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Abstract: Acute myeloid leukemia (AML) is defined as an aggressive disorder which is
described by accumulation of immature malignant cells into the bone marrow. Chemokine-
receptor axes are defined as factors involved in AML pathogenesis and prognosis. The chemokine
receptor CXCR4 along with its ligand, CXCL12 fit in important players that are actively involved
in the cross-talk between leukemia cells and bone marrow microenvironment. Therefore, according
to the above introductory comments, in this review article, we have focused on delineating some
parts played by CXCL12/CXCR4 axis in various aspects of AML malignancy. Targeting both
leukemic and stromal cell interaction is nowadays accepted as a wide and attractive strategy for
improving the outcome of treatment in AML in a non-cell autonomous manner. This strategy might
be employed in a wide variety of AML patients regardless of their causative mutations. In addition
to several potential targets involved in the disruption of malignant leukemic cells from their specific
protective niches, compounds which interfere with CXCL12/CXCR4 axis have also been explored
in multiple early-phase established clinical trials. Moreover, extensive research programs are
exploring novel leading mechanisms for leukemia-stromal interactions that appear to find out
novel therapeutic targets within the near future.
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Introduction

Acute myeloid leukemia (AML) is defined as an aggressive disorder which is defined
as assembling of the immature malignant cells within the bone marrow (BM). Most
of the adult patients suffering from AML passed away by this disease, even upon
further treatment with high-doses of multi-agent chemotherapy and allogeneic stem
cell transplantation. The heterogeneous classification of AML is on the basis of
cytogenetic mutations in parallel with molecular aberration findings."? Factors
involved in the prognosis of AML are heterogeneous and new parameters to be
well clarified yet. Chemokines and their corresponding receptors are introduced as
paramount factors involved in both pathogenesis and prognosis of AML. Concerning
to the production, chemokines are also classified as “homeostatic” that control both
leukocyte homing and lymphocyte recirculation at normal circumstances, and
“inflammatory” which are generated in response to inflammatory as well as immune
stimuli. It is also valuable to note that, however, the major activity of chemokines is
the co-ordination of the leukocyte recruitment in both physiologic and pathologic
circumstances; they are also able to mediate other biological functions, varying from
regulation of cell differentiation and proliferation to cell survival and senescence.
Hence, this is of particular relevance to consider that chemokine receptors are
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extensively expressed by several normal as well as malig-
nant non-leukocyte cell types.*®

Despite the sensitivity to chemotherapy, the long-term
disease-free survival in AML sufferers remained low and it
was reported that the majority of the patients most often enter
the relapse phase from minimal residual disease (MRD).”
BM is one of the main locations for MRD where the adhesion
of AML cells to the BM components may provide protection
from the chemotherapy reagents.'” The CXCL12/CXCR4
chemokine-receptor is an important player that is actively
involved in the cross-talk between leukemia cells and BM
microenvironment. So the CXCL12/CXCR4 chemokine-
receptor plays a role in MRD in AML patients.'"'?

A large body of evidence has addressed the involve-
ment of chemokine/receptor axes (specifically CXCL12/
CXCR4) in the tropism of leukemic cells. BM stromal
cells are the main sources of CXCL12 and BM-residing
blasts express CXCR4 more intensively than those found
within the circulation. The CXCL12/CXCR4 interaction
axis appears to facilitate the retention of AML blasts
within the BM.'® Consequently, elevated CXCR4 expres-
sion on AML blasts is considered as an independent risk
factor for relapse and overall poor prognosis.13 14

CXCL12/CXCR4 polymorphisms played roles in AML
patients. The genetic variation in CXCL12/CXCR4 was
correlated with the clinical presentation and the complete
remission of AML patients. Also some mutations affect
CXCR4 expression. Disruption of the CXCL12/CXCR4
interaction axis by CXCR4 inhibitors represented a novel
and promising strategy for the therapy of AML by target-
ing the BM microenvironment. A number of small antago-
nists have been designed to specially target CXCR4.'?

Therefore, according to the above introductory comments,
in the current review article, we focused on delineating crucial
parts played by CXCL12/CXCR4 axis in various aspects of
AML malignancy. By the fact to achieve this, we have
searched multiple articles within different database literature
using several motor engine searches and web pages including
PubMed, Google scholar, Scopus, etc. Relatively, several key-
words such as chemokine, SDF-lo, CXCL12, CXCR4,
CXCR?7, acute leukemia, and AML have also been searched.

