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AbSTRACT

Metastases are the cause of 90% of human cancer deaths. The current treatment of cancer with 
chemo,- and/or radiotherapy is based on cell death by DNA damage neglecting the fact that cancer 
cell invasion into surrounding tissues and metastasizing are fundamental features of neoplasms 
and the major reason for treatment failure.

Metastasis is the result of several sequential steps and represents a highly organized, non-
random, and organ-selective process. A number of in vitro and in vivo models show that tumour 
cells use chemokine-mediated mechanisms during this metastasizing process, comparable to 
those observed in the regulation of leukocyte trafficking. Furthermore, chemokines modulate 
tumour behaviour such as the regulation of tumour-associated angiogenesis, activation of host 
tumour-specific immunological responses, and direct stimulation of tumour cell proliferation in 
an autocrine fashion.

These findings may lead to new drugs that target chemokines or their receptors and will likely be 
of great additional value for treatment of cancer patients.
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1. InTROduCTIOn

Chemokines are small chemotactic cytokines which are characterized by their ability to induce 
directional migration of cells towards a gradient of chemokines (chemotaxis) by binding to a 
chemokine receptor. Invading pathogens such as Staphylococcus aureus bacteria can induce the 
secretion of chemo attractants resulting in a tissue gradient and direct leukocyte migration to 
the site of infection and inflammation. Interestingly recently striking similarities between this 
leukocyte trafficking and tumour cell migration revealed that they are both critically regulated by 
chemokines and their receptors (1). Also during organogenesis, directional migration is guided by 
chemokines and is important for the proper positioning of traveling progenitor cells that express 
chemokine receptors. Tumour cells turn out to express also functional chemokine receptors to 
sustain proliferation, angiogenesis, and survival and to promote organ-specific localization of 
distant metastases (2-4). This is of interest as current treatment of cancer with chemo,- and or 
radiotherapy is largely based on cell death by DNA damage neglecting the fact that invasion into 
surrounding tissue and metastasizing are fundamental features of neoplasms and the major 
reason for treatment failure.

The aim of this review is to provide an overview of the structure, activation and downstream 
signaling pathways and the function during development, infection and immunity of different 
chemokines and their receptors. Furthermore, we describe the chemokine-mediated mechanisms 
employed to modulate tumour cell behaviour. Finally, first interesting attempts to exploit this new 
area of anticancer treatment for anticancer treatment are addressed.

2. CHEMOKInEs And THEIR RECEPTORs

2.1. GPCR structure and Ligand
G protein-coupled receptors (GPCRs) comprise a large protein family of transmembrane receptors 
that sense extracellular molecules and activate inside signal transduction pathways leading to 
cellular responses. GPCRs in general are seven-transmembrane receptors with seven helical 
membrane-spanning regions connected by six extramembrane loops (5). The N-terminus and the 
adjacent three loops are the extracellular domain, while the C-terminus and three remaining loops 
extend intracellular. Specific GPCRs possess the ability to bind a variety of specific ligands such as 
chemokines, light-sensitive compounds, odors, pheromones, hormones, and neurotransmitters. 
The ligand binding region of the GPCRs varies per type of stimulus. Lipidderived stimuli (e.g. LTB4 and 
PAF) and small peptides (e.g. fMLP) primarily activate GPCRs through the transmembrane regions 
(6-8). A two-step binding model has been proposed for larger protein stimuli like chemokines. 
Chemokines bind the N-terminus of the chemokine receptors, which is necessary for proper 
receptor activation (9, 10). The GPCRs sensitive to chemokines are called chemokine receptors.
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2.2. GPCR Activation by Chemokines
Chemokines are a large family of small proteins of 8 to 12 kDa that attract a variety of effector 
cells (see Table 1). Chemokines have a low sequence homology but all show conserved structural 
homology (see Table 2). They are divided in four groups based on the number and relative 
position of their cysteine residues (see Fig. 1) (9, 11). The two large families of chemokines are the 
CXC- and CCchemokines, whereas the CX3C- and the XC-chemokines represent the two smaller 
families of chemokines. The CXC chemokines are subdivided into two subfamilies, based on the 
presence or absence of a Glu-Leu-Arg (ELR) sequence preceeding the first cysteine residue. ELR+ 
chemokines preferentially attract neutrophils, whereas ELR- chemokines act on lymphocytes. The 
CC chemokines are involved in the attraction of various cell types, e.g. monocytes, eosinophils, 
and lymphocytes.

Cells expressing chemokine receptors have the ability to migrate towards a chemokine gradient 
(see Fig. 2). Interaction with these receptors results in the transduction of a signal and thus the 
activation of effector cells. Chemokine binding by GPCRs varies from highly specific to highly 
promiscuous. Until now, 7 receptors are known for CXC chemokines (CXCR1-7), 11 receptors for 
CC chemokines (CCR1-11), and one for CX3CL (CX3CR1) and XCL1 (XCR1). Chemokines not only 
bind to CXCR, but they also interact with glycosaminoglycans (GAGs) through distinct sites. These 
GAGs are long unbranched polysaccharides consisting of a repeating disaccharide unit and allow 
presentation of chemokines by endothelial cells or extra cellular matrix (ECM). Thereby, they 
create a chemotactic gradient that directs leukocyte as well as tumour cell transmigration through 
the endothelial layer towards the underlying tissue (see Fig. 3).

2.3. GPCR signaling
Upon ligand binding, GPCRs are activated and the signal is transduced to enable effector functions 
(12) (see Fig. 4). GPCRs are coupled to heterotrimeric G proteins that are associated with their 
intracellular loops. Ligand binding induces exchange of GDP for GTP by the Gα-subunit, resulting in 
Gβγ-subunit dissociation. The Gβγ-subunit in its turn activates the phosphatidylinositol-3-kinase 
(PI3K) and phospholipase C (PLC) leading to the activation of the mitogen-activated protein kinases 
(MAPK) pathway and accumulation of inositol trisphosphate and diacylglycerol in the cytoplasm, 
respectively. These products induce mobilization of calcium from intracellular stores and protein 
kinase C (PKC) activation which drive downstream cell signaling. The Gα-subunit also transduces 
the signal by interacting with adenyl cyclase, which is responsible for the synthesis of cyclic-
AMP from ATP. This results in changes in the cellular responses and gene expression. Generally, 
activation of the signaling pathways leads to actin polymerization, which is responsible for cell 
shape change and chemotaxis. Effector cells can degranulate and secrete oxygen radicals crucial 
for killing of pathogens. Importantly, chemokine signaling induces the expression and activation 
of integrins on the leukocyte cell surface, allowing for firm adhesion of the leukocytes during 
extravasation from the blood vessel to infected tissues. In parallel with their role in controlling cell 
migration during immune responses, chemokines and their receptors have been implicated in the 
cancer metastatic process by directing the migration of tumour cells.
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3. CHEMOKInE FunCTIOn

3.1. development
3.1.1. Pre-Implantation Embryo
Recent years, accumulating data has shown that chemokines play important roles during the 
first stages of embryonic development. For an embryo to develop, the conceptus has to implant 
into the endometrium. The implantation stage can be subdivided into three distinct phases: 
apposition, adherence and invasion, and accumulation of leukocytes. During apposition, the 
blastocyst approximates the endometrium where the conceptus and maternal cells communicate 
by the release of soluble factors such as chemokines and growth factors. Subsequently, the 
conceptus adheres to the endometrium and invades through the epithelial basement membrane 
and the decidualized stroma in order to attain its blood supply from the maternal vasculature (13). 
The accumulation of leukocytes in the endometrium, predominantly macrophages and uterine 
natural killer (uNK) cells, are particularly important for creating a permissive environment for the 
embryo during the periimplantation phase (14). These leukocytes release multiple soluble factors 
including chemokines and create a unique immunological environment that provides protective 
immunity, maternal tolerance and regulates the invasion of fetal cells (15). In the endometrium, 
macrophages comprise approximately 20% of the leukocyte population and are accumulated in 
regions of decidualization and trophoblast invasion (16). uNK cell numbers increase in the mid-
luteal postovulatory phase in the menstrual cycle and amass around maternal spiral arterioles 
where these play important roles in shaping the spiral arterioles and in decidualization (17, 
18). The leukocyte accumulation in the endometrium is tightly regulated and likely driven by 
chemokines. Decidualized stroma cells produce chemokines, such as CCL7, CCL21, CCL22, CCL4 
and CX3CL1, all strong attractants for uNK cells that express receptors for these ligands (19, 
20). Furthermore, decidual chemokines are key factors for the positioning of leukocytes around 
maternal spiral arterioles (21-24). Various chemokines and chemokine receptors are also present 
in the trophoblast during endometrium invasion, suggesting a contribution for chemokines in 
this process (23, 25-27). Disturbances in cytokine production have been detected in women who 
are infertile or who experience recurrent miscarriages (28). These findings illustrate the general 
importance of chemokines and their broad range of actions ranging from embryonic development 
to carcinogenesis.

