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The biologic function of the CC chemokine macrophage
inflammatory protein-1a (MIP-1a/CCL3) has been extensively
studied since its initial identification as a macrophage-derived
inflammatory mediator. In addition to its proinflammatory
activities, CCL3 negatively regulates the proliferation of hema-
topoietic stem/progenitor cells (HSPCs). On the basis of this
unique function, CCL3 is alternatively referred to as a stem cell
inhibitor. This property has prompted many researchers to
investigate the effects of CCL3 on normal physiologic hema-
topoiesis and pathophysiologic processes of hematopoietic
malignancies. Consequently, there is accumulating evidence
supporting a crucial involvement of CCL3 in the pathophysiol-
ogy of several types of leukemia arising from neoplastic trans-
formation of HSPCs. In this review we discuss the roles of CCL3
in leukemogenesis and its potential value as a target in a novel
therapeutic strategy for the treatment of leukemia.

Biologic Function of MIP-1a/CCL3 as a Stem Cell
Inhibitor

Macrophage inflammatory protein-la (MIP-1a,, also known
as CCL3) is a member of the CC chemokine family. MIP-Ia
c¢DNA was originally cloned from lipopolysaccharide (LPS)-
activated RAW264.7 mouse macrophage cells as a gene encod-
ing an endogenous inflammatory mediator.! CCL3 and related
CC chemokines such as CCL4 and CCL5 are classified as
inflammatory chemokines because of their ability to induce
chemotactic mobilization of monocyte-lineage cells and lym-
phocytes into inflammatory tissues. CCL3 also regulates the
proliferation of hematopoietic stem/progenitor cells (HSPCs) in
the bone marrow (BM).? However, the contribution of endog-
enous CCL3 in the BM to normal physiologic hematopoiesis is
poorly understood.

*Correspondence to: Tomohisa Baba; Email: sergenti@staff.kanazawa-u.ac.jp
Submitted: 04/28/2014; Revised: 06/10/2014; Accepted: 06/11/2014;
Published Online: 07/15/2014

Citation: Baba T, Mukaida N. Role of macrophage inflammatory protein
(MIP)-1a/CCL3 in leukemogenesis. Molecular & Cellular Oncology 2014;
1:229899; http://dx.doi.org/10.4161/mco.29899

www.landesbioscience.com

Molecular and Cellular Oncology

Peripheral blood cells are continuously produced in adult-
hood by differentiation from a limited number of hemato-
poietic stem cells (HSCs) present in the BM. The HSC pool
in BM is stably maintained by an intricate balance between
differentiation, self-renewal, and reversible quiescent cell cycle
arrest of HSCs. During the 1970s and 1980s, regulation of the
steady-state quiescent status of HSCs was proposed to involve
an unknown regulatory factor present in the BM microenvi-
ronment termed a stem cell inhibitor (SCI).** Immediately
after the cloning of CCL3 ¢cDNA, Graham et al.’ observed that
culture supernatant of the J774.2 macrophage cell line con-
tained a factor exhibiting SCl-like activity against colony for-
mation of BM primitive cells. They further demonstrated that
this factor was identical to CCL3. Subsequent studies revealed
that CCL3 could reversibly inhibit colony formation and pro-
liferation of HSPCs both in vitro and in vivo.’” Intriguingly,
CCL3 inhibits the proliferation of primitive progenitor cells
but activates the proliferation of more mature progenitor
cells.”® Moreover, CCL3 can maintain a quiescent status in
HSCs by blocking cell cycle entry,” thereby exhibiting a myelo-
protective effect against cell cycle-specific anticancer drugs.®!
Furthermore, administration of a high dose of CCL3 rapidly
induces mobilization of mouse' and human'? HSPCs from BM
to the peripheral blood. Thus, CCL3 potentially contributes
to hematopoietic regulation in physiologic and pathologic con-
ditions. However, the BM of CCL3-deficient mice does not
exhibit any obvious hematopoietic abnormalities,'® and a major
cellular source of CCL3 in steady-state BM has not yet been
identified. Thus, the precise regulatory functions of CCL3 in
hematopoiesis under physiologic and various pathologic condi-
tions remain elusive.

Chemokines execute their biologic activities through binding
to their corresponding receptors, which are G-protein coupled
receptors (GPCRs) with seven-span transmembrane (7-TM) por-
tions. Human and mouse CCL3 bind to CCR1, CCR5, and D6
receptors, and mouse CCL3 can additionally bind to CCR3."
Among these receptors, CCR1 is responsible for CCL3-mediated
mobilization of HSPCs, but not SCI activity.” Moreover, BM
cells derived from CCRI""~, CCR3", CCR5-, and D6~ mice do
not exhibit reduced SCI activity in vitro.'® Further investigation
of the molecular mechanisms underlying CCL3-mediated SCI
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activity, in particular the identity of the receptor involved in this
process, is required.