Downstream Signaling Pathways

Activated by CXCLI12/CXCR4, 7

Interaction Axes in AML
The CXCLI12 signaling pathway plays a key role within

cross-talk of the leukemic cells and BM microenvironment

interactions.”'® To perform its activities, CXCL12 attaches
to two namely receptors, CXCR4 and CXCR?7 and further
transduces on the mTOR pathway in pancreatic and gastric
cancers, T cell leukemia, and the human renal cancer cells.
Additionally, as described earlier in the text, chemokines are
a superfamily of chemoattractant proteins that induce cytos-
keletal rearrangement for firm adhesion to specific cells and
directional migration. Further activation, chemokine/recep-
tors axes trigger a cascade of multiple cellular events, varied
from receptor dimerization, recruitment of heterotrimeric
G proteins, and activation of the Janus kinase (JAK) and
signal transducer and activator of transcription (STAT), PI3K
(phosphatidylinositol-3-kinases), mitogen-activated protein
kinases (MAPK) to extracellular signal-regulated kinases
(ERK). Accumulating pieces of evidence has indicated that
these axes in addition to CXCL12/CXCR4 are actively
involved in the regulation of tumor development processes
including tumor growth, progression, and metastasis'’ >°
(Figure 1).

CXCR4 Is Crucially Involved in
Prognosis and Relapse of AML

Expression of CXCR4 by cancer cells is inversely related
to the disease prognosis and serves as an independent
factor from other prognostic parameters. Novel findings
obtained by research teams have referred to the expression
of CXCR4 by tumor-initiating cancer stem cells (CSCs)
and this is in favor of the fact that CXCR4 is pivotally
involved in therapy resistance, relapse, metastasis, and
poor clinical outcomes.?!

CXCR4 has been well indicated to be intensively
expressed by a subset of myeloid cells of the AML patients
and its expression is associated with poor prognosis in the
patient. CXCR4 is likely to serve as an independent prog-
nostic factor for the survival of leukemic cells in AML
patients. In a related study, Ahn et al analyzed the expression
of CXCR4 in AML patients and revealed the prognostic
value of CXCR4 in 53 AML patients. Their data indicated
that the expression of CXCR4 was remarkably induced in 26
patients. Researchers addressed that in older AML patients
(with more than 60 years’ age) a complete remission was
achieved following induction therapy and the expression of
CXCR4 was not associated with a better progression-free
survival (PFS). Whereby several studied proteins such as
nucleophosminl (NPM1), CCA AT/enhancer-binding protein
alpha (CEBP-a0), FMS-like tyrosine kinase 3-Internal
Tandem Duplication (FLT3 ITD), CXCR4, and FLT3 D835
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Figure | Exhibits the involvement of transduction pathway in AML. CXCLI2 signal.

Notes: CXCLI2 acts by attaching to its cognate receptors CXCR4 and CXCR?7, which can form homodimers or heterodimers. CXCL12—-CXCR4 interaction activated by
CXCLI2 subsequently triggers GPCR signaling through PI3K/Akt, PLC/IP3, and ERK /2 pathways, and mobilization of Ca2+ from endoplasmic reticulum by inhibition of
adenyl cyclase mediated cAMP production, thus regulating cell survival, proliferation, and chemotaxis. While CXCL12 bands to CXCR?7, activation of the B-arrestin may lead
to scavenging of CXCLI2. It can alternatively activate a MAP kinase (PLC/ERK1/2) pathway through B-arrestin and controls cell survival.

Abbreviations: AC, adenylyl cyclase; PLC, phospholipase C; PIP2, phosphatidylinositol 4, 5-bisphosphate; IP3, inositol 1,4,5 trisphosphate; PI3K, phosphoinositide-3 kinase;
ERK1/2, extracellular regulated kinase. 1/2; GRK, GPCR kinase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; PDKI, pyruvate dehydrogenase kinase |;

mTOR, mechanistic target of rapamycin; 4EBP1, 4E-binding protein |.

were assessed, only CXCR4 was associated with PFS.
Several studies indicated that the cytoplasmatic dislocation
of NPMI in AML
Nucleophosmin contains amyloidogenic regions that are
able
conditions.”>*> NPMc+ is an attractive therapeutic target,

is critical to its oncogenicity.

to form toxic aggregates under physiological
its similarity to the wt protein, that is strictly required for
cell survival, has prevented the development of therapeutics
directed against NPM1 itself. Very recently, it has been
demonstrated that specific degradation of NPMc+ leads to
the reduction of key features of the leukemic program defini-
tively establishing that NPMImutants act in a gain-of-
function manner to maintain AML."* Additionally, NPM1
mutants acquire new properties such as the ability to interact
and inhibit the cell death activity of caspase-6 and caspase-8
in the cytoplasm.**

