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Abstract
Targeting novel pathways associated with tumor angiogenesis, invasion and immunity, may lead to
improvement in patient outcomes for renal cell carcinoma. Chemokines potentiate tumor growth,
metastasis, angiogenesis and immune evasion through interactions with stromal cells and neoplastic
cells. Further understanding of the mechanisms involved in chemokine-mediated angiogenesis and
metastasis may lead to improved therapeutic strategies in this disease. Interactions between
chemokine expression and signaling, and the VEGF and hypoxia-inducible factor pathways offer
important opportunities to intervene in the process of renal cell carcinoma proliferation, angiogenesis
and invasion. Modulation of the CXCR3/CXCR3-ligand or the CXCR4/CXCL12 biologic axis may
be potential therapeutic targets for the treatment of renal cell carcinoma. Furthermore, combination
treatment with agents targeting chemokine signaling with therapies directed at angiogenesis and
tumor immunity may lead to improved outcomes in this disease.
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Increased understanding of the molecular pathogenesis of renal cell carcinoma (RCC) has led
to improved therapies that target important pathways involved in RCC angiogenesis, growth
and invasion. Agents that target the VEGF and mTOR pathways, including sunitinib malate,
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sorafenib tosylate, bevacizumab ± IFNα, and temsirolimus, have improved clinical outcomes
in randomized Phase III trials [1–5]. Tumor-associated angiogenesis, growth and invasion
potential and the immunogenic nature of RCC have led to further investigation of these factors
in the pathobiology of this cancer [6], and chemokines have demonstrated an important role.
Chemokines are important for enhancing innate and adaptive immunity, regulating
angiogenesis, and mediating tumor-cell metastases, and have been shown to have a direct
impact on the biology of RCC. Therapeutically targeting these features may lead to novel
interventions and improved response to therapy in patients with RCC.

Chemokines are produced by tumor cells, leukocytes, epithelial cells, stromal cells and
endothelial cells [7,8]. In addition, functional chemokine receptors have been found on
endothelial cells, leukocytes and transformed epithelial cells [9–11]. Through interactions with
stromal cells and neoplastic cells, chemokines can potentiate tumor growth, metastasis,
angiogenesis and immune evasion [12]. Chemokine ligand and receptor interactions then
stimulate signaling cascades that result in the transcription of target genes responsible for tumor
cell invasion, motility and survival [13]. An essential element of chemokine signaling depends
on the chemotactic gradient achieved. Chemokine gradients within the tumor
microenvironment and target organs can determine the metastatic potential of a tumor [7].
Immunotherapy and antibody treatments have been implicated in the upregulation of
chemokines in RCC and other human cancers [14,15], which may be important in the reduction
of tumor burden.

Although the importance of chemokines in cancer biology has been demonstrated, the
development of inhibitors of chemokine pathways is still in an early phase. Attempts to block
CXCR2 and inhibit tumor-cell angiogenesis have been successful in multiple tumor models
[16–18]. This has been accomplished by utilizing CXCR2 small-molecule antagonists,
substance P analogs, or CXCR2-knockout models. Strategies to attenuate the CXCL12/
CXCR4 biological axis may potentially be employed as a new antimetastatic strategy to inhibit
the metastatic potential of RCC. In fact, small-molecule antagonists to CXCR4 and RNA
interference strategies have already been developed to inhibit the binding of lymphotropic
strains of HIV to CXCR4 on T cells [19–21]. Multiple CXCL12/CXCR4 antagonists are under
evaluation in Phase I testing for their safety and efficacy in various tumors [22]. Strategies to
attenuate the CXCR2 or CXCL12/CXCR4 biological axis may potentially be employed as
methods to enhance treatment of RCC.