Leukemia is a hematopoietic neoplasm arising from neoplastic
transformation of HSPCs and is assumed to involve oligoclonal
or heteroclonal cells. Expansion of leukemia cells can arise from
a small number of specialized leukemia cells called leukemia ini-
tiating cells (LICs).”? Furthermore, LICs exhibit phenotypes
similar to those of normal HSPCs, such as self-renewal and cel-
lular quiescence. The control of LICs is therefore presumed to
involve cellular and molecular mechanisms similar to those regu-
lating normal HSPCs. Thus, CCL3, which has biologic activities
in normal HSPC function, might also have a role in leukemogen-
esis. In this review article we focus on the roles of CCL3 in the
multiple processes of leukemogenesis.

Pathologic Role of CCL3
in Chronic Myeloid Leukemia

More than 90% of cases of chronic myeloid leukemia (CML)
are associated with the presence of the Philadelphia chromosome
that arises from a reciprocal translocation between chromosomes
9 and 22. This chromosomal translocation results in the forma-
tion of a breakpoint cluster region and a constitutively activated
tyrosine kinase, the BCR-ABL fusion protein.”> BCR-ABL is a
pathognomic protein for CML and its expression transforms
HSCs into LICs whose maintenance in BM is indispensable for
CML leukemogenesis.*®

CMLLICsshare characteristic capabilities with normal HSCs,
including self-renewal and cellular quiescence.”* However, in
contrast to normal HSCs, LICs are resistant to the SCI activity
of CCL3 during in vitro proliferation.??° Wark et al.’' revealed
that forced activation of the Abl tyrosine kinase in a multipotent
stem cell line directly represses the CCL3-mediated increase in
cytosolic Ca* concentration. In contrast, this treatment did not
affect expression of the CCL3 receptor or its affinity for CCL3.
Consistent with these findings, other independent groups have
reported that CCL3 receptors are expressed at similar levels in
normal and CML progenitor cells.?”*® Based on this observa-
tion, it has been proposed that this Abl tyrosine kinase-mediated
unresponsiveness to CCL3 contributes to the preferential expan-
sion of CML LICs in the leukemic BM microenvironment. In
contrast, we and other groups have observed decreased expres-
sion of CCL3 receptors, especially CCR5, in CML progenitor
cells.*33 Thus, it remains controversial whether the unrespon-
siveness of LICs to CCL3 arises from decreased CCL3 receptor
expression and/or functionality. Nevertheless, CCL3 exposure
can preferentially induce quiescent cell cycle arrest in normal
HSPCs but not in LICs. Moreover, pretreatment of normal
HSPCs with CCL3 confers resistance to cell cycle-specific anti-
leukemia drugs such as cytosine arabinoside (Ara-C), whereas
cytotoxicity is preserved in LICs.?®* Thus, combined admin-
istration of CCL3 with antileukemia drugs was tested as an
approach to selectively kill CML cells?**3" before the advent of
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molecularly targeted drugs such as the tyrosine kinase inhibitor
imatinib.?43¢

In the early stages of CML a small number of LICs coexists
with a large number of normal hematopoietic cells but over time
the LICs gradually accumulate and eventually predominate in
the limited space of the BM microenvironment. Several lines of
evidence indicate a crucial role of CCL3 in the initiation and
progression of CML. Zhang et al.** demonstrated that CML
cells produce high levels of CCL3, which, in combination with
other cytokines and chemokines, might confer a growth advan-
tage to LICs over normal HSPCs. Schepers et al.*” further dem-
onstrated that CCL3 induces remodeling of the leukemia niche
cell to effectively support LIC proliferation. We observed that
BCR-ABL‘lineagec-kit” immature leukemia cells are a main
source of CCL3.?> Moreover, CCL3 can induce the mobilization
of normal HSPCs from BM to peripheral blood and promotes
the maintenance of LICs in BM of CML mice. Furthermore,
CCL3-mediated maintenance of LICs was also observed in
the setting of recurrence after cessation of imatinib treatment.
Conversely, normal HSPCs can directly impede the mainte-
nance of LICs in BM when the CML cells lack CCL3 or the
normal HSPCs lack CCL3-binding receptors including CCR1
and CCR5.% Thus, CCL3 might act to expel normal CCR1- or
CCRS5-expressing HSPCs from the BM, making space available
for LIC expansion.?

Pathologic Role of CCL3
in Acute Myeloid Leukemia

It was previously assumed that the outgrowth of acute myeloid
leukemia (AML) cells is initiated and maintained from LICs
with properties similar to those of normal HSCs,* as in CML.
Based on detailed investigation of BM samples of human AML
patients, Goardon et al.”® recently demonstrated that a large
number of patients with AML exhibit expansion of cells with
LIC potential that are differentiated from HSCs and resemble
lymphoid-primed multipotential progenitors or granulocyte-
macrophage progenitors. Additionally, there is accumulating evi-
dence that LICs are present among CD34* AML blast cells in
human patients with AML.