Its C-terminal domain (CTD)
a globular structure consisting of a three-helix bundle in

is endowed with

the wild-type form that is disrupted by AML mutations.*’
The polypeptide spanning 264-298 residues of NPM1 in

type A mutation (H2mutA) NPMI1 is an abundant

multifunctional protein belonging to the nucleoplasmin
family of nuclear chaperones. AML mutated protein is
translocated into the cytoplasm (NPMlc+) retaining all
functional domains except the loss of a unique NoLs
(nucleolar localization signal) at the C-term domain
(CTD) and the subsequent disruption of a three-helix bun-
dle as tertiary structure. The oligomeric state of NPM1 is of
utmost importance for its biological roles and an aggrega-
tion propensity of distinct regions of CTD to leukomogenic
potentials of AML mutations.*? One study suggests that the
direct interaction of several regions of NPM1CTD with
cellular membranes could be implicated in diseases where
NPMI1 is mutated and/or where its overexpression is
cytoxic.?®

In another study, scientists investigated a polypeptide
spanning the third and second helices of the bundle of type
A mutated CTD. By a combination of several techniques,
we ascertained the amyloid character of the aggregates and
of fibrils resulting from a self-recognition mechanism.
Further amyloid assemblies resulted cytoxic in MTT
assay strengthening a new idea of a therapeutic strategy
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in AML consisting in the self-degradation of mutated
NPM1.!

Applying multivariate analysis to explore PFS, it was
demonstrated that CXCR4 serves as an independent prog-
nostic factor for PFS, in addition to overall survival (OS).
The expression of CXCR4 in these patients and has shown
that 15 out of 22 sufferers had a normal karyotype. Overall
these findings propose that overexpression of CXCR4 is
related with poor prognosis in AML patients. Specifically,
the overexpression of CXCR4 is considerably more fre-
quent in AML patients exhibiting normal karyotype than
others and is a marker of more aggressive disease in this
population. Finally, based on literature data, CXCR4
expression could contribute to the risk assessment of
patients with AML.?°

Role of CXCLI12/CXCR4 Axis in

Extra Medullary AML
Extramedullary AML (EAML) was described as the pre-
sence of leukemic blasts in other organs such as skin,
muscle, bone, gingival tissue, and brain, rather than BM-
EAML, comprises 10-40% of pediatric AML. It has been
documented that EAML is associated with poor prognosis
in several, but not all studies.?®%°

Faaij et al showed the involvement of CXCL12/CXCR4
axis in EAML of the skin in pediatric AML in 15 pediatric
AML patients.'® The relatively downexpression of CXCR4
and CXCR7 by AML cells in PB and BM renders their role in
skin-homing of leukemic blasts; however, both receptors
have been shown to be involved in tumor cells survival.
Notably, CXCL12/CXCR4 axis has been claimed that it is
not directly involved in the survival of AML blasts; however,
CXCL12/CXCR?7 does play a role instead.

According to the ex vivo and in situ observations, both
CCL3/CCRS5 and CXCL12/CXCR4 interaction axes facil-
itate the retention of AML cells within the skin, where the

CXCL12/CXCR7 their
1.13

interaction further prolongs

surviva

Roles Played by CXCLI12/CXCR4
Polymorphisms in AML

SDF-la-3"A

In AML, blasts attach to the bloodstream and may migrate
to the extramedullary sites which are variative from one
patient to another.”” Dommange et al examined the poly-
morphism in CXCL12 and malignant cells dissemination/
tissue infiltration in AML patients and suggested that

a polymorphism within the CXCL12 coding gene (which
is known as the CXCL12 G801A or SDF-1a-3"A) is able
to influence the blast dissemination and tissue infiltration
in AML. This CXCL12 (SDF-10-3"A) genetic variation
was assessed in 86 adult patients alongside with 100
healthy subjects. The allelic status and CXCR4 expression
on BM blasts were analyzed in relation to peripheral blood
blast (PBB) count and frequency of extramedullary tumor
sites of the SDF-1a-3"A carrier status (801G/A, 801A/A)
was associated with a higher PBB count compared to
801G/G homozygous patients as well as higher frequency
of extramedullary tumor sites. Furthermore, the PBB count
was well associated with the expression of CXCR4 in
801A carriers. This genetic variation was also correlated
with the clinical presentation of AML.*?