3.1.2. Hematopoiesis
In mammals, primitive hematopoietic stem cells (HSC) are present in the yolk sack. They travel 
into the fetal liver and at the end of the second trimester the HSC move from the liver towards the 
bone marrow tissue (29). Mice deficient in CXCL12 or CXCR4 have a defective B-cell lymphopoiesis 
and impaired bone-marrow myelopoiesis (30, 31). Interestingly, myeloid development in the 
fetal liver of these mice remains largely unaffected, suggesting that chemoattractants other than 
CXCL12 contribute to the migration of HPCs during this developmental period. At the end of the 
second trimester bone marrow release of CXCL12 is highly increased and attracts CXCR4 bearing 
HPCs. The CXCL12/CXCR4 system remains active during adult hematopoiesis. In the clinic the 
mobilization of HPCs, used for transplantation in haematological disease, is stimulated by G-CSF 
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which reduces CXCL12 levels and increases CXCR4 expression in the bone marrow (32). In addition, 
CXCL12 promotes myeloid progenitor cell (MPC) survival. These findings are corroborated by the 
fact that transgenic mice endogenously expressing SDF-1/CXCL12 in all tissues have an enhanced 
MPC proliferation in the marrow and spleen and live longer after growth factor withdrawal (33, 
34). In contrast to CXCL12, the effects on migration and survival/proliferation of a number of CC 
and CXC chemokines, including CCL3, CXCL5 and CXCL8, display myelosuppressive effects (35).

 3.1.3. Chemokine Expression During Brain Development
Embryonic development comprises the generation of progenitor cells that subsequently migrate 
to their target location and finally differentiate into organotypic tissues. Studies regarding 
brain and spinal cord development have mostly been focused on the functions of CXCR4 and 
its ligand CXCL12. In the mouse nervous system CXCR4 expression starts from embryonic day 
(E)8.5 and remains present until adulthood. Early during development CXCR4 is accumulated in 
neural epithelium in an anterior to posterior wave (36). In the spinal cord and hindbrain, CXCR4 
expression is evident at E10.5 and is localized in cells innervating muscle and viscera, with highest 
CXCR4 transcript levels in the dorsal root ganglia and ventral mantle layers of the spinal cord. In 
midbrain and forebrain structures expression of CXCR4 is most prominent between the midbrain/
hindbrain border. During the formation of the cerebellum CXCR4 transcripts are detected starting 
with a wide expression pattern at E11.5 and the expression is later confined to cells in the 
external granular layer (31). At around E14.5 both CXCL12 and CXCR4 appear in the developing 
hypothalamus, thalamus and in cells at the border surrounding the olfactory bulb (36). Later at 
E15.5, CXCL12 and CXCR4 transcripts are also present in the neo-cortex, the hippocampus and in 
the meninges and expression levels are sustained into the adult central nervous system (CNS).  
Notably, CXCR4 and its ligand CXCL12 show a complementary expression pattern in both the 
developmental prenatal and perinatal to adult period emphasizing their putative role in migration, 
proliferation and survival (31, 37-40).

3.1.4. Chemokines and Neuronal Migration
The meninges covering the developing neocortex release CXCL12, which acts as a chemoattractive 
cue for the CXCR4 expressing Cajal-Retzius (CR) cells and regulates their tangential migration in a 
paracrine manner (41-42). These CR cells, a transient population of neurons, which are located in 
the marginal zone adjacent to the meninges, largely regulate cortical layer formation by secreting 
the glycoprotein reelin. This protein maintains radial glia cells acting as a physical scaffold that 
allows newborn neurons to migrate the long distance from the ventricular zones towards the pial 
surface (43, 44). Cortical projection neurons or pyramidal cells migrate into the neocortex from 
two important proliferative zones termed the ventricular zone (VZ), containing dividing cells at 
the ventricular surface, and the sub-ventricular zone (SVZ) that contains neuronal progenitor cells 
(45). Pyramidal cell progenitors migrate according to an inside-out sequence: meaning that the 
most recently generated neurons migrate towards the pial surface through previously established 
layers of cells (46).

Accordingly, neurons in layer II are generated at a later time period than layer IV and V neurons. 
Because of the CXCR4 expression by CR cells and CXCL12 release in the neocortex, it was proposed 
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that CXCL12/CXCR4 contribute to the proper lamination pattern of the cortex early in cortical 
development. Although smaller in sheer numbers, the second neuronal population inhabiting the 
cortex are the GABAergic interneurons that give local input to pyramidal cells as well as other 
interneurons. In developing embryos immunolabeling for GABA in combination with fluorescence 
dye labeling of cultured telencephali identified streams of migrating GABAergic cells undergoing 
long distance tangential migration to reach their final position in specific cortical layers (47, 48). In 
the mouse, GABAergic interneurons originate in the subpallial telencephalon starting from around 
E12 and follow precise migration pathways towards the cortex (49). The first indication that CXCR4 
is involved in migration of cortical interneurons was demonstrated by in situ hybridization studies 
in CXCR4 and CXCL12 knockout mice. In these mice the developing cortex showed a disturbed 
localization of neurons expressing the enzyme glutamic acid decarboxylase, a specific marker for 
GABA producing cells. In addition, CXCR4 is expressed in migrating GABAergic precursors which 
are attracted towards a gradient of CXCL12 (42, 50). CXCL12 is expressed by proliferating pyramidal 
cell precursors and not in an autocrine manner by tangentially migrating interneurons (51).

The timing of exit from the migratory streams is accompanied by a loss of responsiveness to CXCL12 
as chemoattractant (52). In cortical areas with a reduced interneuron density the development of 
a functional cortical circuitry and the inhibitory tone regulated by GABAergic cells was altered. 
CXCL12 is also expressed by the meninges surrounding the dentate gyrus (DG) of the hippocampus 
during its early development (37, 38). A mixture of proliferative and post-mitotic dentate granule 
cells initially migrates from the dentate neuroepithelium towards the DG anlage and determine the 
morphology of the primary dentate gyrus and hilus. CXCR-/- mice have ectopically located DG cells 
near the ventricular zone, adjacent to the fimbria or in the migratory stream towards the dentate 
anlage. Furthermore, explant assays revealed that CXCL12 directly regulates DG cell migration 
(37). The DG of the hippocampus is an important site of adult neurogenesis and the expression 
of CXCR4 and CXCL12 is continued until adulthood. This raises the possibility of a continuing role 
in the maintenance of adult-born granule neurons. Similar to the neocortex and the DG, the 
development of the cerebellum relies on CXCR4/CXCL12 signaling pathways. Granule cell precur 
sors originate from the upper rhombic limb and migrate tangentially to form the external granular 
layer. Here, the granule cells proliferate extensively and subsequently migrate towards the internal 
granular layer (53). CXCR4 is expressed by granule cell progenitors that are attracted to CXCL12 
released by the meningeal cells (40). In CXCR4-/- mice the gross anatomical development of the 
cerebellum is unaltered, however the laminar structure is aberrant. Clusters of granule cells are 
positioned ectopically underneath the Purkinje cell layer or are intermingled with Purkinje cells 
(31). Similar developmental deficits were observed in CXCL12-/- mice (39). The above processes 
and the role of CXCR4/CXCL12 in particular in these could have important implications for various 
neurodevelopmental disorders.

