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Abstract
Objective—In this article we focus on the role that chemokines and chemokine receptors play in
the pathogenesis of multiple myeloma and the associated bone destructive process, and consider
their utility as novel therapeutic targets for treating this devastating disease.

Methods—Current research on the role that chemokine and chemokine receptors play in the
pathogenesis of myeloma is reviewed.

Results—The chemokines, MIP-1α, MCP-1, IL-8, and SDF-1, and their receptors play important
roles in homing of MM cells, tumor growth, and bone destruction in myeloma. They are attractive
therapeutic targets for treating myeloma patients.

Conclusion—Addition of chemokine antagonists to current treatment regimens for myeloma
should result in better therapeutic responses because of the loss of both the protective effect of the
marrow microenvironment on the MM cells and the induction of osteoclast activity.

Multiple myeloma (MM) accounts for 10% of malignant hematological diseases. It is
characterized by the clonal proliferation of malignant plasma cells in the bone marrow
compartment, secretion of monoclonal immunoglobulins, and suppression of normal
immunoglobulin production and hematopoiesis. Myeloma patients often have extensive
skeletal destruction with osteolytic lesions, osteopenia, pathological fractures, intractable
bone pain, and hypercalcemia. These osteolytic lesions are the major cause of morbidity and
possible mortality in multiple myeloma patients [1]. The malignant plasma cells present in
the bone marrow (BM) originate from lymph nodes and then migrate across the endothelium
of bone marrow sinuses to the BM micro-environment and localize in contact with stromal
cells [2,3]. This interaction of plasma cells with BM stromal cells is crucial to the homing
and growth of MM cells in the BM microenvironment. Osteoclastic activity also increases in
areas adjacent to myeloma cells, resulting in increased bone resorption and decreased bone
formation [4]. These observations suggest that both myeloma-derived and stromal cell–
produced factors, such as chemokines, participate in the homing and growth of myeloma
cells in the marrow and the formation and activation of osteoclasts [5].

Chemokines and their receptors
Chemokines are small (8–11 kDa) chemotactic proteins that are secreted by various cells
under influence of inflammatory cytokines, growth factors, and cancer cells [6–8]. Upon
release they create a chemical gradient in the local microenvironment that attracts
neutrophils, macrophages, and even cancer cells, which move toward higher concentration
of chemokines through binding of chemokine receptors on the cells. Chemokines are
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normally produced by leukocytes and epithelial, endothelial, and stromal cells. They also
regulate cell transport, especially recruitment of leukocytes to their target sites, and mediate
leukocyte adhesion to endothelial cells, transendothelial migration, and tissue invasion [9–
11]. Most chemokines have four characteristic cysteines and are classified based on the
arrangement of the first two cytokines in the mature protein. They are subdivided into four
classes: 1) CXC; 2) CC; 3) C; and 4) CX3C chemokines. In the CXC chemokines, the first
two cysteine molecules are separated by a single amino acid, whereas in the CC
chemokines, the first two cysteine molecules are adjacent to each other [8,12]. To date, over
50 chemokines have been identified, out of which 28 are CC chemokines, 16 are CXC
chemokines, and one CXXXC (fractalkine) and two C chemokine (lymphotactin) subclasses
(Table 1) [9,13].

The chemokine receptors are G protein–coupled transmembrane proteins that are expressed
on subgroups of leukocytes, and usually bind more than one type of chemokine. They are
named on the basis of the chemokine class to which they bind. Receptors CCR1 through
CCR10 bind to CC chemokine; receptors CXCR1 through CXCR6 bind CXC chemokines;
C chemokine and CX3C chemokine bind to XCR1 and CX3CR1 respectively [9,13–15].

Chemokines in multiple myeloma
Multiple myeloma cells express a variety of chemokine receptors and secrete several
chemokines, which participate in cell homing, tumor growth, and progression. Migration of
plasma cells to and from bone marrow, as well as their chemotaxis in the bone marrow
microenvironment, is directed by the interaction of chemokine receptors and their ligands
[16]. MM cell lines express high levels of the chemokine receptors CXCR3, CXCR4, CCR1,
CCR5, and CCR6. The ligands of these receptors are MIP-1α, MIP-1β, SDF-1, CXC, and
RANTES [7].

