between bone marrow and spleen. Proc.
Natl. Acad. Sci. USA 1995, 92, 9647-9651. [CrossRef] [PubMed]

Papayannopoulou, T.; Priestley, G.V.; Nakamoto, B. Anti-VLA4/VCAM-1-induced mobilization requires cooperative signaling
through the kit/mkit ligand pathway. Blood 1998, 91, 2231-2239. [CrossRef] [PubMed]

Papayannopoulou, T.; Priestley, G.V.; Nakamoto, B.; Zafiropoulos, V.; Scott, L.M.; Harlan, .M. Synergistic mobilization of
hemopoietic progenitor cells using concurrent betal and beta2 integrin blockade or beta2-deficient mice. Blood 2001, 97, 1282-1288.
[CrossRef] [PubMed]

Vermeulen, M.; Le Pesteur, F; Gagnerault, M.C.; Mary, ].Y.; Sainteny, F.; Lepault, F. Role of adhesion molecules in the homing and
mobilization of murine hematopoietic stem and progenitor cells. Blood 1998, 92, 894-900. [CrossRef] [PubMed]

Christopher, M.].; Liu, F,; Hilton, M.].; Long, E; Link, D.C. Suppression of CXCL12 production by bone marrow osteoblasts is a
common and critical pathway for cytokine-induced mobilization. Blood 2009, 114, 1331-1339. [CrossRef] [PubMed]

He, T.; Giacomini, D.; Tolomelli, A.; Baiula, M.; Gentilucci, L. Conjecturing about Small-Molecule Agonists and Antagonists of
alphadbetal Integrin: From Mechanistic Insight to Potential Therapeutic Applications. Biomedicines 2024, 12, 316. [CrossRef]
Leone, D.R;; Giza, K; Gill, A.; Dolinski, B.M.; Yang, W.; Perper, S.; Scott, D.M.; Lee, W.C.; Cornebise, M.; Wortham, K.; et al. An
assessment of the mechanistic differences between two integrin alpha 4 beta 1 inhibitors, the monoclonal antibody TA-2 and
the small molecule BIO5192, in rat experimental autoimmune encephalomyelitis. J. Pharmacol. Exp. Ther. 2003, 305, 1150-1162.
[CrossRef] [PubMed]

Cao, B.; Zhang, Z.; Grassinger, J.; Williams, B.; Heazlewood, C.K.; Churches, Q.I; James, S.A.; Li, S.; Papayannopoulou, T.;
Nilsson, S.K. Therapeutic targeting and rapid mobilization of endosteal HSC using a small molecule integrin antagonist. Nat.
Commun. 2016, 7, 11007. [CrossRef] [PubMed]

Baiula, M.; Spampinato, S.; Gentilucci, L.; Tolomelli, A. Novel Ligands Targeting alpha(4)beta(1) Integrin: Therapeutic Applica-
tions and Perspectives. Front. Chem. 2019, 7, 489. [CrossRef] [PubMed]

Tilley, ] W.; Chen, L.; Sidduri, A.; Fotouhi, N. The discovery of VLA-4 antagonists. Curr. Top. Med. Chem. 2004, 4, 1509-1523.
[CrossRef] [PubMed]

Matsuoka, K.; Watanabe, M.; Ohmori, T.; Nakajima, K.; Ishida, T.; Ishiguro, Y.; Kanke, K.; Kobayashi, K.; Hirai, F.; Watanabe, K;
et al. AJM300 (carotegrast methyl), an oral antagonist of alpha4-integrin, as induction therapy for patients with moderately active
ulcerative colitis: A multicentre, randomised, double-blind, placebo-controlled, phase 3 study. Lancet Gastroenterol. Hepatol. 2022,
7, 648-657. [CrossRef] [PubMed]

Miller, D.H.; Weber, T.; Grove, R.; Wardell, C.; Horrigan, ]J.; Graff, O.; Atkinson, G.; Dua, P.; Yousry, T.; Macmanus, D.; et al.
Firategrast for relapsing remitting multiple sclerosis: A phase 2, randomised, double-blind, placebo-controlled trial. Lancet Neurol.
2012, 11, 131-139. [CrossRef] [PubMed]

Cancilla, D.; Rettig, M.P,; Karpova, D.; Thakellapalli, H.; Singh, M.; Meyers, M.].; Ruminski, P.G.; Christ, S.; Chendamarai, E.; Gao,
F; et al. Targeting CXCR4, VLA-4, and CXCR?2 for hematopoietic stem cell mobilization. Blood Adv. 2024, 8, 1379-1383. [CrossRef]
[PubMed]

Karpova, D.; Rettig, M.P; Ritchey, J.; Cancilla, D.; Christ, S.; Gehrs, L.; Chendamarai, E.; Evbuomwan, M.O.; Holt, M.; Zhang, J.;
et al. Targeting VLA4 integrin and CXCR2 mobilizes serially repopulating hematopoietic stem cells. J. Clin. Investig. 2019, 130,
2745-2759. [CrossRef] [PubMed]