3.1.5. Chemokines and Axon Guidance
Neuronal circuitries are formed by neurons that sprout elongating axons and dendrites with at 
their tips a highly motile structure called the growth cone. Growth cones are densely loaded with 
cell surface receptors that interpret the presence of guidance cues through alterations in the actin 
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cytoskeleton and thereby induce an attractive or repellent response (54). By this means axons and 
dendrites are steered towards their appropriate locations (55). The effects of CXCR4/CXCL12 on 
neuronal migration and the common molecular mechanisms shared between migration and axon 
guidance raises the possibility of a role for chemokines in axon guidance (56). Xiang et al. were 
first to demonstrate that growth cones of cerebellar neurons could be steered by a gradient of 
chemokines, including CXCL12 (57). The establishment of an in vitro gradient of CXCL12 induced an 
attractive or repellent response dependent on the differential activity of the PKC and IP3 pathways. 
Their findings were later corroborated in cultured neurons derived from the hippocampus and the 
cerebellar granule layer (58, 59). 

Moreover, motor neurons that extend axons out of the neural tube to innervate their target 
muscle express axonal CXCR4 and are attracted towards CXCL12 released by mesenchymal cells 
surrounding the ventral neural tube (60). The effects of CXCL12/CXCR4 signaling are dependent 
on Rho-GTPase activation. At low concentrations CXCL12 promotes axon elongation, however 
at higher concentrations Rho/ROCK activity repressed axonal growth (58). CXCR4 also elicits an 
increase in intracellular Ca2+ and activation of MAPK, two pathways known to influence axon 
guidance (61, 62).

3.1.6. Other Chemokines in Neuronal Development
Increasing evidence suggests that other chemokines also play an important role in nervous system 
development. CXCR2 and its ligand CXCL6 are expressed in the developing rat midbrain (63). 
CXCR2 mRNA is expressed at the onset of dopaminergic neurogenesis and peaks at E13.5 with 
the birth of DA neurons. The CXCR2 ligand CXCL6 was first detected at E11.5 and was present 
until postnatal day (P)1. In vitro CXCL1, CXCL6 and CXCL8 regulate via CXCR2 the proliferation 
of dopaminergic progenitors, neurogenesis and the differentiation of precursor cells into ventral 
midbrain dopaminergic neurons. Besides neurons, the nervous system depends on supporting cell 
types such as oligodendrocytes which myelinate axons in each region of the developing CNS. In the 
spinal cord, oligodendrocyte precursors cells (OPCs) migrate the long distance from the ventricular 
zone to white matter where they reach their final destination. Although most chemokines act 
as chemoattractants in the developing CNS, the migration of immature OPCs was found to be 
inhibited by the CXCL1/CXCR2 axis (64). CXCL1 reduces the number of cells in the dorsal spinal 
cord and in CXCR2-/- mice have less differentiated oligodendrocytes with an altered distribution. 

3.1.7. Chemokines in other Organs Systems
Chemokines are also involved in cardiovascular development. Starting as a common outflow 
tract, the formation of the septum establishes separate aortic and pulmonic outflow racts. The 
aortopulmonary septum further fuses with inferior muscular portion of the ventricular septum. 
In situ analysis has shown that the aortopulmonary cardiac septum expresses CXCR4, while the 
ventricular muscle and outflow tract express CXCL12 (36). This matches findings in CXCL12-/- 
and CXCR4-/- embryos, which display a cardiac ventricular septum defect (30, 31). In addition to 
cardiac development, CXCR4 is critical for the vascularization of the gastrointestinal tract. Areas 
of vascularization correlate with high CXCL12 expression and CXCR4 transcripts are present in 
the endothelium of developing blood vessels during embryogenesis (36). In CXCR4-/- mice the 
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major blood vessels such as the aorta, vena cava, carotid artery and jugular vein are present, 
but mesenteric vascular branching is aberrant leading to hemorrhages or congestion of the small 
intestines (65). It is clear that chemokines contribute to the pathogenesis of renal disease and in 
particular renal inflammation (66). However, data regarding the functions of chemokines during 
kidney development is still scarce. CXCR3, CX3CR1 and its ligand fractalkine, and CXCR4 and its 
ligand CXCL12 are present in different renal compartments with diverging temporal expression 
during kidney development (67). These tightly regulated spatially and temporally expression 
patterns and the knowledge that these chemokine affect adhesion, proliferation and have vascular 
effects suggest their involvement in embryonic renal development.

3.2. Infection and Immunity
For successful infection of the host, invading pathogens first need to cross the mucosal surfaces 
and the skin. Upon subsequent entrance of host tissue by the pathogen, the acute inflammatory 
response of the innate immune system is initiated. Neutrophils and macrophages are the main initial 
effector cells of the innate immune system that can clear the invading pathogen by phagocytosis. 
These cells are attracted to the site of infection through sensing of chemotactic factor gradients. 
Chemoattractants are secreted by activated host cells and released as activated complement 
components upon recognition of evolutionary conserved structures presented by pathogens. The 
secreted chemoattractants form a gradient in the tissue, thereby directing phagocyte migration 
to the site of infection and inflammation. Well-known chemoattractants for phagocytes are host-
derived platelet activating factor (PAF), leukotriene B4 (LTB4), complement fragment C5a, and 
chemokines such as CXCL8 (also known as interleukin (IL)-8). Bacterial-derived products also 
serve as effective chemoattractants. These include formyl peptides such as N-formyl-methionyl-
leucyl-phenylalanine (fMLP). All these chemoattractants activate phagocytes by binding to GPCRs. 
Activation through GPCRs not only directs phagocyte chemotaxis but also primes and activates the 
cells for effector functions such as phagocytosis.

Chemoattractants and GPCRs thus play an essential role in directing the innate immune defense 
against invading pathogens. It is therefore not surprising that pathogens have evolved a large 
variety of strategies to evade activation of phagocytes by chemoattractants. Several of these 
bacterial proteins were identified; CHIPS (68), staphylococcal complement inhibitor (SCIN) and 
its homologues (69, 70), FPRL1 inhibitory protein (FLIPr) (71), staphylococcal superantigenlike 5 
(SSL5) (72, 73) and staphylococcal superantigen-like 10 (SSL10) (74).

3.3. Cancer and the Chemokine network
3.3.1. CXCR4- CXCL12
CXCR4 is the most widely expressed chemokine receptor in many different haematological 
and solid cancers (75) and has been associated with metastases and poor prognosis (76-80). 
Metastasizing is the result of several sequential steps and represents a highly organized, non-
random and organselective process. Increasing evidence suggests a pivotal role of CXCL12 
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and its receptor CXCR4 in this process (1). CXCR4 is highly expressed in human primary breast 
cancer cells and metastases. CXCL12 exhibits peak expression levels in organs representing the 
first destination of breast cancer metastasis. In vivo, neutralizing the interactions of CXCL12/
CXCR4 impairs metastasis of chemotactic and invasive responses (81). CXCR4 is also involved in 
metastasizing of prostate cancer cells to the bone marrow (4) and colon cancer cells to the liver 
(82). In glioblastomas (GBM) and neuroblastomas CXCR4 is expressed and CXCL12 is produced, 
creating autocrine loops. In these tumours the expression of CXCR4-CXCL12 correlates positively 
with tumour cell proliferation (83-86) and in neuroblastomas particularly there is a positive 
correlation between increased expression of CXCR4-CXCL12 and tumour progression and 
metastasis (84). In GBM cells, increased CXCR4 expression was related with increasing tumour 
grades (86, 87). In addition, CXCL12 provides survival signals to CXCR4 expressing glioma cells (88). 
This growth enhancing ability can be explained by downstream induction of phosphorylation and 
activation of extracellular signal-regulated kinases 1/2 and Akt (89). Studies performed with acute 
or chronic lymphoproliferative disorders have shown that CXCR4 is up-regulated in many B and T 
cell malignancies (90, 91). Cutaneous Tlymphoma cells express a functionally active CXCR4 and 
CXCL12 is abundantly produced in the skin, which represents the main destination of lymphoma 
cell spreading (92). Furthermore, anti-CXCR4 antibodies abrogated tumour growth in the majority 
of non-Hodgkin’s lymphoma xenograft bearing mice (93). Recent studies show that CXCR4 is 
essential for homing and maintenance of HSC in distinct stromal cell niches within the marrow 
(94). Chemotactic responsiveness of hematopoietic stem cells is restricted to CXCL12, which is 
constitutively secreted by marrow stromal cells. CXCR4 expression levels have a major prognostic 
impact in acute myeloid leukaemia. There is growing in vitro and in vivo evidence that CXCR4 
expression by leukaemia cells allows for homing and retention within the marrow. Thus, leukaemia 
cells appear to utilize CXCR4 to access niches that are normally restricted to progenitor cells, and 
thereby reside in a microenvironment that favors their growth and survival (94).