MIP-1α and myeloma
Macrophage inflammatory protein 1α (MIP-1α; CCL3) is a low-molecular-weight CC
chemokine, which can interact with CCR1, CCR5, or CCR9. It primarily acts as a chemo-
attractant and an activator of monocytes and monocyte-like cells [17], and has a role in
hematopoiesis and osteoclast recruitment and differentiation in BM [18,19]. Both CCR1 and
CCR5 are expressed by human bone marrow stromal cells and osteoclast precursors [20–
22]. MIP-1α acts directly on human osteoclast progenitors at the later stages of
differentiation [20]. MIP-1α and MIP-1β are constitutively secreted by MM cells and induce
the development of osteolytic bone lesions [20–24]. Levels of MIP-1α are elevated in a
majority (62%) of BM samples from patients with active myeloma as compared to only 17%
of patients with inactive disease, and is not increased in normals [22]. Further, blocking
MIP-1α, MIP-1β, CCR1, or CCR5 with neutralizing antibodies inhibited the osteoclast
stimulatory factor activity in marrow plasma from MM patients. Recently, increased levels
of MIP-1α were reported in the plasma of MM patients with severe bone disease. Patients
with higher serum MIP-1α levels had a significantly lower 3-year survival, indicating that
high MIP-1α level portends a poor prognosis [25].

Gene expression profiling studies have shown that MIP-1α expression was highly correlated
with the extent of bone disease in MM patients [26,27]. In vivo studies showed that the
growth of MM cells and bone lesions was decreased in SCID mice transplanted with
ARH-77 cells which lacked MIP-1α [28]. Studies with MM patients reported that bone
lesions were present in 88% of patients with high levels of MIP-1α, while these lesions were
only demonstrated in 46% of patients with low levels of MIP-1α [24]. Further, increases in
the levels of MIP-1α and MIP-1β corresponded with elevation of the bone resorption
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marker, urinary deoxypyridinoline (DPd) [27]. These findings suggest an important role of
MIP-1α in the pathogenesis of bone lesions in MM patients.

Interleukin-6 (IL-6) is produced by marrow stromal cells when they bind with myeloma
cells. IL-6 is a potent osteoclastogenic factor for human OCL precursors [29]. Han et al.
found that MIP-1α enhanced IL-6-induced OCL formation [20]. It is controversial whether
MIP-1α directly induces OCL formation. MIP-1α and MIP-1β can induce RANKL
expression by murine stromal cells [21]. Serum RANKL levels positively correlated with
elevation in MIP-1α levels. These results indirectly support the role of RANKL pathway as
the dominant final pathway in the osteoclast stimulation [25]. In contrast, RANK-Fc, a
soluble inhibitor of RANKL, did not inhibit human osteoclast activation by MIP-1α,
although MIP-1α can enhance the osteoclastogenic effects of RANKL [20]. Further studies
are required to clarify this issue.

In addition to its role in the development of osteolytic lesions in MM patients, MIP-1α can
stimulate proliferation, migration, and survival of plasma cells by direct activation of the
signaling pathways AKT/protein kinase B (PKB) and mitogen-activated protein kinase
(MAPK) [30]. MIP-1α can suppress hematopoietic stem cell proliferation and erythropoiesis
through the CCR1 receptor expressed on erythroid precursors, suggesting a role for MIP-1α
in pathogenesis of anemia in MM patients [31,32]. MIP-1β can also suppress pre–B-cell
differentiation in bone marrow, despite the presence of IL-7, which stimulates pre–B-cell
differentiation [33].

