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Abstract

The Chemokine receptor CXCR4 and its ligand stromal derived factor-1 (SDF-1/CXCLI2)
are important players involved in cross-talk between leukemia cells and the bone marrow
(BM) microenvironment. CXCR4 expression is associated with poor prognosis in AML pa-
tients with and without the mutated FLT3 gene.

CXCL12 which is constrictively secreted from the BM stroma and AML cells is critical for the
survival and retention of AML cells within the BM. In vitro, CXCR4 antagonists were shown to
inhibit the migration of AML cells in response to CXCLI2. In addition, such antagonists were
shown to inhibit the survival and colony forming potential of AML cells and abrogate the
protective effects of stromal cells on chemotherapy-induced apoptosis in AML cells. In vivo,
using immune deficient mouse models, CXCR4 antagonists were found to induce the mobi-
lization of AML cells and progenitor cells into the circulation and enhance anti leukemic effects
of chemotherapy. The hypothesis that CXCLI2/CXCR4 interactions contribute to the re-
sistance of AML cells to signal transduction inhibitor- and chemotherapy-induced apoptosis is

currently being tested in a series of Phase /Il studies in humans.
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Introduction

Acute myeloid leukemia (AML) is a heteroge-
neous group of diseases characterized by the uncon-
trolled proliferation of hematopoietic stem cells and
progenitors (blasts) with a reduced capacity to dif-
ferentiate into mature cells [1]. Despite sensitivity to
chemotherapy, long-term disease-free survival for
AML patients remains low and the majority eventu-
ally relapse from minimal residual disease (MRD) [2].
Bone marrow (BM) is the major site for MRD where
adhesion of AML cells to bone marrow components
may provide protection from the drugs [1]. The
chemokine receptor CXCR4 and its ligand stromal
derived factor-1 (SDF-1/CXCL12) are important
players involved in the cross-talk between leukemia
cells and the BM microenvironment [3].

Expression of CXCR4 in AML and its
prognostic significance

In 1998, Kanz et al., first published that leukemic
blasts (mostly CD34+) from patients with AML ex-
pressed variable amounts of CXCR4, which was
functionally active, as demonstrated by a positive
correlation between the CXCL12-induced migration
and the cell surface density of CXCR4 (r = 0.97) [4].
Later, in 2000, the same group published that AML
FAB M1/2 blasts did not show calcium fluxes and
migration was not stimulated by CXCL12. In myelo-
monocytic AML (M4/5), however, CXCL12 induced
significant calcium fluxes and migration was in-
creased by two-fold. M3 and M4 blasts with eosino-
philia (M4eo) showed intermediate activity and M6
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blasts showed no functional activity. The capacity of
AML cells to respond to CXCL12 by migration and
calcium fluxes correlates with CXCR4 cell surface ex-
pression levels [5].

Following these publications, in 2002, van Der
Schoot, et al., analyzed the CXCL12 dependent mi-
gration capacity of cells derived from the BM or pe-
ripheral blood (PB) from 26 AML patients [6]. No
differences in CXCL12-induced migration or CXCR4
expression were observed between the different AML
subtypes. However, more immature leukemic cells
expressing CD34, CD38 and HLA-DR were preferen-
tially migrating, whereas cells expressing CD14 and
CD36 showed diminished migration. Analysis of
paired PB and BM samples indicated that a signifi-
cantly higher CXCL12-induced migration was ob-
served in AML for CD34(+) BM-derived cells com-
pared to CD34(+) PB-derived cells, suggesting a role
for CXCL12 in the anchoring of leukemic cells in the
BM. The lower percentage of circulating leukemic
blasts in patients with a relatively high level of
CXCL12-induced migration also supports this hy-
pothesis [6].

