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Abstract
Chemokines and chemokine receptors play an important role in immune homeostasis and
surveillance. Altered or defective expression of chemokines and/or chemokine receptors could lead
to a disease state including autoimmune disorder or cancer. Tumors from glioblastoma, melanoma,
and neuroblastoma secrete high levels of chemokines that can promote tumor growth and progression
or induce stromal cells present in the tumor microenvironment to produce cytokines or chemokines
which, in turn, can regulate angiogenesis, tumor growth, and metastasis. On the other hand,
chemokines secreted by tumor or stromal cells can also attract leukocytes such as dendritic cells,
macrophages, neutrophils, and lymphocytes which may downmodulate tumor growth. New therapies
that are aimed at limiting tumor growth and progression by attracting immune effector cells to the
tumor site with chemokines may hold the key to the successful treatment of cancer, although this
approach may be hampered by possible tumor growth-stimulating effects of chemokines.
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1. Introduction
Chemokines are a subset of cytokines comprised of small peptides (8–11kDa) with four
conserved cysteine residues [1,2]. They are classified into four sub-groups (C, CC, CXC and
CX3C) based on the location of the first two cysteine residues and bind to specific G-protein
coupled cell surface receptors [1]. Binding of a chemokine to its receptor leads to a wide array
of functional signals that includes development of lymphocytes (T and B cells), recruitment
and migration of leukocytes, and control of infection, inflammation, autocrine tumor growth
stimulation, angiogenesis and metastasis (Fig. 1, reviewed in [1–4]). Recruitment and
localization of leukocytes are the key elements of immune surveillance. Leukocytes primarily
depend on the expression of integrins, chemokine and chemokine receptors for transmigration
through endothelial cell venules to lymphoid organs or sites of inflammation or infection [3,
5]. Chemokines are known to modulate expression of integrins which in turn facilitates
transmigration of leukocytes. Type and level of chemokine receptor expression depend on the
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activation and differentiation state of each leukocyte cell type. Dendritic cells (DCs),
Langerhans cells, monocytes/macrophages (Mϕ), neutrophils and lymphocytes all express
chemokine receptors (Fig. 1). Immature DCs express CCR1, CCR5, CCR6, CCR9 and CXCR4
and mature DCs express CCR7, CCR9 and CXCR4 (reviewed in [2]). Naïve lymphocytes
generally express CCR7, CCR9 and CXCR4, and activated lymphocytes CXCR3 [2]. Mature
DCs and naïve lymphocytes expressing CCR7 are attracted towards lymph nodes that are
known to be a rich source of the chemokine CCL21 [2,6]. T helper (Th) type 1 cells express
primarily CXCR3, and Th2 and regulatory T (Treg) cells express CCR4 among other
chemokine receptors [5,6]. Any defect in the expression of chemokines and/or their receptors
results in immune imbalance which could give rise to a disease state that includes autoimmune
disorder and cancer.

2. Role of chemokines and chemokine receptors in neuroectodermal tumor-
host interaction
a. Factors produced by tumor and stromal cells

Stromal cells which are mainly comprised of fibroblasts, pericytes, macrophages, neutrophils,
eosinophils, mast cells, lymphocytes, dendritic cells and endothelial cells, form part of the
tumor microenvironment which supports and regulates growth of tumor cells (Fig. 1; [7–11]).
Interactions between tumor and stromal cells can occur via cell-cell interactions or by cytokine-
or chemokine-mediated signaling [7–12]. Tumor cells can influence stromal cells such as
fibroblasts and macrophages present in the tumor microenvironment to produce growth factors
such as vascular endothelial growth factor (VEGF), tumor necrosis factor (TNF)-α,
transforming growth factor (TGF)-β, cytokines such as interleukin (IL)-1, or chemokines such
as CCL2, CXCL8 or CXCL12 which in turn can directly or indirectly promote angiogenesis,
tumor growth and metastasis (Fig. 1; [8,10,12,13]). Alternatively, stromal cells are also known
to stimulate tumor cells to produce chemokines that can influence angiogenesis, tumor growth
and metastasis [7,10,12–24].