Role of SDF-1 and CXCR4 in myeloma
Stromal cell–derived factor-1 (SDF1; CXCL12) is a CXC chemokine. It is the sole ligand
for CXCR4 [34,35]. SDF-1 is constitutively expressed at high levels by bone marrow
stromal cells, and is a chemotactic factor for many cells including hematopoietic progenitor
cells [34,36–38]. CXCR4 has a role in B-cell migration and proliferation. It is expressed by
myeloma cells and endothelium, but not by marrow stromal cells [6,39]. Migration of
myeloma cells across the endothelium lining the bone marrow sinuses is a critical step in the
pathogenesis of multiple myeloma, which leads to homing and localization of these cells.
Several studies have suggested that SDF-1 is a chemoattractant for human CD34+

hemopoietic progenitor cells, and that it triggers their transendothelial migration by
upregulation of the adhesion activity of integrin VLA-4 (α4β1) [37,40]. Similarly, in
multiple myeloma, SDF-1/CXCR4 promotes transendothelial migration of myeloma cells by
transient upregulation of VLA-4 (α4β1)/VCAM-1, inducing cell adhesion to the
endothelium, and contributing to the trafficking of myeloma cells in the bone marrow
microenvironment [41]. When SDF-1 expression was downregulated by TGF-β1 in the
supernatant from the bone marrow stromal cell line MS-5, there was a parallel decrease in
chemotaxis and transendothelial migration of the myeloma cell lines NCl-H929 and Mo7e.
The addition of exogenous SDF-1 resulted in a subsequent recovery of cell chemotaxis [16].
This suggests a positive correlation between decreased SDF-1 protein levels and suppression
of chemotactic activity. Moreover, treatment with anti-CXCR4 antibodies or the CXCR4
antagonist T134 inhibited SDF-1 activity in MS-5 supernatant [16]. Other studies have also
indicated a role for SDF-1 in MM cell migration [42]. Further, low levels of CXCR4
expression in MM correlated with poor prognosis and disease progression [43]. Collectively,
these studies confirm the role of SDF-1 and CXCR4 in chemotaxis and homing of MM cells
in bone marrow.

Once myeloma cells are within the bone marrow, they localize in close proximity to stromal
cells. SDF-1 has been implicated in modulation of VLA-4-dependent myeloma cell
adhesion, resulting in homing and localization of MM cells in the bone marrow

Aggarwal et al. Page 3

Exp Hematol. Author manuscript; available in PMC 2011 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



microenvironment. Integrin VLA-4, its ligand CS-1/fibronectin, and VCAM-1 play a key
role in marrow stromal cell interaction with myeloma cells [38]. In addition, SDF-1
secretion by marrow stromal cells is upregulated by adhesion of MM cells to stromal cells,
thus promoting greater expression of integrins which enhance homing [42].

CXCR4/SCDF-1 also plays a key role in chemotherapy-based mobilization of hematopoietic
stem cells (HSC) and progenitor cells from BM to peripheral blood. Targeted disruption of
CXCR4/SCDF-1 signaling results in egress of hematopoietic stem and progenitor cells from
the marrow into the peripheral blood [44]. In vivo studies have demonstrated decreased
serum levels of SDF-1 and reduced surface expression of CXCR4 in mobilized myeloma
cells as compared to premobilized myeloma cells [45]. This is consistent with previous
studies that reported that activation through SDF-1/CXCR4 plays a key role in homing of
MM cells to the marrow, whereas disruption of SDF-1/CXCR4 signaling is required for
mobilization of HSC [44,46,47]. Myeloma cells from peripheral blood had an impaired
response to SDF-1. This was reversible on brief incubation with IL-6, indicating that IL-6
upregulates SDF-1/CXCR4. These data support a role for SDF-1/CXCR4 disruption in
facilitating the mobilization of myeloma cells [45].

Interestingly, SDF-1 augments the proliferation of both MM cell lines and primary MM
cells, although only modest increases in cell proliferation were observed [48,42]. SDF-1 can
also be protective against dexamethasone-induced apoptosis through activation of the
mitogen-activated protein (MAP) Akt pathway, suggesting a role in drug resistance. SDF-1/
CXCR4 induces NF-κB activation in MM cells, which is consistent with previous reports of
SDF-1α-induced NF-κB activation in primary osteocytes [42,49]. NF-κB has both growth-
inducing and anti-apoptotic roles in normal cells as well as myeloma cells. SDF-1/CXCR4
also plays an indirect role in promoting growth, survival, and migration of MM cells by
increased IL-6 and VEGF secretion in marrow stromal cells.