Role of chemokines in angiogenesis
RCC growth and metastases have been associated with primary tumor-associated angiogenesis
resulting from the mutation or hypermethylation of the von Hippel-Lindau (VHL) gene with
subsequent hypoxia-inducible factor (HIF) activation accompanied by the downstream effects
of VEGF induction [23,24]. Angiogenesis in the tumor environment is important for cancer
growth, invasion and metastasis. The balance between proangiogenic and antiangiogenic
factors determines the overall angiogenesis in the tumor microenvironment. Although VEGF
and its receptors have been the most extensively studied, other factors that regulate
angiogenesis in both a positive and negative manner are clearly involved in the process of
angiogenesis in RCC. Targeting tumor immunity and angiogenesis through the inhibition of
CXCR2 and its ligands, or the upregulation of CXCR3 and its ligands, may augment responses
to therapy in RCC (Box 1). Chemokine members that contain the ‘ELR’ motif (ELR+) are
equipotent angiogenic factors with bFGF and VEGF [25], and ELR+ CXC chemokines
promote angiogenesis through CXCR2 [26]. By contrast, members that lack the ELR motif
(ELR-) and are interferon-inducible, inhibit angiogenesis [25], and include CXCL4, CXCL9,
CXCL10, and CXCL11 [25,27,28]. These interferon-inducible CXC chemokines act through
CXCR3 to promote cell-mediated immunity and inhibit angiogenesis. CXCR2 and CXCR3
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and their ligands have been shown to be expressed in RCC tumors [16,29,30]. Furthermore,
CXCR3 expression has been associated with a favorable prognosis in RCC [31,32]. IL-12-
mediated regression of murine RCC has been shown to be dependent on either CXCL9 or
CXCL10 [33]. Therefore, on both structural and functional levels, the CXC chemokine family
and their receptors play an integral role in the promotion or inhibition of angiogenesis relevant
to RCC [16]. Proangiogenic CXCR2 ligands have been found in the plasma of patients with
metastatic RCC, and CXCR2 was found to be expressed on the endothelial cells of RCC tumors
[16]. Reduced tumor growth has been demonstrated in a CXCR2-knockout murine model,
which correlated with a decrease in angiogenesis and an increase in tumor necrosis. This
provides further evidence that modulating the CXCR3 and CXCR2 pathways may be a
potential therapeutic modality for RCC.

BOX 1

Chemokines in the regulation of angiogenesis in renal cell carcinoma

Proangiogenic (ELR+ CXC chemokines)

CXCL1/GRO-α, CXCL2/GRO-β, CXCL3/GRO-γ, CXCL5/ENA-78, CXCL6/GCP-2,
CXCL7/NAP-2, CXCL8/IL-8, PBP, CTAP-III, -TG

Receptor: CXCR2

Antiangiogenic (non-ELR+CXC Chemokines)

CXCL4/PF-4, CXCL4L1/PF-4, CXCL14, CXCL9/MIG, CXCL10/IP-10, CXCL11//ITAC

Receptor: CXCR3 (except CXCL14)

B-TG: β thromboglobulin; CTAP: Connective tissue-activating peptide; ENA: Epithelial
neutrophil-activating peptide; GCP: Granulocyte chemotactic protein; GRO: Growth-
related oncogene; IP: IFN-inducible protein; ITAC: IFN-inducible T cell chemoattractant;
MIG: Monokine induced by IFN-; NAP: Neutrophil-activating peptide; PBP: Platelet basic
protein; PF: Platelet factor.