b. Autocrine and Paracrine tumor growth stimulation
The expression of certain chemokines such as CCL5, CXCL1, CXCL3, CXCL8, CXCL10,
CXCL12 and the corresponding chemokine receptors on tumor cells, including malignant
melanomas, meningiomas, neuroblastomas and glioblastomas, is associated with autocrine or
paracrine tumor growth stimulation (Fig. 1 and Table 1; [14,25–31]). Autocrine tumor growth
stimulation was demonstrated either in vivo by injecting human tumor cells into
immunodeficient mice (nude or severe combined immunodeficient [SCID mice]) [30,32,33]
or in in vitro proliferation assays, and was correlated with the amount of chemokine secreted
by the tumor cells [25,27–29,34,35]. Thus, melanoma cells secreting high amounts of CCL5
showed greater tumor formation in nude mice compared to cells secreting low amounts of the
chemokine [33]. In a SCID mouse model, melanoma cells formed tumors following
transfection with CXCL1-3 or CXCL8 [30,32]. In both studies, the presence of CXCR2 on the
tumor cells was responsible for autocrine tumor growth stimulation, and in vivo tumor
formation in mice was inhibited by the use of anti-CXCL1-3 or anti-CXCL8 antibodies. In in
vitro studies, the exogenous addition of CXCL10 or CXCL12 enhanced the proliferation of
glioma, meningioma or neuroblastoma cells, and the use of anti-sense CXCL8 or antibodies
to CXCL8 or CXCL12 or CXCR3 (chemokine receptor for CXCL10) inhibited tumor growth
and proliferation [25,27–29,35–37].

Paracrine tumor growth stimulation of melanoma, glioblastoma and astrocytoma cells is
generally due to the secretion of chemokines such as CXCL1-3, CXCL8 and CXCL12 by tumor
activated fibroblasts, infiltrating macrophages or microglial cells (Table 1; [7,10,14,38]). The
activation of fibroblasts by tumor cells has been demonstrated in vitro by gene expression
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analysis of cells grown in co-culture and further confirmed by immunohistological analysis of
tumor biopsy specimens [14]. In melanoma, paracrine tumor growth stimulation can also occur
indirectly through secretion of cytokines such as TNF-α and IL-1 by infiltrating macrophages
that can act on tumor cells to produce CXCL8 and VEGF [23]. CXCL8 can directly stimulate
autocrine tumor growth, whereas VEGF is known to act on tumor cells to produce CXCL12
and upregulate CXCR4 expression resulting in tumor growth stimulation and metastasis [16,
23]. CCR2+ microglial cells may migrate toward glioma and astrocytoma cells and induce the
tumor cells to produce IL-10 that in turn causes autocrine tumor growth stimulation [10,38].

c. Neoplastic transformation
Chemokines such as CCL2, CXCL1-3 and CXCL8 play a role in neoplastic transformation of
normal human melanocytes or non-tumorigenic melanoma cells [18,30,39]. In these studies,
cells transfected with CCL2, CXCL1-3 or CXCL8 formed tumors when transplanted into SCID
or nude mice. The role of chemokines in neoplastic transformation was confirmed by the use
of antibodies to chemokines (anti-CCL2, anti-CXCL1-3 or anti-CXCL8) which inhibited
tumor formation in mice.

d. Angiogenesis
Chemokines secreted by tumor cells are indirectly involved in angiogenesis by activating
stromal cells to produce CCL2 or CXCL8 that can act on endothelial cells to indirectly promote
angiogenesis (reviewed in [1,2,4,40]; Fig. 1;Table 1). Interaction between tumor cells and
fibroblasts in angiogenesis was demonstrated in vitro in 3-dimensional organotypic cultures
[15]. Fibroblasts grown in the presence of tumor cells showed enhanced production of CCL2
and CXCL8 which stimulated endothelial cells in the organotypic culture. In another study,
the indirect role of infiltrating macrophages in promoting angiogenesis has been demonstrated
[23]. Tumor activated macrophages secreted TNF-α and IL-1 α which in turn induced VEGF
production by the tumor cells resulting in angiogenesis. Neutralization of cytokines by the
addition of anti-TNF-α or anti-IL-1α antibodies resulted in the blockade of VEGF production
[23].