For a long time CXCR4 was thought to be the sole receptor for CXCL12. However, an additional 
CXCL12- binding chemokine receptor, CXCR7, was identified (95). Despite its high affinity for 
CXCL12, the role of CXCR7 in chemotaxis is still a matter of debate. Although one study claims 
that CXCR7 is involved in chemotaxis (96), more recent data indicate that CXCR7 lacks intrinsic 
chemotactic activity towards its ligand CXCL12 (97-99). Since the disclosure of CXCR4 as a co-
receptor for human immunodeficiency virus (HIV), various CXCR4 antagonists have been made, 
including the Horseshoe crab protein polyphemusin II and its analogues (100-103) the small 
molecule heterocyclic bicyclam AMD3100 (104) and the monocyclam AMD3465 (105). AMD3100 
was originally developed as a CXCR4 inhibitor with anti-HIV-1 activity but was withdrawn from 
phase 2 clinical trial primarily because of lack of antiviral effect and the occurrence of unexplained 
cardiotoxicity. AMD3100 development was continued for hematopoietic stem cell mobilization 
for which it is recently approved by the FDA to enhance mobilization of stem cells for autologous 
transplantation in non-Hodgkin lymphoma and multiple myeloma patients. In addition it is studied 
preclinically for its role as anticancer agent and for the treatment of autoimmune disease (see 
Table 3).
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3.3.2. CXCR3- CXCL9, CXCL10, CXCL11 & CXCR3B - CXCL4
The chemokine receptor, CXCR3 has three ligands namely CXCL9, CXCL10, and CXCL11. It is 
expressed in various haematological (106) and solid cancers (107, 108) including prostate (109) and 
renal cell carcinoma (RCC) (110). Moreover in RCC patients, high CXCR3 expression in the tumours 
was an independent predictor of improved disease-free survival (DSF) following nephrectomy 
for localized disease (110). CXCR3 expression in human colon carcinoma cell lines has been 
associated with tumour cell migration, with CXCL10 being found in the preferred metastatic sites 
of colorectal cancer (CRC) (111). Several CXCR3 ligands are chemoattractants for malignant B-cells 
(112), melanoma cells (113), and mucosa associated lymphoid tissue (MALT) cells (114). In general 
the CXCR3/CXCR3 ligand axis plays an important role in mediating type 1 cytokine-dependent 
cellmediated immunity. In a murine RCC model, administration of systemic IL-2 induced CXCR3 
expression on circulating mononuclear cells. However, IL-2 impaired the CXCR3 ligand chemotactic 
gradient from plasma to tumour by increasing CXCR3 ligand plasma levels. The antitumour effect 
of systemic IL-2 was CXCR3-dependent, as IL-2 failed to inhibit tumour growth and angiogenesis in 
CXCR3-/- mice. Mice treated with a combination of systemic IL-2 and an intratumourally injected 
CXCR3 ligand (CXCL9) showed greater reduction in tumour growth and angiogenesis, increased 
tumour necrosis, and increased tumour infiltration of CXCR3+ mononuclear cells, compared with 
either IL-2 or CXCL9 alone (115). So a combined strategy of systemic IL- 2 with intratumourally 
injected CXCR3 ligand is probably more efficacious than either strategy alone for reduction of 
tumour-associated angiogenesis and augmenting tumourassociated immunity, the concept of 
immunoangiostasis. In 20 metastatic clear cell RCC patients the kinetics of CXCR3 expression 
in circulating mononuclear cells and expression of all its ligands in plasma has been evaluated 
during high dose IL-2 therapy (116). Two patients had a complete tumour response. At baseline, 
no differences were present between CXCR3 expression in peripheral blood mononuclear cells 
(PBMC) in these RCC patients versus healthy controls. During treatment, PBMC CXCR3 expression 
increased, as did its ligands. CXCR3 expression rose in each subset, CD4, CD8, and NK cells, in 
response to high dose IL-2. Although this trend is seen in all 20 patients receiving treatment, the 
extent of CXCR3 expression varied between subjects, reflecting the variability in responses to high 
dose IL-2 therapy. The induction of CXCR3 expression by PBMC was most pronounced in a patient 
who experienced a complete tumour response. Therefore, the authors conclude that the CXCR3/
CXCR3 ligand biologic axis may be an important biomarker in clear cell RCC patients who are 
undergoing high dose IL-2 therapy (116). CXCL4, also known as platelet factor 4, is released from 
alpha-granules of activated platelets and has a high binding affinity for CXCR3-B, a splice variant 
of CXCR3 (117, 118). CXCR3-B is an independent factor for extensive tumour necrosis pattern in 
RCC (119). Changes in CXCL4 were detected in early growth of human liposarcoma, mammary 
adenocarcinoma, and osteosarcoma in mice. Moreover, CXCL4 was able to predict the presence 
of a microscopic, nonangiogenic (dormant) human tumour in mice and circulates predominantly 
in platelets early in the disease process (120). It is hypothesized that CXCL4 expression 
counterbalances vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 
(bFGF) signaling pathways and therefore keeps tumours in a dormant stage by downregulating 
angiogenesis (121, 122). Suyama et al. postulated that up-regulated CXCR3 ligands in RCC tissue, 
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produced by tumour vessels, may interact with CXCR3 expressed in tumour cells, with migratory 
activities leading to RCC progression. In RCCs, CXCL9, CXCL11 and their receptor, CXCR3, are 
expressed (123). CXCR3 is expressed by tumour cells and infiltrating leukocytes. Furthermore, 
CXCR3 ligands expressions are much higher both at the mRNA and the protein level than in normal 
kidney tissue. CXCL11 is present in pericytes and vascular smooth muscle cells in tumour vessels, 
CXCL9 in tumour endothelial cells and in infiltrating leukocytes. In CRC patients CXCL10 expression 
was found in the primary tumour and in the preferred metastatic sites of CRC. CXCL10 up-regulates 
the secretion of matrix metalloproteinase-9 (MMP9) by CRC cells and promotes the adhesion of 
(metastatic) CRC cells to laminin in vitro. Migration in response to CXCL10 could in vitro only be 
shown for the cell lines derived from the metastases. Therefore it is suggested that CXCL10 has 
an interstitial motility and adherence activity in CRC cells that have reached their metastatic loci 
(111). Inhibition of CXCR3 expression in a murine melanoma model resulted in fewer metastases 
to lymph nodes. This lowered CXCR3 expression was accomplished by construction of B16F10 
cells transduced with a CXCR3 antisense RNA vector. Thereafter the metastatic potential of these 
cells after subcutaneously inoculations in mice was studied and compared with mice inoculated 
with the empty vectortransduced cells. Additional pretreatment of mice with complete Freund’s 
adjuvant increases the levels of CXCL9 and CXCL10 in the draining lymph nodes, which causes a 
pronounced increase in metastatic frequency of B16F10 cells to the lymph nodes with much larger 
foci. The specificity of this finding was underscored by the following findings. This stimulation of 
lymph nodes metastasis by the complete Freund’s adjuvant preinjection was significantly lower in 
the CXCR3 antisense transfectant inoculated clones or when the mice were treated with specific 
CXCL9 and CXCL10 antibodies (113). In a murine metastatic mammary cancer model, systemic 
administration of AMG487, a potent and selective orally bioavailable CXCR3 antagonist, inhibited 
development of lung metastases while local tumour growth was not affected (108). A total of nine 
healthy Caucasian male volunteers were enrolled into a randomized, double-blind, multipledose, 
two-period crossover study to evaluate the pharmacokinetics after multiple oral dosing of AMG 
487 (124). AMG 487 exhibited linear pharmacokinetics on both day 1 and 7 at the 25-mg dose with 
dose- and time-dependent kinetics at the two higher doses.