Andersen et al explored the role of CXCL12-(SDF-1a-
3’A) polymorphism in the complete remission (CR) phase
in AML patients. Researchers recruited 214 adult type
AML patients. One hundred and fourteen patients (53%)
were females and 156 were males. In the study, M3
patients were excluded and M4 and M5 sufferers were
considered isolated from the others (due to the presence
of higher frequency of extramedullary disease). In order to
examine the influence of CXCL12-(SDF-1a-3"A) poly-
morphism on complete remission, disease-free survival
(DFS) and overall survival, they considered 156 patients
(73% of total included patients) who required intensive
treatment. Following diagnosis, investigators did not find
a significant difference in hemoglobin, leukocyte or plate-
let count, percentage of either PB or BM blasts in relation
to CXCL12-(SDF-1a-3"A) genetic variation. They found
that among 156 patients who received a homogeneous
treatment protocol, 88 were GG and 68 had one or both
A alleles. In 114 patients (73%) entered a CR; 61 were GG
and 53 had A allele, corresponding to 69% and 78% of the
patients in each genotype group. Briefly, their data were
not in favor of a role for CXCL12-(SDF-1a-3"A) poly-
morphism in prognosis of AML patients.'

El-Ghany et al have examined the CXCL12-(SDF-10-3"A)
gene variants and their influence on the malignant cell disse-
mination and tissue infiltration in AML patients. The CXCL12
genotyping was performed by polymerase chain reaction-
restriction fragment length polymorphism (PCR _RFLP) for
48 AML: 38 de novo AML and 10 CML. They have also
enrolled 50 age- and gender-matched control subjects. Authors
showed that the frequency of wild genotype to the heterozy-
gous genotype ratio was 1/2 in AML patients, while in CML
patients, the frequency of wild genotype to the heterozygous
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genotype was 3/7. In the control subjects, 57.2% exhibited wild
genotype, whereas 42.8% had heterozygous genotype and no
significant difference was detected between AML patients and
controls. An insignificant association was observed between
wild and heterozygous genotypes regarding clinical, laboratory
data and extramedullary dissemination; however, CXCL12-
(SDF-10-3"A) was not correlated with either increased risk of
AML or extramedullary blast dissemination.*”

rs2228014

Zheng et al have examined the role of CXCL12-(SDF-10-
3’A) genetic variation along with CXCR4 expression in
AML and leukemia cell dissemination in 926 subjects,
including 466 de novo AML patients and 460 healthy
subjects. They have demonstrated that the distribution of
CT and CT+TT for rs2228014 polymorphism in CXCR4
were significantly increased in AML patients, compared to
healthy subjects. However, rs1801157 in CXCL12 has
demonstrated no considerable difference in genotype dis-
tribution and allele frequency between AML patients and
healthy subjects. For the two combined SNPs, they have
not observed a marked difference between the wild-type
GG-CC genotypes and non-GG-CC genotypes in AML
patients and healthy subjects. Furthermore, the number of
peripheral blood leukemia-cells (PBLCs) was not remark-
ably affected by rs1801157 and rs2228014. Overall, it
appears that only CT genotype of rs2228014 was remark-
ably associated with the risk of AML, as they addressed,
but it did not play a role in leukemia cells invading the
bloodstream. However, rs1801157 and the two combined
SNPs were not only associated with increased AML risk
they were not also correlated with extramedullary leuke-
mia-cell dissemination.*

Relationship Between CXCR4
Expression and Other Mutations
FLT3-ITD

A functional interaction has been proposed between FMS-
like tyrosine kinase 3 (FLT3) receptor and CXCR4.** The
relapse phase of AML is associated with internal tandem
duplication (ITD) mutations of the FLT3 receptor and the
expression of CXCR4 in FLT3-ITD-bearing AML is asso-
ciated with poor diagnosis whereby CXCR4 was inhibited,
AML blasts were responsive to the chemotherapy.*®
Jacobi et al have examined the effects of FLT3-ITD on
cellular proliferation and CXCR4-mediated recruitment of
human hematopoietic progenitor cells (HPPCs) alongside