Role of chemokines in tumor immunity
Previous treatments for metastatic RCC have focused on immune-modulating therapies [34–
38], and chemokines play an important role at the interface of angiogenesis and tumor immunity
in RCC. The combined effect of systemic induction of CXCR3 expression on circulating
mononuclear cells by systemic IL-2 therapy in conjunction with concomitant intratumor spatial
expression of CXCR3 ligands has been shown to be essential to create an optimal CXCR3/
CXCR3 ligand-dependent chemotactic gradient in renal cell tumors [16]. The combined
therapeutic intervention of systemic IL-2 and concomitant intratumor CXCR3 ligand (i.e.,
CXCL9) administration resulted in marked attenuation of tumor growth and tumor-associated
angiogenesis [16]. Systemic priming with IL-2 could lead to the kinetic expression of
chemokine receptor, CXCR3, from peripheral blood mononuclear cells (PBMCs) of patients
with metastatic RCC receiving standard therapy with high-dose IL-2 [39]. IL-2 is the major
agonist for the expression of CXCR3 on Th1 cells, which promote antitumor immune
responses. Patients with metastatic clear-cell RCC and normal controls had similar PBMC
CXCR3 levels and peripheral-blood angiostatic chemokines at baseline, but patients with
metastatic RCC had elevated levels of CXCR2 angiogenic ligands [16,39]. CXCR3 ligands
increased in response to high-dose IL-2 therapy and CXCR3 expression on circulating
mononuclear cells of patients with metastatic RCC also increased. CXCR3 expression on CD4,
CD8 and natural killer cells rose in response to high-dose IL-2 treatment. The induction of
CXCR3 expression of PBMCs was most pronounced in a patient with a complete response to
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therapy [39]. Chemokines have been found to display pleiotropic activity, such as the
recruitment of specific subsets of leukocytes and the regulation of angiogenesis [40].
Overexpression of a CXCR3 ligand alone at the local tumor level will not be sufficient to recruit
PBMCs to the tumor unless they are primed and activated with upregulated expression of
CXCR3. A study by Pan et al. described this phenomenon in a murine RCC model [41].
Combined systemic IL-2 with intratumor CXCL9 (a CXCR3 ligand) led to a significant
reduction in tumor growth and angiogenesis, compared with either therapy alone [41].
Therefore, both components of the CXCR3/CXCR3 ligand biological axis must be optimized
for recruitment of mononuclear cells. On the basis of the ability of interferon-inducible CXC
chemokines to promote Th1 immunity and inhibit angiogenesis, combining immunotherapy
with local induction of these chemokines may have a role in promoting tumor regression in
RCC.

Role of chemokines in tumor metastasis
Chemokines have also been demonstrated to play a major role in mediating tumor metastasis
[10,42–45]. Multiple cancers are found to express chemokine receptors, and their
corresponding ligands are expressed at sites of tumor metastases [10,44,46,47]. However,
CXCR4 appears to be the major chemokine receptor expressed on cancer cells [42,43,45], and
CXCL12 (stromal-derived factor-1, [SDF-1]) is its lone ligand [48]. CXCR4 expression is
required for tumor metastasis to other organs, and CXCR4 activation by CXCL12 induces
migration of neoplastic cells [49]. CXCR4 expression has been correlated with the metastatic
potential of multiple tumors, including RCC [10,44,50–54]. Müller and colleagues provided
initial evidence linking the CXCL12/CXCR4 biological axis to breast cancer metastasis to
specific organs [10], which was confirmed in non-small-cell lung cancer [44]. More recent
studies have suggested that CXCR4 is expressed on various other cancer cells and its expression
stimulated migration of cancer cells towards a CXCL12 gradient established in target organs
for metastases [42,43,45]. Furthermore, elevated CXCR4 expression was detected in several
human RCC cell lines and tumor samples, while only minimal CXCR4 expression was detected
in normal kidney tissues [55]. Therefore, further understanding of the molecular mechanisms
involved in the regulation of CXCR4 expression on tumor cells could lead to potential targets
to modify the expression of CXCR4 and impact on metastases.

Pan et al. demonstrated that CXCR4 expression was markedly increased on circulating pan-
cytokeratin+ cells of patients with metastatic RCC, as compared with normal control subjects,
suggesting that these cells were comparable with circulating malignant cells [50]. When the
cells from patients with metastatic RCC were examined for expression of CXCR4, over 90%
of them were found to be CXCR4+ [50]. These findings suggest that CXCR4 is a predominant
biomarker on pan-cytokeratin+ cells in the circulation of patients with metastatic RCC and the
presence of CXCR4 expression on these cells may correlate with the metastatic potential of
RCC. Strategies to block the activity of CXCR4 may be utilized as a new antimetastatic strategy
to inhibit the metastatic potential of RCC.