3.3.3. CCR5- CCL3, CCL3L1, CCL4, CCL5, CCL6, CCL8, CCL12
CCR5 is expressed both in haematologic malignancies (125-128) and in solid tumours (129-131), 
and is associated with cancer metastasis (128, 129, 131, 132) and poor prognosis in gastric cancer. 
Following gastrectomy, patients with CCR5 expression in their tumour had a 5-year survival rate 
of 54%, compared to 19% in patients without this CCR5 expression (133). Furthermore, a 10-
year disease free of 75% was observed in primary breast cancer patients with CCR5 expression 
in their tumour as compared to 55% in those without functional CCR5 expression (134). In 
vitro, CCL5 secretion by Reed–Sternberg and Hodgkin lymphoma cells (together H-RS) induces 
a chemotactic response of human CD4+ T lymphocytes and eosinophils. The production of CCL5 
by H-RS cells, leads to autocrine signaling plus the possible production of CCL5 by T-cells. This 
can lead to more stimulation of the CCR5 on H-RS cells and therefore can contribute to H-RS cell 
proliferation. Furthermore, anti-CCL5 monoclonal antibodies inhibit in vitro basal proliferation of 
Hodgkin lymphoma-derived cell lines and recombinant CCR5 ligands increase their clonogenic 
growth (135). In a patient with CRC an accumulation of CCR5 expressing T cells was detected along 
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the invasive margin of the primary tumour. Its ligand CCL5, which is also secreted by activated 
platelets, was localized within the infiltrating CD8+ T cells (130, 136). Earlier studies showed that 
the number of intraepithelial CD8+ T cells in CRC was an independent favorable prognostic factor 
for patient survival. The T-cells infiltrating the tumour may be involved in antitumour immunity 
and thus lead to survival advantage. The CCL5, released by the infiltrating T-cells is possibly 
directly involved in anti-tumour immunity by enhancing the levels of antigen-specific Th1- and 
cytotoxic T-lymphocyte responses, by upregulating the lysis of target cells, and costimulatory 
functions of antigen presenting cells (137, 138). Several CCR5 ligands interact with the tumour 
microenvironment. Human breast cancer cell-derived CCL5 promotes macrophage migration 
to tumour sites and MMP-9 production by tumour-associated macrophages (139, 140). In a 
RCC murine model CCL3 was detected in infiltrating cells and in tumour cells, together with an 
infiltration of leukocytes expressing CCR5. In CCL3 or CCR5 gene deficient mice there are markedly 
less metastatic foci in the lung, and analysis revealed that both bone marrow- and nonbone 
marrow-derived cells contributed to metastasis formation. In accordance with these results CCL3- 
and CCR5-deficient mice showed a reduction in intratumoural accumulation of macrophages, 
granulocytes, and fibroblasts (141). The same authors demonstrate that CCR5 expression by 
pulmonary mesenchymal cells promotes migration of mesenchymal cells to CCL4 in vitro and 
increases pulmonary metastasis in vivo in a murine melanoma model by induction of MMP9 in the 
host lung (132, 142). This leads to the conclusion that the CCL3-CCR5 axis regulates intratumoural 
trafficking of MMP-9-expressing leukocytes and hepatocyte growth factor-expressing fibroblasts, 
thereby increasing the incidence of metastatic foci in the lung of mice. CCR5 antagonist TAK-
779 inhibited cell proliferation and migration of a prostate cancer cell line in vitro (131), and 
neutralizing anti-CCL5 monoclonal antibodies inhibited in Hodgkin lymphoma-derived cell lines 
basal proliferation (135). Human pancreatic adenocarcinoma tumours produce increased levels 
of CCL3-5 compared to normal pancreatic tissue. Tregs (CD4+CD25+Foxp3+regulatory T cells) 
found within this tumour microenvironment express CCR5. These Tregs are important because 
tumours evade immune destruction by actively inducing immune tolerance by the recruitment of 
Treg. Reducing CCL5 levels with shRNA (by transducing a tumour cell line with a lentiviral vector 
producing short hairpin (sh)RNA), and inhibiting CCR5 signaling with systemic administration of 
TAK-770 resulted in a murine pancreatic adenocarcinoma model in disruption of CCR5- dependent 
chemotaxis and decreased migration of Treg to tumours and eventually to smaller tumours than in 
control mice (143). CCR5 is the co-receptor for the most commonly transmitted HIV-1 strains (144). 
Various drugs have been developed to target the CCR5 receptor including maraviroc (145), E-913 
(146), SCH-C (147), TAK-779 (148), and vicriviroc (149). A recent study describes an allogeneic 
stem-cell transplantation in a HIV infected patient with acute myeloid leukaemia. As transplant 
served stem cells from an HLAmatched, unrelated donor who was screened for homozygosity for 
the CCR5 delta32 deletion. The patient experienced a complete remission of the AML, and the 
patient’s peripheral blood monocytes changed from a heterozygous to a homozygous genotype 
for CCR5 delta32 allele. The highly active anti-retroviral therapy (HAART) was discontinued for 
more than 20 months, and HIV-1 virus RNA or proviral DNA could not be detected in peripheral 
blood, bone marrow, or rectal mucosa (150). This illustrates that CCR5 plays a prominent role in 
HIV infection and possibly in AML progression.
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3.3.4. CCR7- CCL19, CCL21
CCR7 has as ligands CCL19 and CCL21. Expression of CCR7 is an independent prognostic factor for 
metastatic non small lung cancer (151) and gastric carcinoma (152) and associated with shorter 
overall survival (OS) in cervical cancer (153). Cancer cells may well exploit similar mechanisms to 
access the lymphatics as compared to T-cells. CCR7 is known for its role in homing of T cells to the 
lymph nodes (154). One of the CCR7 ligands, CCL21, is expressed in the high endothelial venules 
of lymph nodes, and is necessary for homing of CCR7 positive T cells into the lymph nodes (155). 
Indeed, the incidence of lymph node metastases correlated with the presence of CCR7 on tissue 
sections of human cancers including breast cancer (156) and melanoma (157, 158) as well as CRC 
(159), head and neck (160), prostate (161), non-small lung (151), esophageal squamous cell (162), 
and gastric (152, 163) cancers. Melanoma cell lines express more CCR7 than normal primary 
melanocytes (81). There is a strong correlation between CCR7 mRNA expression in melanoma 
cell lines and CCL21 induced cell migration. Furthermore, CCR7 expression in primary melanomas 
correlated positively with Breslow thickness. CCL21 mRNA expression measured in sentinel lymph 
nodes biopsies of 55 melanoma patients correlated inversely with Breslow thickness. The authors 
conclude that enhanced CCL21 expression in tumour-draining lymph nodes could selectively recruit 
CCR7 positive metastatic melanoma cells (157). In lymph node samples of breast cancer patients, 
both CCR7 ligands CCL19 and CCL21 show abundant expression. CCL21 exhibits peak levels of 
expression in organs representing the first destinations of breast cancer metastases like liver, lung 
and bone tissue. In breast cancer cells, signaling through CCR7 mediated actin polymerization 
and pseudopodia formation, which leads to chemotactic and invasive responses of the CCR7 
expressing cells towards ligands expressing organs. In 63% of patients who underwent a resection 
for non small cell lung cancer mRNA of CCR7 was present in the tumour (151). In contrast, in 
none of the adjacent normal lung tissues CCR7 expression was detected. CCR7 mRNA expression 
is associated with lymph node metastasis, tumour stage, lymphatic invasion, CCR7 protein and 
CXCR4 protein expression. Moreover, multivariate analysis showed that CCR7 mRNA expression 
is an independent predictor of lymph node metastasis. A correlation between expression of CCR7 
and lymph node metastasis was also found in cervical cancer (153). In normal cervical tissues, no 
CCR7 was expressed. In tumour specimen of 174 patients with the International Federation of 
Gynecology and Obstetrics (FIGO) stages IB–IIB cervical cancers, 59% stained positive for CCR7. 
The CCR7 expression is higher in squamous cell carcinomas as compared to the adenocarcinomas. 
Furthermore, CCR7 is increased in larger tumours, in case of deep stromal invasion, vaginal 
invasion, lymph–vascular space involvement, and in tumours from patients with lymph node 
metastasis. Multivariate analysis revealed that CCR7 expression is, like in non small lung cancer, 
an independent predictive factor for pelvic lymph node metastasis. DFS and OS rates of patients 
with enhanced CCR7 expression (estimated 5-years DFS 79.4%, OS 81.8%) are lower as compared 
to patients demonstrating no CCR7 expression (estimated 5-year DFS 95.4%, OS 96.1%). Like in 
cervical cancer, expression of both CXCR4 and CCR7 is an independent unfavorable prognostic 
factor for OS in patients with esophageal squamous carcinoma (162). In these patients, treated 
with curative surgery, high CCR7 tumour expression correlated with presence of lymph node 
metastasis, tumour depth, stage of disease and poor survival, with estimated 5-years OS rates 
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of 35% for patients with high CCR7 and 70 % for those with low CCR7 expression. In an elegant 
study by Shield et al. a mechanism for CCR7-mediated tumour cell chemotaxis to lymphatics 
was elucidated. They showed that tumour cells, in addition to sensing chemotactic gradients 
of CCL21/19 in lymphatics, also generate autologous gradients of CCR7 ligands by secreting 
the ligands into the ECM under the influence of slow interstitial flow. This mechanism uses the 
drainage function of lymphatics to direct tumour cells in a chemotactic manner toward lymphatic 
vessels serving the tumour, thus promoting tumour cell migration towards functional lymphatics 
(164). Human CCR7 mAb are used in vitro to block migration of human CLL cells in response to 
CCL19. Moreover the CCR7 antibodies mediate a potent, complement dependent cytotoxicity 
against CLL cells while sparing normal T lymphocytes from the same patient (165). In a metastatic 
CCR7 cDNA transduced melanoma mouse model the expression of CCR7 promotes the metastasis 
of melanoma cells to regional lymph nodes. This process is completely blocked by neutralizing 
anti-CCL21 antibodies but is not affected by control IgG (158). These results suggest that blocking 
CCR7 plays an important role in prevention of metastasis.