The prognostic significance of CXCR4 expression
in patients with AML was examined by different
groups. In 2004, Ploemacher, et al., analyzed the ex-
pression of CXCR4 together with the expression of
CD34 in a series of 90 samples from adult patients
with AML [7]. They found that patients with a high
CXCR4 expression in the CD34+ subset had a signifi-
cantly reduced survival and a higher probability of
relapse, resulting in a median relapse-free survival
(RFS) of only 8.3 months. CXCR4 expression was sig-
nificantly higher in Fms-like tyrosine kinase-3
(F1t3)/internal tandem duplication (ITD) AML than in
Flt3/wild-type (wt) AML. A covariate analysis indi-
cated that the prognostic significance of Flt3/ITDs
with respect to RFS was no more apparent when an-
alyzed in conjunction with the expression of CXCR4
in the CD34+ subset, suggesting that the poor prog-
nosis of Flt3/ITD AML might be subordinate to the
increased CXCR4 expression. These data suggest that
the CXCL12/CXCR4 axis may influence therapy re-
sponsiveness and define unfavorable prognosis in
AML [7]. Furthermore, in AML with flt3-ITD muta-
tion, the elevated level of PIM1 kinase positively con-
trols cell surface re-expression of CXCR4 from inter-
nal pool through phosphorylation of CXCR4 [8].

The prognostic significance of CXCR4 expression
in patients with AML who have a normal karyotype
and no evidence of FLT3 gene mutations was further
examined by Medeiros, et al., in 2007 [9]. In this study,
there were 122 AML patients with a median age of 62
years.. CXCR4 was positive in 70 and negative in 52
patients, with complete remission (CR) rates of 58%

and 71%, respectively (P =. 09). Multivariate analysis
demonstrated that CXCR4 expression, the presence of
multilineage dysplasia, and high creatinine levels
predicted poorer overall survival (OS) and event-free
survival (EFS). The results suggest that CXCR4 ex-
pression is associated with poor prognosis also in
AML patients with an unmutated FLT3 gene [9].

In 2007, Burger, et al., prospectively evaluated
the prognostic implication of CXCR4 in 90 consecu-
tive patients with AML by flow cytometry [10]. Pa-
tients could be divided into three groups: those with
low CXCR4 expression (n=32), those with intermedi-
ate CXCR4 expression (n=26), or those with high
CXCR4 expression (n=32). Interestingly, low CXCR4
expression on AML cells correlated with a better
prognosis, longer relapse-free and overall survival of
24.3+/-29 months for low CXCR4-expressing pa-
tients, compared with 17.4+/-3.4 months and 12.8+/-2
months (mean+/-SEM) for patients with intermediate
or high expression, respectively. Multivariate analysis
revealed CXCR4 expression and unfavorable cytoge-
netics as independent prognostic factors for disease
relapse and survival [10].

In 2009, Guyotat, et al., analyzed, by flow cy-
tometry, the "adhesive" phenotype of AML cells from
36 patients [11]. In a univariate analysis, the main
prognostic factor for CR achievement was lower
CXCR4 expression (p=0.03). Overall survival (OS) was
negatively influenced by higher CXCR4 (p=0.01), very
late antigen-4 (VLA-4) (p=0.01), and focal adhesion
kinase (FAK) expression (p=0.04). The combination of
these markers allowed distinguishing between two
prognostic groups: patients overexpressing 2 or 3
factors had a significantly shorter OS (p=0.015).
CXCR4, VLA-4 and FAK are new phenotypic markers
which could be helpful in establishing risk-stratified
therapeutic strategies [11].

In AML, blasts invade the bloodstream and may
localize in extramedullar sites, with variations from
one patient to another. Herault, et al., hypothesized
that a polymorphism in the CXCL12 coding gene
(CXCL12 G801A) could influence blast dissemination
and tissue infiltration in AML [12]. CXCL12 G801A
polymorphism was determined in 86 adult patients
and 100 healthy volunteers. 801A carrier status
(801G/ A, 801A/A) was found to be associated with a
higher peripheral blood blast (PBB) count compared
with 801G/G homozygous patients (P=0.031) and
higher frequency of extramedullar tumor sites (odds
ratio 2.92, 95% confidence interval 1.18-7.21, P=0.018).
Moreover, the PBB count was correlated with CXCR4
expression (correlation coefficient 0.546, P=0.001)
when considering 801A carriers. In conclusion, a
polymorphism in the CXCL12 gene was shown to be
associated with the clinical presentation of AML and
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more generally with the risk of distant tissue infiltra-
tion by tumor cells [12].