e. Tumor metastasis
Expression of chemokine receptors on tumor cells is associated with disease progression and
organ specific metastasis (Fig. 1; [26,36,37,40–42]). Many organs such as bone marrow, liver,
lung, lymph node and small intestine are rich sources of CCL21, CCL25 and CXCL12 and
hence, they can attract chemokine receptor-positive tumor cells (reviewed in [1,2,4]). Stromal
cells such as endothelial cells, macrophages, microglial cells and fibroblasts present in the
tumor environment can play a direct or indirect role in metastasis (Fig. 1;Table 1; [7,8,11,17,
38,43]). Endothelial cells grown in the presence of melanoma and glioma cells showed
increased production of CCL21 and CXCL8 that resulted in transmigration of chemokine
receptor positive tumor cells towards lymphatic vessels [7,19,20,43]. Use of anti-CXCL8 or
anti-CXCR1 antibody in vitro effectively blocked migration of tumor cells towards endothelial
cells in transmigration experiments [19,20]. These observations were further confirmed in a
mouse tumor model [20]. Moreover, stromal cells can also indirectly facilitate tumor migration
by stimulating tumor cells to express chemokine receptors or produce chemokines such as
CCL2 or CXCL8, or growth factors such as VEGF resulting in tumor progression and
angiogenesis [11,19,24]. In addition, infiltrating stromal cells can stimulate tumor cells to
produce matrix metalloproteinase which in turn induces matrix degradation facilitating tumor
escape [7,8,11,17].
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f. Leukocyte migration
Melanoma, neuroblastoma and glioblastoma cells produce CCL2, CCL5, CCL19, CXCL8,
CXCL10, CXCL12 and CX3CL chemokines (Table 2; [33,44–56]). These chemokines attract
a large number of chemokine receptor-positive leukocytes to the tumor site, including T (Th
and CTL) cells, natural killer-like T (NKT) cells, Tregs, DCs, Mϕ and neutrophils (Fig. 1;
[26,41,57]). Infiltration of leukocytes into the tumor site might result in tumor cell apoptosis
or enhancement of tumor cell growth [18,45,46,54–56,58]. Nesbit et al., [18] have compared
the tumorigenicity of human melanoma cells producing low or high amounts of CCL2. Tumors
producing high amounts of CCL2 attracted macrophages inhibiting tumor growth; however,
tumors producing low amounts of the chemokine promoted tumor growth by stimulating
angiogenesis. Using an organotypic melanoma/skin reconstruct model, we have shown that
melanoma-reactive CTL (CCR2+, CCR4+ or CXCR4+) can migrate through a layer of collagen
and fibroblasts into a layer of tumor cells and that migration was mediated by CCL2 or CXCL12
[55,56,58]. Using the same model, we have also shown that migration of Th cells toward
melanoma cells was mediated by CXCR3 and CXCL10 (Somasundaram et al., unpublished
observations). Thus, chemokines produced by tumor cells can attract a wide variety of
leukocytes which may have a positive or negative impact on tumor growth. Chemokines
produced by tumor cells or infiltrating stromal cells can also downmodulate immune responses
resulting in tumor escape from immune surveillance (reviewed in [10,12,21,57]).

g. Immunoregulation
The presence of Treg cells at the tumor site can downmodulate the immune response and
provide an immune escape mechanism for the tumor. Glioblastoma, gastric carcinoma and
Hodgkin lymphoma cells attract Treg cells by secreting CCL2, CCL17 or CCL22 chemokines
[59–61]. Immunohistological staining of tumor infiltrating lymphocytes or analysis of
peripheral blood lymphocytes from patients with these tumors indicated elevated levels of
CCR4+, FoxP3+, CD4+CD25+ T cells in the vicinity of the tumor or the peripheral blood when
compared to healthy controls. Subsequent analysis of the tumor cells from these patients
revealed high expression of the chemokines CCL2, CCL17 and CCL22 that are known to attract
CCR4+ Treg cells. Chemoattraction of CCR4+ Treg cells by tumor-derived chemokines was
further confirmed in an in vitro migration assay in which lymphocyte migration toward tumor
cell supernatant was blocked by anti-chemokine antibodies. Selective Treg cell infiltration of
progressive melanomas may have been mediated by chemokines as analysis of tumor ascites
fluid indicated the presence of CCL15, CCL18 and CXCL10 chemokines [62]. However, it is
unclear from the above study whether macrophages that were also shown to infiltrate the tumors
played an indirect role in the recruitment of Treg cells.