3.3.5.  CXCR1 – CXCL6, CXCL7, CXCL8 & CXCR2 – CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, CXCL8
CXCR1 and 2 are expressed in glioblastoma multiforme (GBM) (166), in prostate cancers (167), 
and in RCC (CXCR2) (168). In breast cancer cell lines CXCR2 expression is lower compared to the 
tissue of origin (81). Various studies demonstrate the expression of CXCR1/2 ligands. CXCL8 was 
found in 38% of GBMs (166), in prostate cancers (167), head and neck squamous cell carcinomas 
(169), and non small cell lung cancers (170-172). In the last tumour type CXCL5 was also present. 
In addition to CXCL8 and CXCL5, CXCL1 and CXCL3 were detected in tumours and plasma from 
patients with metastatic RCC (168). CXCL6 was expressed in small cell lung cancer tissue and in 
non small cell lung cancer cell lines (173). The expression of CXCL8, which is together with CXCL1, 
CXCL5 and CXCL7 also secreted by activated platelets (136), is directly correlated with poor survival 
in non small cell lung cancer (174-178) and ovarian cancer (179). Moreover, elevated CXCL8 
expression level is positively associated with cancer progression in prostate cancer (180, 181), 
bladder cancer (182), ovarian cancer (183) and melanoma patients (184, 185). The aggressiveness 
of malignant melanoma is attributed, in part, to the expression of CXCL8 and its receptors CXCR1 
and CXCR2. Analysis of CXCR2 and CXCL8 in human melanomas shows that CXCR2 is expressed 
predominantly by higher grade melanomas and melanoma metastases (186). Enhanced CXCR2 
expression is also correlated with tumour progression in GBM (166). In experimental models of 
human non small cell lung cancer tumourigenesis, CXCL5 expression is directly correlated with 
tumour growth, tumour-derived angiogenesis, and metastatic potential (173). Furthermore, 
CXCL8 correlates with the angiogenesis, tumourigenicity, and metastatic potential of many solid 
cancers in xenograft and orthotopic in vivo models (181, 187-190). CXCL8 secreted by tumour 
cells, induces the differentiation and activation of osteoclasts, supporting the finding of the 
characteristic osteolytic metastasis of breast cancer cells that have disseminated to the bone 
(191). Moreover, in CXCR2 knockout mice with metastatic RCC the potential to metastasize to 
the lungs is decreased (168). Cancer stem cells (CSC) express CXCL8. In various breast cancer cell 
lines (BrCa-MZ-01, MDA-MB-453, SUM159, MCF7, S68) qRT-PCR showed an increase of CXCR1 in 
cancer cells which are displaying stem cell properties. Furthermore, treating four breast cancer 
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cell lines with recombinant human CXCL8 did increase the formation of primary and secondary 
tumour spheres in a dose-dependent manner. This means that CXCL8 promotes CSC self-renewal 
(192). Interestingly, CXCL8 expression and secretion can be induced by chemotherapeutics such as 
5-fluorouracil, doxorubicin, dacarbazine, paclitaxel in various cancer cell lines (193-195). Moreover 
chemotherapeutic agents also induce transcriptional regulation of CXCR1/2 genes and increase 
the level of CXCL8 signaling by the prostate cancer cell lines (196). By using liposome-encapsulated 
small interfering RNA (siRNA) as a treatment within ovarian tumour xenografts to suppress CXCL8 
expression Merritt et al. showed growth retardation, reduced microvessel density, and an increased 
response to the docetaxel (197, 198). Several successful treatment interventions have been 
described. Many small molecule inhibitors of CXCR1/2 signaling with appropriate pharmacokinetic 
properties, and therefore suitable for preclinical animal models, are now emerging (199-204). 
Treatment of nude mice with ABX-CXCL8, a human IgG2 monoclonal antibody neutralizing human 
CXCL8 signaling, reduces growth of tumours in nude mice injected with human melanoma cell 
lines (187). Anti-CXCL8 neutralizing antibody also decreases cell proliferation in two non small 
cell lung cancer cell lines H460 and MOR/P (205). In SCID mice anti-CXCL1 antibodies inhibit the 
tumourigenesis and tumour-related angiogenesis of a CXCL1- producing prostate cancer cell line, 
Du145 (206).