Importantly, the CXCR4 surface expression level
may change in physiological conditions like hypoxia.
Andreeff, et al., showed that under the condition of
reduced partial pressure of oxygen at BM, total and
surface CXCR4 expression were upregulated and mi-
gration towards CXCL12 was enhanced, suggesting
that in the hypoxic area in the BM niche the adhesion
and signaling of leukemic cells could be enhanced by
increased CXC4 expression [13].

CXCL12/CXCR4 axis mediate the interac-
tion between AML cells and the BM mi-
croenvironment

The role of CXCL12/CXCR4 interactions in the
control of human AML, cell trafficking and disease
progression has been mainly studied using immune
deficient mouse models. Most cases of human AML
engraft in irradiated non-obese diabetic/severe com-
bined immunodeficient (NOD/SCID) mice [14]. Cases
with clinical features of poor prognosis, including
FLT3 mutations, tended to engraft efficiently. Never-
theless, AML cells obtained from patients at relapse
did not engraft more efficiently than cells obtained
from the same patients at initial diagnosis; further-
more, one passage of human AML cells in
NOD/SCID mice did not appear to select for in-
creased virulence. Moreover, cDNA microarray anal-
yses indicated that approximately 95% of genes were
expressed at similar levels in human AML cells im-
munopurified after growth in mice, as compared to
cells assessed directly from patients [14]. Thus, the
growth of human AML cells in NOD/SCID mice
could be used to better understand the disease path-
ogenesis and for the development of novel therapeu-
tics and personalized medicine.

In 2004, Andreeff, et al., evaluated the relation-
ship between engraftment, CXCR4 expression on
CD34+ and CD34+CD38- cells, and patient (Pt) clini-
cal/laboratory from 11 Pts [15]. Engraftment, evalu-
ated by Southern blot and CD45 flow cytometric
analyses, was observed in murine bone marrow of 6
out of 11 Pt samples, ranging from 0.1% to 73.9% by
Southern blot and from 0.1%-36.8% by flow cytome-
try. No correlation between the level of CXCR4 ex-
pression on AML cells and engraftment was ob-
served. Cells with virtually absent CXCR4 expression
were able to engraft, and cells from two Pts with high
expression levels of CXCR4 did not engraft. Further-
more, anti-CXCR4 antibody failed to block the en-
graftment of AML cells into NOD/SCID mice [15].

In contrast, in 2004, Lapidot, et al., reported that
although some AML cells did not express surface

CXCR4, all AML cells tested expressed internal
CXCR4 and CXCL12 [16]. Culture of AML cells with
CXCL12 promoted their survival, whereas the addi-
tion of neutralizing CXCR4 antibodies, CXCL12 anti-
bodies, or AMD3100 significantly decreased it. Pre-
treatment of primary human AML cells with neutral-
izing CXCR4 antibodies blocked their homing into the
BM and spleen of transplanted
NOD/SCID/B2m(null) mice. Furthermore, weekly
administrations of antihuman CXCR4 to mice previ-
ously engrafted with primary AML cells also led to a
dramatic decrease in the levels of human AML cells in
the BM, blood, and spleen. Interestingly, the same
treatment did not significantly affect the levels of
normal human progenitors engrafted into
NOD/SCID mice. Taken together, these findings
demonstrated the importance of the CXCL12/CXCR4
axis in the regulation of in vivo motility and devel-
opment of human AML stem cells and identified
CXCR4 neutralization as a potential treatment for
AML [16].

The leukemic BM niche

Many of the adhesion molecules, chemokine re-
ceptors and signaling cascades that are critical to
hematopoietic stem cell (HSC) homing, maintenance
and egress from the BM niche are shared by the leu-
kemic cells. Leukemic stem (LS) cells home to and
engraft within the osteoblast-rich area of the BM,
competing for the same microenvironment of normal
hematopietic stem cells (HSCs) [17]. Using dynamic in
vivo confocal imaging, Lin et al, showed that CXCL12
was expressed in vascular "hot spots" corresponding
to the regions that attracted leukemic cells [18]. By
directing the leukemic cells in the bone marrow niche,
CXCL12 regulate their engraftment and survival [16,
19, 20].