with their response to the CXCR4 inhibition. To achieve
this, primary blasts obtained from the AML patients with
FLT3-ITD or FLT3 wild-type were examined. In addition,
human CD34+ hematopoietic progenitor cells were trans-
duced with >70% human FLT3-ITD containing retroviral
vectors and further STAT5a, STAT3, and ERK1/2 phos-
phorylation and CXCR4 expression were simultaneously
analyzed by flow cytometry. Following analysis, it has
been shown that FLT3-ITD transgene overexpressing
human HPPCs migration toward CXCL12 was dramatically
reduced along with significant reduction in BM homing in
non-obese diabetic severe combined immune deficient
(SCID) mice. Co-culture of FLT3-ITD—positive AML
blasts or human HPPCs with BM stromal cells resulted in
a strong proliferation advantage and increased early cob-
blestone area—forming cells compared to FLT3—-wild-type
AML blasts. In response to ABDS3100, as CXCR4 inhibi-
tor both cobblestone area—forming cells and proliferation of
FLT3-ITD—positive cells were remarkably decreased but
has not influenced FLT3-wild-type cells, proposing the
critical interaction between CXCR4 and FLT3-ITD. Based
on Jacobia et al's report, CXCR4-mediated cell proliferation
was pivotally reduced and control of the leukemic burden
may provide a novel therapeutic strategy for treatment of
FLT3-ITD-positive AML patients.”

BM-derived CXCL12, in
a constitutive fashion and CXCR4 overexpression has
been claimed to be associated with FLT3/ITD AML.**3°
Overexpression of FLT3/ITD mutants in Ba/F3 cells is
correlated with activated CXCL12/CXCR4 axis.”’

The FLT3 inhibitors have been applied for the improve-

stromal cells secrete

ment of the dismal prognosis of AML patients who exhibit
FLT3 mutations. Clinical findings in AML patients with
FLT3 inhibitor monotherapy indicated that peripheral
blood responses are more pronounced than the BM ones.*
Kensuke Kojima et al have examined the involvement of
p53 in BM stromal cells in stromal cell-mediated resistance
to FLT3 inhibition in FLT3 mutant AML and indicated that
the namely FLT3 inhibitor (eg, FI-700) induced apoptosis in
FLT3 mutant AML cells. This induced apoptosis was
further abolished under stromal co-culture circumstances
which appear to be mediated, at least in part, by CXCL12/
CXCR4 axis, whereby the stromal cells proliferation was
inhibited, it has significantly reduced by pre-treatment with
the HDM2 (human ortholog of murine double minute 2).
Activation of P53 signaling by Nutlin-3a was not cytotoxic
to stromal cells; however, it has reduced the CXCLI12
mRNA levels and secretion of CXCL12 partially via p53-
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mediated decreasing hypoxia-induced factor-1 (HIF-1).
These authors have also demonstrated that activation of
P53 in stromal cells has blunted the stromal cell-mediated
resistance to FLT3 inhibition, along with CXCL12 down-
regulation. This, in fact, proposes that the combination of
HDM2 antagonists and FLT3 inhibitors is probably effec-
tive in clinical trials that are targeting mutant FLT3
leukemia.*®

NPM
Zhang et al claimed that further NPM (nucleophosmin)
suppression, the chemotactic responses to CXCL12 were
elevated, while inversely the overexpression of a cytosolic
NPM mutant has reduced CXCL12-induced chemotaxis.
Also, CXCR4 mutants coupled to G proteins and phos-
phorylated (Zhang et al, 2002) were more associated with
NPM than the wild-type receptors. Reversal of this con-
formation with T140 as a potent inverse agonist which
switches off the receptor architectural equilibrium has
decreased the NPM interaction with CXCR4 in an immune
precipitation assay. In contrast, activation of wild-type
CXCR4 by CXCLI12 has drastically affected NPM with
cytoplasmic loops of the receptor, raising the possibility
that the interaction may be indirect and involves additional
subunits present in the milieu of chronic desensitization.*’

Chou et al established a mouse knocked-down model
for NPM1 mutation inserting TCTG after nucleotide ¢.857
and showed that the expression of CXCL12/CXCR4-
related genes was significantly suppressed in mutant mye-
loid precursors, compared to wild-type NPM1 myeloid
precursors. In a similar fashion, the suppressed CXCL12/
CXCR4 was detected by genome-wide expression micro-
array analysis in BM mononuclear cells in NPM1-mutated
AML patients, compared to NPM1-wild AML.*°

The expression of CXCR4 and pCXCR4 along with
NPMI1 mutations and their correlation with prognosis in
adult AML patients were examined by Konoplev et al. In
117 untreated adult AML patients, they used immunohis-
tochemistry techniques to detect the expression of CXCR4
within the BM tissue as well as phosphorylated CXCR4.
All of the studied subjects were also examined for NPM1
mutations by PCR-based techniques and the following
results were obtained: CXCR4 expression was detected
in 75 (64%) while pCXCR4 was presented in 31 (26%)
of patients. Mutations of NPM1 were detected in 63 (54%)
patients and was not correlated with either CXCR4 or
pCXCR4 expression. The median survival period was 5
years with a median follow-up of 8 months. Lack of

association was observed between CXCR4 and pCXCR4
and NPM1 mutations which may propose that the CXCR4
pathway is critically involved in AML pathogenesis
regardless of NPM pathways.*'