3.3.6. Other Chemokine Receptors and their Ligands
CCR1 - CCL3, CCL3L1, CCL5, CCL9/CCL10, CCL14-16 

CCR2 - CCL2, CCL7-8, CCL12-13

CCR3 - CCL5, 6, CCL11, CCL15-16, CCL23-24, CCL26

CCR4 - CCL17, CCL22, CCR6 - CCL20, CCR8 - CCL1

CCR9 - CCL25, CCR10 - CCL27-28, XCR1- XCL1-2

CX3CR1 - CX3CL1, CXCR5 - CXCL13, CXCR6 - CXCL16

CXCR4 and CCR7 are likely to be the most important chemokine receptors in many cancers, while 
other chemokine receptors may participate in the metastasizing of specific cancers. For example, 
CCR3 is expressed in CD30+ cutaneous lymphomas, and its ligand CCL11 is often expressed in 
tumour-associated skin lesions (206, 208). In peripheral blood samples of patients with CLL, B 
cells express high levels of functional CXCR5. Stimulation of CLL cells with CXCL13 induces actin 
polymerization, CXCR5 endocytosis, chemotaxis, and prolonged activation of p44/42 MAPK.  
Anti-CXCR5 antibodies, pertussis toxin, and wortmannin (a fungal metabolite obtained from 
Penicillium fumiculosum that specifically inhibits PI-3K, MAPK, and myosin lightchain kinase), 
inhibit chemotaxis to CXCL13, demonstrating the importance of Gi proteins and PI3 kinases for 
CXCR5 signaling (75, 209). Purified follicular lymphoma cells, express CX3CR1 in contrast to non-
malignant B cell populations (210). CXCR5 was found to be expressed in 21 of 24 gliomas, while 
its ligand CXCL13 was only shown in 4 of 25 samples. The expression of the ligands occurred more 
frequently in GBM (WHO grade IV) then in lower grades astrocytomas (WHO grade I-III), which 
indicates a role for CXCR5 in glioma progression (166). The expression of chemokine receptors in 
cancer cells mirrors the expression of these receptors in their normal counterparts. For example, 
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CCR8 mRNA expression can be found both in normal breast epithelial cells and in breast cancer 
cells, but to a higher level in the tumour cells (81). Also, CXCL13 is overexpressed in breast cancer 
cell lines, in primary breast cancers and in the peripheral blood of breast cancer patients. Moreover, 
serum CXCL13 levels in patients with metastatic disease are elevated as compared with controls 
and disease-free patients (211). In contrast to the CXCR5 ligand CXCL13, levels of CXCR5 are low in 
malignant and healthy breast tissues, and surface expression could not be detected in vitro (211). 
CXCR6 en CXCL16 were elucidated in all of 170 human primary breast carcinomas and at similar 
levels in all of 8 human breast cancer cell lines (212). Surprisingly, suppression of CXCR6 as well as 
CXCL16 leads to enhanced proliferation in vitro as well as in vivo, indicating that their interaction 
inhibits proliferation. It is remarkable that both CXCR6 and CXCL16 are expressed by all breast 
cancers, because one would expect that cells that loose either one acquire a growth advantage and 
would be expected to be selected during tumour progression. This suggests an unknown important 
role for the CXCR6/CXCL16 axis in tumour formation. Proteases, possibly macrophage derived, 
might convert inhibitory transmembrane CXCL16 into the stimulatory chemokine. A complex 
chemokine/chemokine receptor network in ovarian cancer ascites was reported by Milliken et 
al. (213). In cell isolates of this ascites mRNA for the CC chemokines CCL2, -3, -4, -5, -8, and -22 
and for CC chemokine receptors CCR1, -2a, -2b, -3, -4, -5, and -8 was detected. The corresponding 
proteins were also detected in the ascitic fluid. However, no correlation between chemokine/
chemokine receptor levels and infiltrating leukocytes could be detected. Of all these chemokines 
both CCL3 and CCL7 are also secreted by activated platelets (136). Monocyte chemoattractant 
protein 1 (CCL2) is a prominent regulator of prostate cancer growth and metastasis. In an animal 
model using VCaP cells, anti-CCL2 treatment suppresses tumour growth in bone. The decreased 
tumour burden in the bone is associated with less bone resorption and microvessel density in the 
bone lesions was reduced by 70% in anti-CCL2-treated animals with bone lesions (214). These 
data suggest that a destructive cascade is driven by tumour cell-derived, induction of CCL2, which 
facilitates tumour growth via enhanced osteoclastic and endothelial cell activity in bone marrow. 
Taken together, CCL2 mediates the interaction between tumour-derived factors and host-derived 
chemokines acting in cooperation to promote skeletal metastasis. CX3CR1 is present in human 
prostate cancer cell lines, whereas human bone marrow endothelial cells and differentiated 
osteoblasts expressed its ligand CX3CL1. The adhesion of prostate cancer cells to human bone 
marrow endothelial cells in flow conditions can be reduced by a neutralizing CX3CL1 antibody 
(215). CCR6 and CCL20 expression were studied in 80 prostate cancers of various grades and 
stages. Expression levels of CCR6 were associated with clinical and pathologic features of more 
advanced and aggressive prostate cancer (216). Enhanced expression of CXCL16 and CXCR6 was 
notified in primary RCC tissue and in RCC cell lines (217). High levels of CXCL16 expression in RCCs 
correlate with better survival of patients, and CXCL16 correlates inversely with tumour stage. In 
vitro inhibition of CXCL16 in RCC, achieved by siRNA constructs and with anti-CXCL16 antibodies, 
increases the migration of RCC cells (217). In esophageal carcinoma, CCL2 expression is positively 
correlated with the level of macrophage infiltration, tumour angiogenesis, and depth of tumour 
invasion (218). These results indicate that tumour-infiltrating macrophages may facilitate tumour 
growth and progression. CCL2 is secreted by neoplastic ducts from surgical pancreatic carcinoma 
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samples. In an in vitro pancreatic carcinoma model inflammatory cytokines such as IFNγ, TNFα, 
and IL-1β increase CCL2 expression. After resection of the tumour patients with high serum CCL2 
levels have a better survival compared to patients with lower CCL2 levels. Serum CCL2 levels are 
positively correlated with intratumoural macrophage infiltration and inversely correlated with 
tumour cell proliferative activity. Interestingly, pancreatic cancer cells do not express functional 
receptors for CCL2 (208, 219). CCL11 and CCL2 expression was higher in biopsies of resected 
colorectal hepatic metastases as compared to nonneoplastic adjacent liver. Immunohistochemical 
staining indicates that carcinoembryonic antigen-positive tumour cells stain strongly for CCL11. In 
vitro studies confirmed that several CRC lines produce CCL11. Jurkat T-cells, engineered to express 
the receptor for CCL11 (CCR3), effectively migrate in response to CCL11 protein (220). In addition 
CCR6 expression in primary CRC is independently associated with the presence of liver metastases 
(221). Finally, some chemokine receptors have never been found in tumour cells, including 
receptors such as XCR1, which have a very restricted expression (75).

3.3.7. Formylated Peptide Receptor
The formylated peptide receptor (FPR) also belongs to the family of GPC seven-transmembrane 
receptors and was originally identified in phagocytic leukocytes, which mediated cell chemotaxis 
and activation in response to the bacterial chemotactic peptide fMLP. The capacity of growth and 
invasion of astrocytomas is correlated with the expression of cell surface receptors that sense the 
signals present in the tumour microenvironment. High grade human astrocytoma cells express 
functional FPR and by responding to potential agonist(s) released by necrotic tumour cells, FPR 
promotes the directional migration, survival, and production of angiogenic VEGF by tumour cells 
(222, 223). FPR is a GPCR, originally identified in phagocytic leukocytes, which mediates cell 
chemotaxis and activation in response to the bacterial chemotactic peptide fMLP. During the past 
few years, a number of novel and host-derived chemotactic agonists of FPR have been identified 
in addition to fMLP, including formyl peptides potentially released by mitochondria of ruptured 
cells (224), annexin I produced by activated epithelia (225), and a neutrophil granule protein, 
cathepsin G (226). Agonist binding to FPR elicits a cascade of signal transduction pathways that 
involve PI3K, MAPK, and the transcription factor nuclear factor-B (227), which are linked with 
tumour-promoting functions like proliferation and migration. Functional FPR has been detected 
in cells of nonhematopoietic origin, such as lung epithelial cells (228) and hepatocytes (229). 
Depletion of FPR by siRNA markedly reduces the tumourigenicity of the astrocytoma cells in 
immunodeficient mice (230). Tumour nodules formed by U-87 cells transfected with FPR siRNA 
appeared later, and the corresponding tumours grow slower than those formed by wild-type U-87 
cells or by mock-transfected cells. By day 42 after implantation, all mice implanted with wild-
type or mock-transfected U-87 cells had died or had to be sacrificed because of large necrotic 
tumours. In contrast, all mice bearing tumours formed by FPR siRNA-transfected U-87 cells 
survived over 72 days after implantation. fMLP induces EGFR phosphorylation at tyrosine residue 
(Tyr) 992, but not residues 846, 1068, or 1173, in astrocytoma cells, whereas all these residues 
were phosphorylated after only EGF treatment. The FPR agonist-induced EGFR phosphorylation 
in tumour cells is dependent on the presence of FPR as well as Gi proteins, and is controlled by 
Src tyrosine kinase. The transactivation of EGFR contributes to the biological function of FPR in 
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astrocytoma cells because inhibition of EGFR phosphorylation significantly reduced FPR agonist-
induced tumour cell migration and proliferation. Furthermore, depletion of both FPR and EGFR by 
short interference RNA abolished the tumourigenesis of the astrocytoma cells. This study indicates 
that the astrocytomapromoting activity of FPR is mediated in part by transactivation of EGFR and 
the cross-talk between two receptors exacerbates the malignant phenotype of tumour cells and 
targeting both receptors may yield superior therapeutic effects compared with targeting either 
one receptor.