Ruminski, P.; Rettig, M.P.; Christ, S.; Singh, M.; Chendamarai, E.; Gehrs, L.; Ritchey, ].K.; DiPersio, J.F. Optimized Small
Molecule VLA-4 Inhibitors for Hematopoietic Stem and Progenitor Cell Mobilization. Blood 2022, 140 (Suppl. S1), 4477-4478.
[CrossRef]

Ruminski, P.; Rettig, M.P.; Christ, S.; Singh, M.; Chendamarai, E.; Gehrs, L.; Ritchey, J.K.; DiPersio, J.F. Novel Small
Molecule VLA-4 Inhibitors Optimized for Extended Hematopoietic and Progenitor Cell Mobilization. Blood 2023, 142, 6778.
[CrossRef]


https://doi.org/10.4049/jimmunol.153.10.4673
https://www.ncbi.nlm.nih.gov/pubmed/7525710
https://doi.org/10.1046/j.1365-2141.2000.02130.x
https://www.ncbi.nlm.nih.gov/pubmed/10930981
https://www.ncbi.nlm.nih.gov/pubmed/8542944
https://doi.org/10.1172/JCI188
https://www.ncbi.nlm.nih.gov/pubmed/9616217
https://doi.org/10.1182/blood.V92.3.842
https://www.ncbi.nlm.nih.gov/pubmed/9680352
https://doi.org/10.1073/pnas.92.21.9647
https://www.ncbi.nlm.nih.gov/pubmed/7568190
https://doi.org/10.1182/blood.V91.7.2231
https://www.ncbi.nlm.nih.gov/pubmed/9516120
https://doi.org/10.1182/blood.V97.5.1282
https://www.ncbi.nlm.nih.gov/pubmed/11222371
https://doi.org/10.1182/blood.V92.3.894
https://www.ncbi.nlm.nih.gov/pubmed/9680357
https://doi.org/10.1182/blood-2008-10-184754
https://www.ncbi.nlm.nih.gov/pubmed/19141863
https://doi.org/10.3390/biomedicines12020316
https://doi.org/10.1124/jpet.102.047332
https://www.ncbi.nlm.nih.gov/pubmed/12626659
https://doi.org/10.1038/ncomms11007
https://www.ncbi.nlm.nih.gov/pubmed/26975966
https://doi.org/10.3389/fchem.2019.00489
https://www.ncbi.nlm.nih.gov/pubmed/31338363
https://doi.org/10.2174/1568026043387502
https://www.ncbi.nlm.nih.gov/pubmed/15544541
https://doi.org/10.1016/S2468-1253(22)00022-X
https://www.ncbi.nlm.nih.gov/pubmed/35366419
https://doi.org/10.1016/S1474-4422(11)70299-X
https://www.ncbi.nlm.nih.gov/pubmed/22226929
https://doi.org/10.1182/bloodadvances.2023011653
https://www.ncbi.nlm.nih.gov/pubmed/38190608
https://doi.org/10.1172/JCI124738
https://www.ncbi.nlm.nih.gov/pubmed/31085833
https://doi.org/10.1182/blood-2022-159734
https://doi.org/10.1182/blood-2023-181174

Biomolecules 2024, 14, 1003 16 of 16

157. Delamain, M.T.; Marques, ].E; Jr de Souza, C.A.; Lorand-Metze, I.; Metze, K. An algorithm based on peripheral CD34+ cells and
hemoglobin concentration provides a better optimization of apheresis than the application of a fixed CD34 threshold. Transfusion
2008, 48, 1133-1137. [CrossRef] [PubMed]

158. Xiang, J.; Shi, M.; Fiala, M.A.; Gao, E; Rettig, M.P,; Uy, G.L.; Schroeder, M.A.; Weilbaecher, K.N.; Stockerl-Goldstein, K.E.; Mollah,
S.; et al. Machine learning-based scoring models to predict hematopoietic stem cell mobilization in allogeneic donors. Blood Adv.
2022, 6, 1991-2000. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/j.1537-2995.2008.01687.x
https://www.ncbi.nlm.nih.gov/pubmed/18422851
https://doi.org/10.1182/bloodadvances.2021005149
https://www.ncbi.nlm.nih.gov/pubmed/34555850

	Introduction 
	Indications for HSPC Mobilization 
	Biology and Spatial Properties of the HSPC Niche 
	Clinical Application of HSPC Mobilization 
	Clinical Limitations of Current HSPC Mobilization Platforms 

	HSPC Mobilizing Agents That Target CXCR4 
	HSPC Mobilizing Agents That Target VLA-4 
	The Alpha 4 Integrin Family 
	Small-Molecule VLA4 Inhibitors 

	Current and Future Trends of Stem Cell Mobilization 
	Summary 
	References