Inhibitors of CXCR4

On the basis of tumor type, stage of cancer, and immuno-
logical contexture, the inhibition of chemokines or their
receptors may aid positive or deleterious effects on disease
development.*

More recently investigations evidenced that CXCL12/
CXCR4 axis plays remarkable parts in leukemic cell resis-
tance to the signal transduction inhibitor as well as che-
motherapy-induced apoptosis. Disruption of the CXCL12/
CXCR4 interaction axis by CXCR4 inhibitors represented
a novel and promising strategy for the therapy of AML by
targeting the BM microenvironment. Several research
teams sought to examine whether the CXCR4 antagonists
have beneficial effects on both survival and oriented loco-
motion of AML cells in vivo and in vitro. A number of
small antagonists have been designed to specially target
CXCR4, such as AMD3100. Some other analogues and
peptides were also designed on the amino-terminal region
of the chemokines such as T22, TN14003, and CTCE-9908.
In experimental models of tumor, TN14003 has remarkably
reduced pulmonary metastasis,**** and CTCE-9908 dis-
played inhibitory effects against primary tumors as well as
anti-metastatic in animal models of several tumors, includ-
ing melanoma, osteosarcoma, breast, and prostate.45 46 In
case of prostate, the intraperitoneal delivery of CTCE-9908
was also accompanied by inhibition of Vascular endothelial
growth factor (VEGF) and angiogenesis, and attenuated
recruitment of myeloid host cells.*’ In contrast, CTCE-
9908 has not inhibited metastasis (caused by the intra-
cardiac inoculation of breast cancer cells); however, it has
reduced the size of metastasis in all examined organs.*’
Recent pieces of evidence demonstrated that treatment of
tumor cells with CTCE-9908 in vitro has led to multinu-
cleation, G2/M arrest, and further intensive mitosis.**

AMD3100

AMD3100 as a CXCR4 antagonist has elevated the periph-
eral mobilization of hematopoietic stem cells. The clinical
application of AMD3100 has recently been approved.’

4F-Benzoyl-TN 14003
The CXCR4 antagonist, 4F-benzoyl-TN14003 which is
also called (BKT140) was shown to exhibit preferential
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cytotoxicity against malignant cells with hematopoietic
origin such as AML cells.*

Ulocuplumab

Ulocuplumab (BMD-936564/MDX-1338), as a fully
humanized type of immunoglobulin G4 (IgG4) monoclo-
nal antibody (MAb) which selectively recognizes the
human CXCR4 has also been introduced by Kuhne et al.
It has been reported that ulocuplumab has antitumor prop-
erties against several tumors such as subcutaneous xeno-
graft models of APL (acute promyelocytic leukemia) and
facilitates apoptosis of a profile of cell lines including
AML generated types. More importantly, they have
explained that the apoptosis in an antibody-induced man-
ner is one of the most related mechanisms by which
tumor cells proliferation as well as tumor progression is
inhibited.>

LY2624587

LY2624587 is introduced as another humanized anti-
CXCR4 IgG4 MAb which also represents a promising
potential for induction of apoptosis in human lymphoma
and leukemia both in vivo and in vitro.>! Pre-clinical data,
obtained from another newly designed anti-CXCR4 IgGl
MADb, PF-06747143, was also recently introduced during
annual meeting of the American Society of Hematology
that
dependent cytolysin (CDC) and antibody-dependent cell-

and antibody designers proposed cholesterol-
mediated cytotoxicity (ADCC) are amongst related
mechanisms responsible for its anti-leukemia effect in
AML cell lines.’> PF-06747143 exerts its anti-leukemic
impact similarly as monotherapy in primary models of
AML xenograft.>® These pre-clinical data, alongside with
assumed mechanisms for AML, propose that anti-CXCR4
MADb may have promising effects in clinical applications;
however, their toxic adverse effects on the processes of
normal hematopoiesis deserved to be well elucidated in

future studies.