Role of CXCR3 and its ligands in myeloma
CXCR3, a chemokine receptor of CXC family of chemokines, is expressed on activated T
cells, tumor T cells, and B cells. It is not expressed on resting T cells or normal B cells [50–
54]. It interacts specifically with the CXC chemokines I-TAC (interferon-inducible T-cell α
chemoattractant)/CXCL11, Mig (monocyte/macrophage-activating IFN-γ-inducible protein)/
CXCL9, and IP10 (IFN-γ-inducible protein)/CXCL10. These chemokines are primarily
produced by monocytes and macrophages [55,56]. CXCR3/CXC interactions can contribute
to progression, invasion, and metastasis of tumors like melanoma, ovarian cancer, and
chronic lymphoid leukemia [50,57]. Recently, CXCR3 was detected on several myeloma
cell lines and shown to have a role in chemotaxis of myeloma cells [7,58]. In vivo studies
demonstrated that I-TAC, Mig, and IP10/CXCR3 signaling activated tyrosine kinase
phosphorylation and chemotaxis in both myeloma cell lines and fresh plasma cells.
However, there was no effect on cell proliferation. I-TAC, Mig, and IP10 also stimulated
secretion of the metalloproteinases (MMP)-2 and MMP-9 by myeloma cell lines. These
MMPs have been associated with tumor progression, invasion, and metastasis in advanced
stages of MM [58–60].

Role of IL-8 in multiple myeloma
Interleukin-8 (IL-8; CXCL8) was originally identified as a neutrophil chemoattractant. IL-8
is produced by a variety of cell types, including macrophages, neutrophils, endothelial cells,
and various tumor cells. Its receptors, CXCR1 and CXCR2, have been identified on a
number of cell types, including neutrophils, T lymphocytes, monocytes, endothelial cells,
and some tumor cells [61,62].
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Bendre et al. reported IL-8 to be a potent and direct activator of osteoclastic differentiation
and bone resorption [63,64]. IL-8 increases RANKL expression in osteoblastic cells, thereby
altering the RANKL/OPG ratio in the cells in favor of osteoclast formation [64]. In addition,
IL-8 directly stimulated the differentiation of human peripheral blood mononuclear cells into
osteoclasts. The bone resorption achieved by IL-8 was independent and comparable to
RANKL; however, no additive or synergistic effect was seen on osteoclast numbers or bone
resorption areas when both were used together. Identification of CXCR1, for which IL-8 is
the only major ligand, on human osteoclast and its precursors further supports the role of
IL-8 in osteoclast formation [64]. Bone marrow stromal cell and endothelial cell from
myeloma patients secrete IL-8 [48,65]. Tumor cell expression of IL-8 has been linked to
metastatic potential in various tumors [66–68]. Endogenous CD28 expressed on myeloma
cells was shown to upregulate IL-8 production in patients with multiple myeloma. Since
aberrant expression of CD28 on myeloma cells correlates with metastasis, it is possible that
IL-8 has some role in promotion of myeloma metastasis [69]. Recently, Pellegrino et al.
have shown that IL-8 can induce proliferation and chemotaxis of both MM cell lines and
patient plasma cells [48]. IL-8 has also been implicated in tumor progression via its ability
to enhance an-giogenesis [67,68]. These observations suggest that IL-8 plays an important
role in the disruption of bone homeostasis in various tumors, and anti-IL-8 may be used as a
potential target to prevent MM-induced osteolysis.