3. Conclusions
Chemokine receptors on tumor cells are important mediators of metastasis. Expression of both
chemokines and their receptors by tumors may lead to autocrine tumor growth stimulation or
expression of cytokines or chemokines by stromal cells which can influence paracrine tumor
growth stimulation and metastasis. Chemokine secretion by tumors can also affect tumor
growth and metastasis by recruitment of leukocytes such as macrophages, dendritic cells, T
and B cells, into the tumor bed and/or promotion of angiogenesis. Although it is well known
that tumors use a host of factors other than chemokines to regulate immune responses resulting
in tumor growth stimulation or inhibition, selective modulation of chemokine activity at the
tumor site to shift the balance in favor of a sustained growth-inhibitory immune response could
lead to successful tumor regression and elimination. Approaches to gene therapy with
chemokines or administration of antibody-chemokine fusion proteins, using chemokines
selected for their potential to attract effector leukocytes to the tumor site, may provide novel
cancer therapies that could also be used in combination with active specific immunotherapy
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with cancer vaccines. Thus, in vivo gene therapy of experimental mouse tumors with CCL5 or
CCL21 genes or administration of tumor-specific antibody-chemokine fusion proteins (CCL5-
anti-Her2/neu, CCL16-anti-chTNT-3, CXCL9-anti-KSA, CCL7 or CXCL10-anti-lymphoma
Ig variable region) are exciting examples of novel cancer therapies [63–67]. The efficacy of
these treatments in cancer patients has yet to be determined. However, one has to keep in mind
that enhancing the chemokine concentration at the tumor site may exert tumor growth-
stimulating, rather than - inhibiting effects.
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Fig. 1. Role of chemokines and chemokine receptors in tumor microenvironment
Chemokines secreted by tumor cells can induce autocrine tumor growth stimulation by binding
to chemokine receptors on tumor cells, induce angiogenesis by activating endothelial cells, or
attract leukocytes such as dendritic cells (DC), lymphocytes, macrophages (Mϕ) and
neutrophils from the periphery to the tumor site [1–4]. Stromal cells within the tumor, including
fibroblasts, DC, lymphocytes, Mϕ and neutrophils, may be activated by tumor cells through
cell-cell interactions (not shown) or cytokines or chemokines produced by tumor cells [7,15,
19,20,23,43]. The activated stromal cells may then secrete cytokines (VEGF, TNF-α, TGF-β,
IL-1, IL-10) or chemokines (CCL2, CXCL8, CXCL12) that can directly or indirectly promote
tumor growth (paracrine tumor growth stimulation), angiogenesis, and metastasis [14–16,23].
Cytokines produced by stromal cells can act on tumor cells directly to promote growth or
indirectly by inducing tumor cells to secrete chemokines, such as CXCL8 or VEGF [16,23].
CXCL8 can bind to tumor cells to promote autocrine tumor growth stimulation, and VEGF
can induce tumors to produce CXCL12 and upregulate CXCR4 promoting autocrine tumor
growth stimulation and metastasis. Fibroblast-derived VEGF or CXCL12 can also act on
endothelial cells to promote angiogenesis, or CXCL12 can bind to tumor cells directly
supporting tumor growth [16,23]. Thus, tumor cell growth stimulation can occur through
autocrine and/or paracrine loops. Chemokine receptor-positive tumor cells can migrate toward
stromal derived chemokines produced in distant organs (bone marrow, gut, lung, lymph node
and skin) resulting in disease progression and metastasis [1–4].
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Table 2

Involvement of chemokines expressed by tumor cells and chemokine receptors expressed by leukocytes in
leukocyte migration into tumors

Tumor type Chemokine Chemokine
receptor

Effector cell Reference

Melanoma,
neuroblastoma,
glioblastoma

CCL2 CCR2,
CCR4

CTL, NKT,
Treg, Mϕ

Somasundaram, Gross et al.
unpublished
observations, [44,45,49,50,55,60]

Melanoma CCL5 NT DC, T, Mϕ [33]

Glioblastoma CCL19 NT CD4+, CD8+T [46]

Neuroblastoma CXCL8 NT Lymphocytes,
neutrophils

[53]

Melanoma CXCL9,
CXCL10

NT Mϕ, T [48]

Melanoma CXCL10 CXCR3 Th Somasundaram et al. unpublished

Melanoma CXCL12 CXCR4 CTL [56,58]

Glioblastoma CXCL12 CXCR4 Mϕ [52]

Neuroblastoma CX3CL CX3CR1 T, NK [54]

CTL: cytotoxic T lymphocyte; DC: dendritic cell; Mϕ: macrophage; NK: natural killer cell; NKT: natural killer like T cell; Th: helper T cell; Treg:
regulatory T cell; NT: not tested.
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