LY2510924

In the most recent investigations, Cho BS and his team
demonstrated a markedly anti-leukemic activity for
LY2510924 as peptidic CXCR4 inhibitor as well as
a monotherapy, and in combination with anti-AML che-
motherapy. The in vitro obtained data showed that
LY2510924 has drastically disrupted CXCL12/CXCR4
interaction axis in AML cells at nano-molar concentrations
and has further inhibited the proliferation of AML cells

rather than apoptosis (in contrast to BKT140). They also
demonstrated that in AML xenograft models, LY2510924
caused mobilization of leukemic cells into the periphery
and inhibited several survival factors which were produced
by activation of the CXCL12/CXCR4 axis, and induces
myeloid differentiation; thereby, producing anti-leukemic
effects as monotherapy. These anti-leukemia functions of
the compound are firmly in synergy with chemotherapeutic
compounds such as cytarabine and doxorubicin in xeno-
graft models, resembling standard inductive chemotherapy
in human trials.>*

Clinical Applications of CXCR4
Inhibitors

BL-8040

BL-8040 (BKT140) as a peptidic CXCR4 inhibitor that
has pro-apoptotic activity directly against AML cells.**>
A Phase 1/2 trial was performed on relapsed/refractory
AML patients. In this trial participated patients received
BL-8040 for two days as monotherapy and the therapy
protocol was again followed by BL-8040 and cytarabine
for five upcoming days. Preliminary documented findings
of the study revealed that all examined doses of BL-8040
were safely tolerated. The couple of days BL-8040 treat-
ment has also mobilized approximately 40.2-fold increase
in immature AML progenitors from the BM along with
decreased number of leukemia progenitor cells (by 58%)
in the BM at the third day. The apoptosis of AML blasts
was observed in five out of nine samples and was well
correlated with a 3.1-fold elevation in differentiated mono-
cytes and granulocytes. During the period of dose escala-
tion, a CR/CRi of 38% was achieved by 22 AML patients.
These achievements propose that the induction of apopto-
sis and differentiation, in parallel with mobilization of
AML blasts from the protective marrow, may act as
mechanistic pathway for CXCR4 inhibition.”®

Ibrutinib

The effect of ibrutinib on CXCL12/CXCR4-mediated
migration in AML was also examined by Zaitseva et al
and the CXCR4 expression was analyzed by flow cytome-
try and followed by chemotactic analysis using transwell
plates. The AML blasts were treated with CXCL12 and
cellular protein extracts were subjected to Western blotting
for pBTK, BTK, pMAPK, MAPK, and B-actin as the
housekeeping protein. The AML blasts were also pre-
treated with the escalation measures of ibrutinib and as
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similar to CXCL12. The effects of ibrutinib on the migra-
tion of AML cell lines U937, MV4-11, HL60, and THP-1
in response to CXCLI12. Interestingly researchers found
that ibrutinib was able to actively block the migration of
all AML cell lines. Finally, they tested the activity of
ibrutinib on CXCL12-induced migration on a wide spec-
trum of primary the AML blasts in vitro from a broad
range of ages in adult patients and across a range of World
Health Organization (WHO) AML subclasses. Ibrutinib
has inhibited primary AML blast migration. Taken into
account these data may explain that ibrutinib has limited
the CXCL12/CXCR4-based migration of human AML
cells.”’

Synthetic Peptide E5

Li et al demonstrated that synthetic peptide E5 has the
capacity to elevate the therapeutic efficiency of various
chemotherapeutics on AML both in vitro and in vivo.
They have claimed that ES was able to abolish BM stromal
cell-provided protection to leukemia cells, as well as
enhance the occurrence of apoptosis which was induced
by various chemotherapeutics in several AML cell lines,
ES5 has also increased the number of periphery AML cells
out of stromal niches, in a rodent xenograft AML model.
Whereby E5 was added to vincristine and cyclophospha-
mide, it had also the ability to inhibit the infiltration of
AML cells into several organs, including BM, liver, and
spleen, and extended the lifespan of AML mice compared
with mice treated with chemotherapy alone. Moreover,
cytotoxicity was not observed for E5S when the histological
analysis was performed and clinical parameters of serum
for toxicity were determined in vivo.®

siRNA

Although siRNA carrier technology and siRNA-mediated
silencing method as a therapy are developed for various
leukemia, its application in AML has yet to be explored in
detail at the present time. Consistently, CXCL12/CXCR4
antagonists have been employed against a wide spectrum
of leukemic cells in both in vitro and clinical trials and
very few studies applied the siRNA technology as
a therapeutic test for leukemia cell lines. Although only
few studies utilized siRNA technology, siRNA therapy has
been progressing into clinical trials as a cancer
therapy.””®® Beneficial advantages of CXCR4 as a target
for siRNA therapies have also been established for treat-

ment of solid tumors.®"%?