Role of MCP-1 in multiple myeloma
Monocyte chemoattractant protein-1 (MCP-1; CCL2) acts as potent chemoattractant for
monocytes, basophils, eosinophils, endothelial cells, and a subset of T lymphocytes [70,71].
MCP-1 binds with its receptor, CCR2, which is expressed on peripheral blood monocytes as
well as activated T and B cells. MCP-1 is typically not expressed in normal bone, but rather
its expression is induced by inflammatory mediators. IL-6, a major growth factor in
myeloma, can up-regulate the production of MCP-1 in MM [72,73]. Van de Broek et al.
have shown functional expression of CCR2 on MM cell lines as well as primary MM cells
from bone marrow of MM patients. In addition, MCP-1 is produced by marrow stromal cells
from normals and MM patients [74]. Sanz-Rodriguez et al. demonstrated that MCP-1 was a
chemoattractant for human MM cells [38]. Blocking antibody against CCR2, as well as a
combination of neutralizing antibodies to MCP-1, -2, and -3, significantly reduced the
migration of human MM cells to marrow stromal cell–conditioned medium [74]. MCP-1 is
upregulated by tumor necrosis factor-α (TNF-α), which is produced by MM cells. Enhanced
migration of myeloma cell lines by TNF-α was abrogated by blocking MCP-1. These results
show that the increased migration of MM to TNF-α is due to MCP-1.

MCP-1 has also been reported to play a significant role in angiogenesis and
osteoblastogenesis [70,75]. Salcedo et al. demonstrated that MCP-1 directly induces blood
vessel formation in vivo, which was inhibited by neutralizing antibodies to MCP-1 [76].
This suggests that MCP-1 has a role in homing and tumor progression.

Chemokines as potential therapeutic agents in myeloma
The role of chemokines in the interaction of MM cells with the marrow microenvironment
makes them attractive targets for drug development. The CXCR4 antagonist, AMD3100,
reversibly blocks binding of CXCR4 with SDF-1 and has no effect on other chemokines. It
has been used to enhance mobilization of CD34+ stem cells for transplantation. A Phase 1
study performed recently assessed the effects of this CXCR4 antagonist on mobilization of
CD34+ cells from bone marrow to peripheral blood in MM and non-Hodgkin’s lymphoma
patients. This study demonstrated statistically significant increases in white blood count and
peripheral blood CD34+ cells following single injection of the AMD3100 [77]. The drug
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was well tolerated and accompanied with mild (Grade I) toxicity. When myeloma cells bind
to marrow stromal cells, they are chemoresistant. Blocking CXCR4 on the surface of
myeloma cells may also lead to a release of myeloma cells from the bone marrow into
peripheral blood, where they may be more responsive to chemotherapeutic agents or other
novel agents. In addition, blocking CXCR4 may prevent further homing of MM cells from
the circulation into the bone marrow, potentially preventing progression of disease. A
potential harmful effect of mobilization in MM cells from marrow into the peripheral
circulation is the risk of seeding MM cells into normal marrow sites in other parts of the
body, which would result in further tumor growth and progression. However, there were no
reports for the development of more aggressive diseases or rapid progression of myeloma in
the AMD3100 trial.

MIP-1α is a leading potential target for treating patients with MM and its associated bone
disease. MIP-1α enhances myeloma cell growth and osteoclast activation, thereby causing
extensive bone destruction. MIP-1α blocking antibodies can decrease the osteoclastogenic
activity in mouse models of MM, reduce tumor burden, and decrease adhesion of MM cells
to marrow stromal cells. MIP-1α protein and gene expression levels correlate with the extent
of myeloma bone disease, and MIP-1α is chemotactic for MM cells. Thus blocking MIP-1α
is an attractive therapeutic target for MM. CCR1 and CCR5 antagonists are in clinical trial
for other diseases and may be useful for treating MM patients.