Regulation of CXCR4 & HIF pathway
The VHL tumor suppressor gene is the most common mutated gene in RCC, and results in
overexpression of HIF-1 and -2. Despite some conflicting evidence that VHL status can predict
patient outcome in RCC, recent studies have shown that RCC tumor stage and prognosis were
independent of VHL loss or methylation when compared with wild type [56–58]. Recent
findings have linked HIF-1 and the expression of both CXCR3 and CXCR4 in RCC [59,60].
Hypoxia, and more specifically HIF-1, has been found to be a critical transcription factor for
CXCR4 gene expression [60–62]. Moreover, VHL can negatively regulate the expression of
CXCR4, owing to its capacity to target HIF-1 for degradation under normoxic conditions

Reckamp et al. Page 4

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2010 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[60,61]. This process may be suppressed under hypoxic conditions in cells, allowing HIF-1-
dependent induction of CXCR4 expression [60,61]. These findings suggest that HIF-1/VHL
may play a significant role in regulating the expression of CXCR4 on tumor cells, and further
understanding this molecular mechanistic link between HIF-1 and CXCR4 expression may
enable the discovery of a novel means to intervene and impact on reducing metastatic RCC.

Ceradini et al. demonstrated that SDF-1/CXCL12 was regulated by HIF-1 in endothelial cells,
increasing migration of circulating CXCR4+ cells to areas of ischemic tissue. Blocking
CXCL12 or CXCR4 inhibited the recruitment of these cells to sites of regenerating tissue
[63]. Hypoxia, particularly HIF-1α, has been shown to regulate the expression of CXCR4 in
RCC [61,64,65]. Recent studies suggest that the loss or functional inactivation of the protein
product of VHL resulted in persistent activation of HIF-1α and a dramatic increase in CXCR4
expression owing to the loss of its ability to target HIF-1 for degradation by 26S proteasome
[61,64,65]. In addition, a recent study demonstrated that either knocking down VHL expression
in human RCC cells or exposing these cells to hypoxic conditions can lead to markedly
increased expression of CXCR4 mRNA and protein [50]. Metastases of human RCC cells was
increased to adrenal glands, buffy coat, bone marrow, brain, kidney, spleen, liver and lung of
mice bearing human RCC VHL-knockdown tumors, as compared with those bearing human
RCC wild-type tumors [50]. Most of these organs have been found to express elevated levels
of CXCL12 in severe combined immunodeficient mice in previous studies [10,44].
Furthermore, this study showed that the upregulation of CXCR4 expression in RCC induced
by these conditions was mediated by the direct physical interaction between the HIF-1
transcriptional factor and its specific binding sites on the CXCR4 promoter region [50], which
is probably the hypoxia response element as suggested by previous studies [64,66,67]. Finally,
neutralization of CXCL12 inhibited metastasis of RCC to target organs expressing high levels
of CXCL12. These studies establish a link between the VHL/HIF-1α axis to CXCL12/CXCR4-
mediated metastases of human RCC.

Regulation of CXCR4 expression and the metastatic potential of tumors involve the interaction
of multiple signaling pathways. The upregulation of CXCR4 expression has been described to
be mediated through the MEK/Erk signaling pathway and nuclear factor-B activation in
prostate cancer cells [68]. Findings in lung cancer demonstrate that the combination of hypoxia
and activation of the EGF receptor (EGFR) tyrosine kinase domain, led to additive to
synergistic upregulation of CXCR4 expression via HIF-1α [67]. Moreover, EGFR activation
in the presence of hypoxia further augments CXCR4 expression. EGFR is a receptor tyrosine
kinase that activates PI3K and subsequent downstream targets including Akt and mTOR. In
the presence of either PI3K inhibitors or mTOR inhibitors, HIF-1 activation and increases in
CXCR4 expression was blocked. HIF-1 directly transactivated CXCR4 gene expression.
Inhibitors of PI3K also prevented chemotaxis of tumor cells in response to CXCL12. These
studies suggest that the PI3K pathway abrogates increased expression of CXCR4 induced by
hypoxia and EGFR, and CXCL12-mediated chemotaxis [67]. EGFR activation/signaling and
exposure to hypoxia, unlike the VHL mutation, are known to be shared by many cancers. These
findings suggest that tyrosine-kinase receptor activation and a response to hypoxia, leading to
increased HIF-1α, is critical for the regulation of the expression of CXCR4, and may represent
a general scheme in the process of tumor metastasis (Figure 1). Combinations of both mTOR
and EGFR inhibition may be a mechanism to block CXCR4-directed tumor metastasis in RCC.