CD34* AML cells are resistant to the SCI activity of CCL3
when cultured in the presence of CCL3, although the under-
lying molecular mechanism remains elusive.?® Moreover, as
in CML, CCL3 is produced abundantly in the BM of AML
patients and contributes to remodeling of the microenviron-
ment.”’ It has been proposed that leukemia cell-derived CCL3
inhibits osteoblastic cell functions, thus accelerating the disrup-
tion of normal BM microenvironment and hematopoiesis.* In
the NUP98-HOXD13-mediated mouse AML model, the proto-
oncogene Meisl accelerates AML development and induces
CCL3 expression, which is at least partially responsible for the
intra-BM survival of LICs by potentiating their repopulation
capacity.” Moreover, binding of the homeodomain of MEIS1
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to the regulatory sequence of the CCL3 gene is
required for CCL3 expression.” However, the
detailed molecular and cellular mechanisms by
which CCL3 contributes to AML pathophysiology

remain unknown.

Pathologic Role of CCL3 in Chronic
Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) is a lym-
phoproliferative disorder in which neoplastic CD5*
B cells clonally expand in the peripheral blood,
secondary lymphoid tissues, and BM. Burger
et al.?! recently demonstrated that CLL B cells
produce high levels of CCL3 and its related che-
mokine CCL4 in co-culture with CD68* nurse-
like cells and after B-cell receptor stimulation.
They further revealed that the plasma CCL3 level
is a reliable prognostic marker in CLL patients.*
Concomitantly, Zucchetto et al.** demonstrated
that CD38*CD49d* CLL cells selectively and
aberrantly express CCL3 through interaction with
CD38 and CD31 expressed on stromal cells in
the BM microenvironment. CCL3 subsequently
induces recruitment of macrophage-lineage cells
into the leukemia niche. The recruited cells pro-
duce inflammartory factors including TNF-a that
eventually activate stromal cells to express VCAM-

—. Leukemia niche cell

O Normal HSPC

Normal niche cell

Leukemia cell

Figure 1. Function of CCL3 in the leukemic bone marrow microenvironment. In the leu-
kemic BM microenvironment (blue shaded area), CCL3 can induce multiple processes
that support the dominant proliferation of leukemia cells: (1) conversion of normal niche
cells to leukemia-adapted cells; (2) selective inhibition of normal HSPCs; (3) mobilization
of normal HSPCs from BM. Abbreviations: BM, bone marrow; HSPC, hematopoietic stem/
progenitor cell

1, a ligand for CD49d that delivers pro-survival
signals to CLL cells through its interaction with
CD49d. Thus, CCL3 can promote establishment of the leukemia

niche, which is essential for CLL cell survival.

Perspective

The above experimental and clinical evidence indicates that
CCL3 is crucially involved in multiple pathophysiologic pro-
cesses of leukemogenesis in various types of leukemia. These
processes include preferential proliferation of LICs, expulsion
of normal HSPCs, and/or establishment of a leukemia-adapted
niche in the BM (Fig. 1). Moreover, high levels of CCL3 expres-
sion are observed in other malignant hematopoietic neoplasms,
such as adult T-cell leukemia® and multiple myeloma.” Myeloma
cell-derived CCL3 can support the proliferation of myeloma
cells directly® or indirectly through the accelerated formation
of osteoclasts, which can provide a pro-myeloma niche within
the BM.* Thus, CCL3 overexpression may have an important
role in the progression of hematopoietic malignancies in general,
although malignant transformation of each hematologic disease
also involves individual and diverse intrinsic events. Given the
crucial role of CCL3 in the leukemic BM microenvironment, we
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assume that therapeutic blockade of CCL3 activity in leukemia
patients would correct the BM microenvironment and eventu-
ally inhibit the dominant proliferation of LICs through effects
on normal BM cells, rather than through direct killing of LIC:s.

The development of antineoplastic drugs, including antileu-
kemic drugs, requires identification of causative oncogenes and
appropriate molecular targets. However, leukemia cells, espe-
cially LICs, crucially depend on the appropriate microenviron-
ment for expansion in the BM, particularly during the initiation
phase or chemotherapy-induced remission, when only a small
number of LIC:s is present in the BM. Moreover, the creation of
a favorable niche for normal HSPCs may create a disadvantage
for growth of leukemia cells. Thus, in parallel with the pursuit
of molecular targeted therapy, it is necessary to investigate the
pathophysiologic roles of endogenous mediators such as CCL3
that can profoundly affect the proleukemic niche. This may lead
to the development of novel antileukemic therapies that supple-
ment molecular targeted therapy.
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