Summary
The chemokines, MIP-1α, MCP-1, IL-8, and SDF-1, and their receptors play important roles
in MM cell homing, tumor growth, and bone destruction in myeloma. They are emerging as
attractive therapeutic targets for treating myeloma patients. Addition of chemokine
antagonists to current treatment regimens for myeloma should result in better cytotoxic
activity of chemotherapeutic agents or monoclonal antibodies because of the loss of the
protective effect of marrow microenvironment on the MM cells, since the malignant cells
attached to the stromal cells in the bone marrow are more resistant to apoptosis. However,
their beneficial therapeutic potential will have to remain experimental until the side effects
of blocking these chemokines are known. Further, understanding of the mechanism of
chemokine receptor/ligand interaction in the bone marrow microenvironment, their role in
the homing and migration of MM cells, and the signaling pathways that control these
interactions, is required. This will help in developing rationally designed novel therapeutic
agents for patients with MM. Figure 1 represents a model of our current understanding of
the role of chemokines in the growth of myeloma cells and the bone destructive process.
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Figure 1.
Model for the role of chemokines in myeloma tumor progression in bone. MCP-1 and
SDF-1 produced by marrow stromal cells/osteoblasts attract myeloma cells to bone.
Myeloma cells then bind to marrow stromal cells through VCAM-1 (Step 1). Marrow
stromal cells then increase expression of TNF-α, MCP-1, IL-8, and IL-6. Myeloma cells
then increase production of MIP-1α and IL-3, which stimulate their growth (Step 2). These
cytokines and chemokines enhance myeloma cell survival and growth and increase
angiogenesis. The increased expression of RANKL, IL-3, IL-8, MCP-1, IL-6, and MIP-1α
induce osteoclast formation and bone destruction (Step 3).
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Table 1

Chemokine/chemokine receptor nomenclature [13]

Systematic name Human ligand Chemokine receptor

CXC chemokine/receptor family

CXCL1 GROα/MGSA-α CXCR2 > CXCR1

CXCL2 GROβ/MGSA-β CXCR2

CXCL3 GROγ/MGSA-γ CXCR2

CXCL4 PF4 Unknown

CXCL5 ENA-78 CXCR2

CXCL6 GCP-2 CXCR1, CXCR2

CXCL7 NAP-2 CXCR2

CXCL8 IL-8 CXCR1, CXCR2

CXCL9 Mig CXCR3

CXCL10 IP-10 CXCR3

CXCL11 I-TAC CXCR3

CXCL12 SDF-1 α/β CXCR4

CXCL13 BCA-1 CXCR5

CXCL14 BRAK Unknown

CXCL15 Unknown Unknown

CXCL16 Unknown CXCR6

C chemokine/receptor family

XCL1 Lymphotactin XCR1

XCL2 SCM1-β XCR1

CX3C chemokine/receptor family

CX3CL1 Fractalkine CX3CR1

CC chemokine/receptor family

CCL1 I-309 CCR8

CCL2 MCP-1/MCAF/TDCF CCR2

CCL3 MIP-1α/LD78α CCR1, CCR5

CCL3L1 LD78β CCR1, CCR5

CCL4 MIP-1β CCR5

CCL5 RANTES CCR1, CCR3, CCR5

CCL6 Unknown Unknown

CCL7 MCP-3 CCR1, CCR2, CCR3

CCL8 MCP-2 CCR3, CCR5

CCL9/10 Unknown CCR1

CCL11 Eotaxin CCR3

CCL12 Unknown CCR2

CCL13 MCP-4 CCR2, CCR3

CCL14 HCC-1 CCR1, CCR5

CCL15 HCC-2/Lkn-1/MIP-1δ CCR1, CCR3

CCL16 HCC-4/LEC/LCC-1 CCR1, CCR2
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Systematic name Human ligand Chemokine receptor

CCL17 TARC CCR4

CCL18 DC-CK1/PARC/AMAC-1 Unknown

CCL19 MIP-3β/ELC/exodus-3 CCR7

CCL20 MIP-3α/LARC/exodus-1 CCR6

CCL21 6Ckine/SLC/exodus-2 CCR7

CCL22 MDC/STCP-1 CCR4

CCL23 MPIF-1/CKβ8/CKβ8-1 CCR1

CCL24 Eoxatin-2/MPIF-2 CCR3

CCL25 TECK CCR9

CCL26 Eoxatin-3 CCR-3

CCL27 CTACK/ILC CCR10

CCL28 MEC CCR3/CCR10
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