Adhesion of leukemic cells to stromal BM lig-
ands is essential for their survival and proliferation.
The adhesion receptor CD44 express on AML cells
interact with the BM microenvironment through its
major ligand hyaluronic acid which is a component of
BM extracellular matrix (ECM). In vivo administra-
tion of activating monoclonal anti CD44 to
NOD/SCID mice transplanted with human AML
markedly reduced leukemic repopulation [21]. In a
tetracyclin-inducible mouse model of AML, continu-
ous overexpression of HOXA10 was required to gen-
erate AML in primary recipient mice. However, re-
lapsed leukemia was restricted to a population of cells
expressing high level of CD44 on the surface and with
secondary mutations in additional proto-oncogenes
[22]. Another intermediary of the AML cell and ECM
interaction is the integrin VLA-4 (very late antigen-) 4,
which mediate adhesion to fibronectin and cellular
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vascular cell adhesion molecule-1 (VCAMLI). In a
mouse model of MRD, the combined therapy of VLA4
blocking antibodies and chemotherapy prolonged
survival [23]. The activation of VLA-4 through
CXCL12 stimulation activates adhesion and transen-
dothelial migration of immature CD34+ cells. CXCL12
activates both the integrin VLA-4 and CD44, which
are express on AML cells and can enhance their ad-
hesion and chemoresistance [24, 25]. CXCL12 and the
interaction of the integrin VLA-4 with the stoma ac-
tivate multiple pro survival signaling cascades in
AML cells. CXCL12 induced phosphorylation of AKT,
ERK in AML cells in vitro and CXCR4 antagonists
reduced AKT and ERK phosphorylation both in vitro
and in vivo in transplanted mice [26, 27].

CXCR4 inhibitors-Preclinical Studies

Antagonists of CXCR4, including AMD3100,
induce peripheral mobilization of hematopoietic stem
cells and have been approved for clinical use. Several
groups explored whether the CXCR4 antagonists af-
fected the trafficking and survival of AML cells in
vitro and in vivo.

In 2007, Abboud, et al., demonstrated that
AMD3100 can inhibit the CXCL12 dependent trans-
migration of AML blasts and inhibit outgrowth of
leukemia colony forming units [19]. However,
AMD3100 did not abrogate stroma-mediated protec-
tion from cytarabine-mediated apoptosis, except in
the case of one promyelocytic leukemic sample tested;
moreover, it did not influence adhesion of blasts to
endothelial monolayers. When AML blasts were pre-
treated with AMD3100, the positive effects of CXCL12
on NOD/SCID engraftment were diminished. This
work confirms that AML is influenced by the
CXCL12/CXCR4 axis and demonstrates that disrup-
tion of this axis by AMD3100 can influence AML [19].

In another study, Rechavi, et al., reported in 2009
that treatment of AML cells with AMD3100 arrested
proliferation in AML cell lines and triggered changes
that mimicked differentiation, including morpholog-
ical changes and the expression of myeloid differen-
tiation antigens [20]. In addition, the pan-histon
deacetylase inhibitor panbinostat (PS) depleted
CXCR4, through proteasomal degradation of CXCR4.
PS inhibited the association between CXCR4 and heat
shock protein (hsp) 90. Coculture of primary AML
cells with PS and AMD3100 synergistically induced
apoptosis [28].

CXCL12 signaling plays a key role in the leuke-
mia/bone marrow microenvironment interactions. In
2009, Konopleva, et al., reported that targeting the
leukemia microenvironment by CXCR4 inhibition can
overcome resistance to kinase inhibitors and chemo-
therapy in AML [26]. In this study, it was demon-