Expert commentary
The integral role of chemokines in the pathobiology of RCC has become increasingly apparent
in the last decade. Chemokines are a family of cytokines involved in tumor blood vessel
formation, invasion and cellular immunity. The CXCR2/CXCR2-ligand and CXCR3/CXCR3-
ligand biologic axis require balance to maintain normal angiogenesis, and are dysregulated in
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RCC. The data presented indicated that systemic induction of CXCR3 expression by IL-2
combined with upregulation of intratumor CXCR3 ligands may effectively enhance
immunotherapy for RCC. CXCR4 expression is found in RCC tumors and at sites of
metastases, and mechanisms to block signaling through this chemokine receptor may inhibit
micrometastases in RCC, and result in improved outcomes. CXCR4 expression and signaling
may be attenuated by inhibition of the PI3K/mTOR pathway, blocking EGF signaling or direct
antagonism with CXCR4 inhibitors. Studies are underway to assess the ability of mTOR and
EGF inhibition to decrease the metastatic potential of tumors, and to understand the role of
CXCR4 in predicting distant metastases. Overall, exploiting the multifaceted role of
chemokines in RCC will be important for future treatments.

Five-year view
Chemokines and their receptors have been implicated in regulating RCC growth, angiogenesis
and metastases. There is increasing evidence for the involvement of multiple chemokine
pathways in the diverse process of renal cell tumorigenesis and invasion. The inhibition of
angiogenesis, either directly through VEGF and its receptors, or indirectly through signaling
pathways, has shown efficacy in advanced RCC, primarily of the clear cell histology. The
importance of these agents and combining them with chemokine inhibition in the adjuvant
setting or advanced disease, may lead to improvements in the treatment of RCC. Clinical trials
studying the potential role of chemokine inhibition will help to determine mechanisms of
chemokine-induced angiogenesis, growth and metastasis in RCC. In addition, delineation of
how genes and proteins regulate chemokine activity and modulate the malignant phenotype
will provide novel insights into kidney cancer pathogenesis and prognosis, which may lead to
improved therapies.

Key issues

• Chemokines are important for tumor angiogenesis, metastasis and immunity in
renal cell carcinoma (RCC).

• Both angiogenic and antiangiogenic chemokines play a role in maintaining the
balance of tumor angiogenesis in RCC. Inducing CXCR3 and its ligands, or
inhibiting CXCR2 and its ligands, can prevent tumor growth and angiogenesis.

• Combining immunotherapy with inhibition of angiogenesis may lead to more
effective tumor regression in RCC.

• CXCR4 is a mediator of tumor metastasis in a variety of cancers including RCC.
It is overexpressed on primary tumor and metastatic lesions.

• CXCR4 is regulated through the hypoxia-inducible factor-1 and the mTOR
pathway; its expression is also upregulated by EGF.

• Inhibition of CXCR4 by direct antagonists or by blocking mTOR and EGF receptor
signaling pathways may be a means to decrease metastatic potential in RCC.

• Improved understanding of the role of chemokines in RCC biology may lead to
more effective therapy at all stages of disease.
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Figure 1. EGF, hypoxia and CXCR4 in renal cell carcinoma tumor metastasis
In RCC, the hypoxia-induced pathway is linked to VHL loss. Accumulation of HIF results in
upregulation of genes and proteins involved in RCC tumorigenesis and metastasis, including
CXCR4. EGF is also capable of upregulating CXCR4 expression through the PI3K, Akt,
mTOR and HIF-1α pathway.
HIF: Hypoxia-inducible factor; RCC: Renal cell carcinoma; VHL: von Hippel-Lindau.

Reckamp et al. Page 11

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2010 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