In a more recent attempt, Landry et al targeted the
CXCL12/CXCR4 axis by lipopolymer contained com-
plexes of siRNA in AML and found an advantageous
therapeutic potential for most promising lipopolymer in
siRNA-mediated silencing of the CXCL12/CXCR4 axis
in AML. They have also revealed that CXCR4 protein
expression (by immune staining) was effectively attenu-
ated when siRNA delivery was undertaken to THP-1 cells
with the polymer PEI2-CA. The down-expression of
CXCR4, in turn, has also led to a decreased cell number
possibly, due to inhibiting proliferation as they have
demonstrated by the dye dilution technique; however,
CXCL12 was predominantly generated by bone marrow
stromal cell (BMSC). These researchers have indicated
that reduced cell number is mediated by CXCL12 siRNA
silencing with lipopolymer/siRNA complexes; nonethe-
less, no enhanced effect was found when CXCL12 and
CXCR4 were simultaneously silenced. The CXCR4 path-
way could also mediate partial chemo-resistance to cytar-
abine exposure where silencing CXCR4 would then
reduce cellular resistance to the drug. Investigators have
reported an elevated CXCR4 resistance to cytarabine when
AML cells were grown with homing bone marrow stromal
cell (hBMSC), proposing that other BMSC secreted factor-
(s) might not be significant in their culture system. They
have also claimed that CXCR4 silencing has considerably
the THP-1 to hBMSC.
Therefore, to completely dislodge leukemic cells from

decreased cell attachment
the BM, several above mentioned adhesion molecules
deserved to be targeted. In spite of the detachment of
leukemic cells from the BM microenvironment, it is con-
sidered as a major goal for targeting theCXCRA4.
Prevention of adhesion may not possibly be required for
disruption of activating signaling via CXCR4 pathway

which in turn aids the activation of survival pathways.®

Conclusion

Due to the considerable heterogeneity, in addition to the
multi-line nature of AML, it was demonstrated by employing
DNA sequencing studies, that there exist limitations for
improving the therapy outcomes of medications that appro-
priately target deregulated signaling pathways. Targeting
both leukemic and stromal cell interaction is nowadays
accepted as a wide and attractive strategy for improving the
outcome of treatment in AML in a non-cell autonomous
manner. This strategy might be employed in a wide variety
of AML patients regardless of their causative mutations. The
lack of relationship between a particular mutation and along
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with broad applicability to a wide spectrum of disorders
makes the microenvironment targeting a worthy endeavor.
In addition to several potential targets involved in the disrup-
tion of malignant leukemic cells from their specific protec-
tive niches, compounds that interfere with the CXCL12/
CXCR4 axis have also been explored in multiple early-
phase established clinical trials. Overall, findings obtained
from these types of trials and particularly with inhibitors of
CXCR4 antagonists, found as promising and worth pursuing,
if tolerated and efficient at an adequate level, CXCR4 inhi-
bitors could be considered as a proper adjunct therapy
accompanied with drugs which are directly targeting related
mutations as for curative tools. Both present and future
investigations may reveal the advantages of targeting the
CXCLI12/CXCR4 axis in AML. But, these inhibitors and
antagonists in patients with CXCL12/CXCR4 mutated
forms will have the same effect as in patients with wild-
type forms and it will also help the treatment of this group
of patients.

Also, in patients with other mutations, such as FLT3-
ITD, inhibitory compounds should be administered at dif-
ferent doses than patients who do not have these mutations.
Which of the inhibitors in these patients will be more
effective?

Moreover, extensive research programs are exploring
novel leading mechanisms for leukemia stromal interac-
tions that appear to find out novel therapeutic targets
within the near future.

Prospects

In the new year’s, the advent of targeted molecular thera-
pies, new monoclonal antibodies, and strong inhibitors of
small molecules suggests that we can ultimately have tools
to improve the outcome in AML. Inhibiting the CXCL12/
CXCR4 axis lonely or in combination with chemotherapy
can help the treatment and preventing the recurrence of the
disease. The recent surge in inhibitory molecules and
antagonists research in a clinical trial is likely to lead to
considerable advances in our understanding that which one
will have an excellent effect on the treatment of AML in the
short term and with the least dose. Also, we will gain
knowledge about which inhibitors will reduce the use of
chemotherapy drugs. We will understand that a combination
of inhibitors and antagonists to be used or only one of them
will lead us to the target. We also have to understand the
side effects of targeted molecular therapies, new monoclo-
nal antibodies, and strong inhibitors of small molecules.
The role of the other chemokines and their receptors in

pathogenesis and relapse of the disease in addition to the
signals controlling the expression of chemokines and che-
mokine receptors will be examined; determining what
patients will benefit from chemokine-axis inhibitors.
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