strated that the CXCR4 inhibitor AMD3465 can an-
tagonize CXCL12-induced and stroma-induced
chemotaxis and inhibit CXCL12-induced activation of
prosurvival signaling pathways in leukemic cells.
Further, CXCR4 inhibition partially abrogated the
protective effects of stromal cells on chemothera-
py-induced apoptosis in AML cells. Notably, CXCR4
inhibition increased the sensitivity of FLT3-mutated
leukemic cells to the apoptogenic effects of the FLT3
inhibitor sorafenib. In vivo studies demonstrated that
AMD3465, alone or in combination with the granu-
locyte colony-stimulating factor, induced mobiliza-
tion of AML cells and progenitor cells into the circu-
lation and enhanced anti-leukemic effects of chemo-
therapy and sorafenib, resulting in markedly reduced
leukemia burden and prolonged survival of the ani-
mals [26]. Similarly, in the same year, DiPersio, et al.,
showed that administration of AMD3100 to leukemic
mice induced a 1.6-fold increase in total leukocytes
and a 9-fold increase of circulating AML blast counts,
which peaked at 3 hours and returned to baseline by
12 hours. Treatment of leukemic mice with chemo-
therapy plus AMD3100 resulted in decreased tumor
burden and improved overall survival compared with
mice treated with chemotherapy alone [29].

In 2011, Peled et al., reported that the CXCR4
antagonist, 4F-benzoyl-TN14003 (BKT140) exhibits a
CXCR4-dependent preferential cytotoxicity toward
malignant cells of hematopoietic origin including
AML. In vivo, subcutaneous injections of BKT140
significantly reduced the growth of human AML
xenografts [30].

Recently, a comparative study between the
CXCR4 antagonists TN140 and AMD3100 suggested
that TN140 is more effective than AMD3100 as a
monotherapy in AML. TN140 and to a lesser extend
AMD3100  induced  regression of  human
CXCR4-expressing AML cells and targeted the
NOD/Shi-scid/IL-2Rymlt (NOG) leukemia-initiating
cells (LICs) [27]. Another drug in development is the
MDX-1338, which is a monoclonal human CXCR4
antibody that inhibited the expansion of AML in
xenograft models [31]. Currently a phase I dose esca-
lation study of MDX-1338 with chemotherapy is
tested in in relapsed/refractory AML.

CXCR4 inhibitors-based therapies for
AML

These findings indicate that CXCL12/CXCR4
interactions contribute to the resistance of leukemic
cells to signal transduction inhibitor- and chemo-
therapy-induced apoptosis. Disruption of these in-
teractions with CXCR4 inhibitors represents a novel
strategy of sensitizing AML cells by targeting their
protective BM microenvironment (Figure 1).
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This hypothesis was further tested by DiPersio,
et al.,, in a phase 1/2 study, in which 52 patients with
relapsed or refractory AML were treated with the
CXCR4 antagonist plerixafor (AMD3100) in combina-
tion with mitoxantrone, etoposide, and cytarabine. In
the phase 2 part of the study, 46 patients were treated
with plerixafor, 0.24 mg/kg/d, in combination with
chemotherapy with an overall CR and complete re-
mission with incomplete blood count recovery rate
(CRi) of 46%. Correlative studies demonstrated a
2-fold mobilization in leukemic blasts into the pe-
ripheral circulation. The authors therefore conclude
that the addition of plerixafor to cytotoxic chemo-

CXCL12
o

therapy is feasible in AML, and results in encouraging
rates of remission with correlative studies demon-
strating in vivo evidence of disruption of the
CXCR4/CXCL12 axis [32]. The benefit of combing
CXCR4 inhibitors with chemotherapy is now being
tested in few phase I/1I clinical studies in refractory/
relapsed and in newly diagnosed AML patients. In-
corporating CXCR4-targeted therapy into AML pro-
tocol could not only increase chemosensitivity but
also prevent the relapse of the disease by disruption
the interaction of residual AML cells with the BM
niche.

CXCR4 «_ Chemotherapy *

Antagonist *+
AM!_

Figure I. A. AML cells (yellow arrow) are found in close contact with the BM stroma (phase dense cells surrounded by a red line).
CXCL12, the ligand of CXCR4, is secreted from the BM stroma and facilitates this interaction which is critical for their retention within
the BM. B. Administration of a CXCR4 antagonist will release AML cells (yellow arrow) from the stroma and exposed them to chem-

otherapy, leading to their cell death (small yellow arrow).
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