4. COnCLusIOns

Chemokines are small cytokines that have the ability to induce migration of cells expressing 
chemokine receptors. When chemokines bind their GPCR downstream signaling induces actin 
polymerization and eventually cell shape change and chemotaxis. The important role of these 
chemotactic cytokines starts in embryonic development. During infection chemokines induce 
migration of leukocytes and activate integrins on the leukocyte surface. The last decade studies 
provide evidence for an important role of chemokines in the oncology field. Chemokines and their 
receptors are influencing the growth of primary tumours and the development of metastases and 
expression was sometimes found to be directly correlated to survival of patients. The mechanisms 
by which the different chemokines and their receptors modulate tumour cell behaviour are cell 
proliferation, angiogenesis, local invasion and metastasis. Chemokines do not only induce recep-
tor signaling but also interact with the microenvironment of tumours. Manipulation of chemok-
ines and their receptors could become important to incorporate into new anticancer strategies.
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Table 1 | The systemic and original chemokine nomenclature 

systemic name Original name

CXCL1 GROα  growth related oncogene α

CXCL2 GROβ  growth related oncogene β

CXCL3 GROγ  growth related oncogene γ

CXCL4 PF-4  platelet factor 4

CXCL5 ENA-78 epithelial cell derived neutrophil activating factor 78

CXCL6 GCP-2 granulocyte chemoattractant protein 2

CXCL7 NAP-2 neutrophil activating protein 2

CXCL8 IL-8 interleukin 8

CXCL9 MIG monokine induced by interferon-γ

CXCL10 IP-10 γ interferon inducible protein 10

CXCL11 I-TAC interferon inducible T cell α-chemoattractant

CXCL12 SDF-1α/β stromal cell derived factor 1

CXCL13 BCA-1-B cell avtivating chemokine 1

CXCL14 BRAK breast and kidney chemokine

CXCL15 Lungkine

CXCL16 SR-PSOX scavenger receptor that binds phosphatidyserine and oxidized lipoprotein

CCL1 I-309

CCL2 MCP-1 monocyte chemoattractant protein 1

CCL3 MIP-1α macrophage inflammatory protein 1α

CCL3L1 LD-78β

CCL4 MIP-1β macrophage inflammatory protein 1β

CCL5 RANTES regulated on activation, normally T cell expressed and secreted 

CCL6 C10

CCL7 MCP-3 monocyte chemoattractant protein 3

CCL8 MCP-2 monocyte chemoattractant protein 2

CCL9/10 MIP-1γ macrophage inflammatory protein 1γ

CCL11 Eotaxin

CCL12 MCP-5 monocyte chemoattractant protein 5

CCL13 MCP-4 monocyte chemoattractant protein 4

CCL14 HCC-1 hemofiltrate CC chemokine

CCL15 Lkn-1 leukotactin 1 / HCC-2 hemofiltrate CC chemokine

CCL16
LEC liver expressed chemokine / HCC-4 hemofiltrate 
CC chemokine 

CCL17 TARC thymus and activation regulated chemokine

CCL18 PARC pulmonary and activation regulated chemokine

CCL19 ELC Epstein-Barr virus induced receptor ligand chemokine

CCL20
LARC liver and activation regulated chemokine / MIP-3α 
macrophage inflammatory protein 3α
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systemic name Original name

CCL21 SLC secondary lymphoid tissue chemokine

CCL22 MDC macrophage derived chemokine

CCL23 MPIF-1 myeloid progenitor inhibitory factor 1

CCL24 MPIF-2 myeloid progenitor inhibitory factor 2 / Eotaxin-2

CCL25 TECK thymus expressed chemokine

CCL26 Eotaxin-3

CCL27 Eskine / CTACK cutaneous T cell-attracting chemokine 

CCL28 MEC mucosa-associated epithelial chemokine

XCL1 Lymphotactin-α

XCL2 Lymphotactin-β / SCM-1β single C motif-1β

CX3CL1 Fractalkine

Table 2 | An overview of the chemokine subfamilies

Family structure Receptor Ligand

CXC (α)
NH2--C-X-C− 
2 disulphide bridges

CXCR1 CXCL6-8

CXCR2 CXCL1-3, CXCL5-8

CXCR3 CXCL9-11

CXCR4 CXCL12

CXCR5 CXCL13

CXCR6 CXCL16

CXCR7 CXCL12

CC (β)
NH2--C-C−
 2 disulphide bridges

CCR1 CCL3, CCL3L1, CCL5, CCL9-10, CCL14-16

CCR2 CCL2, CCL7-8, CCL12-13

CCR3 CCL5-6, CCL11, CCL15-16, CCL23-24, CCL26

CCR4 CCL17, CCL22

CCR5 CCL3-4, CCL3L1, CCL5-6, CCL8, CCL12

CCR6 CCL20

CCR7 CCL19, CCL21

CCR8 CCL1

CCR9 CCL25

CCR10 CCL27-28

C / XC (γ)
NH2--C−
 1 disulphide bridge

XCR1 XCL1-2

CX3C (δ)
NH2--C-X-X-X− 
2 disulphide bridges 
Mucin like stalk

CX3CR1 CX3CL1

Table 1 continued
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Table 3 | Chemokine (receptor) agonists and antagonists

drug name
Mechanism 
of Action

Indication
study 
phase

SB656933 CXCR2 COPD, cystic fibrosis, ulcerative colitis 1, 2

SCH527123 CXCR2 asthma, COPD, psoriasis 2

Reparixin CXCL8
ischemia-reperfusion injury   after kidney/lung 
transplantation

2

MDX-1100 CXCL10 ulcerative colitis 1, 2

TG-0054 CXCR4 stem cell mobilization 1

AMD3100 CXCR4 stem cell mobilization in  haematologic malignancies 1, 2, 3

AMD3100 CXCR4 Fanconi anemia 1, 2

AMD3100 CXCR4 stem cell mobilization 1, 2

AMD3100 CXCR4
lymphoma, Non-Hodgkin lymphoma (stem cell 
mobilization)

1, 2

AMD3100 CXCR4 relapsed or refractory acute myeloid leukaemia 1, 2

AMD(11)070 CXCR4 human immunodeficiency virus 1, 2

SP01A CXCR4,  CCR5 human immunodeficiency virus 1, 2

SH T 04268H (ZK811752) CCR1 endometriosis 2

MLN1202 CCR2 atherosclerosis 2

BMS-741672 CCR2 Diabetes Mellitus, neuropathic pain 2

OPL-CCL2-LPM CCL2 IgA nephropathy, proteinuria 1

TPI ASM8 CCR3 asthma 2

KW-0761 CCR4 Peripheral/cutaneous T-Cell  Lymphoma/ leukaemia 1, 2

Vicriviroc  (Sch-D) CCR5 human immunodeficiency virus 1, 2, 3

Maraviroc CCR5 human immunodeficiency virus 2, 3, 4

PF-00232798 CCR5 human immunodeficiency virus 2

GSK706769 CCR5 human immunodeficiency virus 1

PRO140 CCR5 human immunodeficiency virus (1), 2

GW873140 CCR5 human immunodeficiency virus 2

INCB009471 CCR5 human immunodeficiency virus 2

ZFN modified 
T-cells

CCR5 human immunodeficiency virus 1

CCR5mAb004 CCR5 human immunodeficiency virus 1

DC pulsed with pp65 RNA CCR7 glioblastoma, citomegalovirus 1

DC/apo-Nec CCR7 melanoma 1

Autologous DC-
adenovirus

CCL21 metastatic melanoma 1

CCL21 vaccine CCL21 lung cancer 1
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Figure 1 | Structure of chemokine classes

An overview of the four subfamilies of chemokines and their (chemical)structure

Figure 2 | Chemokine induced chemotaxis

Cells expressing a chemokine receptor migrate along a chemokine gradient.
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Figure 3 |Cell migration and extravasation

A schematic overview of molecules involved in cell migration and extravasation.
Figures were produced using Servier Medical Art.
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Figure 4 |GPCR signaling

Downstream signaling pathway of GPCRs
Figures were produced using Servier Medical






