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Abstract

Chemokines are a superfamily of structurally homologous heparin-binding proteins that influence
tumor growth and metastasis. Several members of the CXC and CC chemokine families are potent
inducers of neovascularization, whereas a subset of the CXC chemokines are potent inhibitors. In

this paper, we review the current literature regarding the role of chemokines as mediators of tumor
angiogenesis and neovascularization.

Introduction

Neovascularization is essential to tumor growth and progression, and is a general term that
incorporates three forms of new blood vessel growth: vasculogenesis (defined as de novo
formation of a capillary plexus by endothelial progenitor cells), angiogenesis (defined as
formation of a new capillary network from pre-existing capillaries), and arteriogenesis
(defined as formation of arteries) (1). Chemokines, a superfamily of structurally homologous
8-10 kDa heparin-binding cytokine molecules, are critical mediators of neovascularization
in many physiologic and pathologic states (2,3). In this review, we discuss the current
literature regarding the role of chemokines as mediators of tumor angiogenesis and
neovascularization.

Chemokine nomenclature

Structurally, chemokines are grouped into 4 families (designated CC, CXC, C, and CX3C)
based on the location of conserved cysteine residues near their amino-terminus (4). Most of
the chemokines belong to the CC and CXC subgroups. In the CC subgroup, the first two
cysteine residues are adjacent, whereas in the CXC subgroup the first 2 cysteine residues are
separated by a non-conserved amino acid, constituting the Cys-X-Cys or ‘CXC’ motif. The
CXC chemokine ligands are further classified on the basis of the presence or absence of
another 3 amino acid sequence, glutamic acid-leucine-arginine (the ‘ELR’ motif),
immediately proximal to the CXC sequence. The ELR-positive CXC chemokines and
several of the CC chemokines are potent promoters of neovascularization, whereas the
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interferon-inducible subset of the ELR-negative CXC chemokines are potent inhibitors of
neovascularization (2) (Table).

Chemokine ligands that promote neovascularization

ELR-positive CXC chemokines

The ELR-positive CXC chemokines, CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7,
CXCLS8 (Table) promote the migration and proliferation of endothelial cells and are potent
promoters of neovascularization. All ELR-positive CXC chemokine ligands in the mouse
signal via the receptor, CXCR2, whereas in humans they signal through CXCR2 and
CXCRL1. The CXCR2 receptor is the primary receptor for angiogenesis in humans for
multiple reasons: First, all the ELR-positive CXC chemokines in humans bind CXCR2 and
can mediate neovascularization, whereas only CXCL8 and CXCL6 bind to CXCR1. Second,
while CXCR1 and CXCR2 are both expressed by endothelial cells, only CXCR2 is required
for endothelial cell chemotaxis (5,6). Third, when the function of CXCR2 is blocked, the
response of endothelial cells to CXCLS8 is negated (7).

CXCR2 plays an integral role in mediating neovascularization. In one study using the cornea
micropocket model in CXCR2+/+ and CXCR2 knockout mice, investigators showed that
ELR-positive CXC chemokine-mediated angiogenesis was inhibited in the CXCR2
knockout mice, and in the presence of CXCR2 neutralizing antibodies (5). CXCR2 and the
ELR-positive CXC chemokine ligands have also been shown to mediate homing of
circulating endothelial progenitor cells to sites of arterial injury (8,9). In addition to CXCR2,
the Duffy antigen receptor for chemokines (DARC) has also been shown to modulate the
angiogenic effects of the ELR-positive CXC chemokines. This receptor binds chemokines in
the absence of detectable signal transduction events (10,11), and acts as a decoy to inhibit
angiogenesis by sequestering the ELR-positive CXC chemokines. In one study using
transgenic mice expressing mDuffy under the control of the preproendothelin promoter/
enhancer which directs expression of the transgene to the endothelium, transgenic
expression of DARC resulted in decreased angiogenic response of the animals to ELR-
positive CXC chemokines in vivo (12). In a mouse model of prostate cancer, animals on a
DARC-deficient background developed larger and more aggressive tumors with greater
tumor-associated neovascularization and increased intra-tumor levels of angiogenic ELR-
positive CXC chemokines (13). Lastly, in a human non-small cell lung cancer (NSCLC)
tumor cell line, over-expression of DARC resulted in binding of angiogenic ELR-positive
CXC chemokines by the tumor cells and a marked decrease in tumor-mediated angiogenesis
and metastases (10).

The CC chemokines

In addition to the CXC chemokine family, 3 members of the CC chemokine family, CCL2,
CCL11 and CCL16, have also been implicated in neovascularization. CCL2 is the best-
described CC chemokine mediator of neovascularization. It has been shown that endothelial
cells express CCR2, the receptor for CCL2, and demonstrate chemotaxis and tube formation
in response to CCL2 in vitro (14-16). Moreover, CCL2-mediated neovascularization has
also been shown in vivo (17-19). CCL2-mediated angiogenesis, however, appears to be
dependent on membrane type 1-matrix metalloproteinase (MT1-MMP): in vivo and in vitro
angiogenesis induced by CCL2 is decreased in the absence of MT1-MMP activity (14). The
angiogenic effect of CCL2 appears to be independent of its effects on leukocyte chemotaxis
and is mediated via direct effects on the vascular endothelium (19). While most of the above
mentioned studies have reported the important role CCL2 plays as a mediator of
angiogenesis in general, only a few have reported its effect in tumor angiogenesis (15,19). In
one study, CCL2 was shown to mediate hemangioma growth and angiogenesis, and
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inhibition of CCL2 resulted in markedly reduced hemangioma size (15). In another study,
CCL2 supernatant from a human breast cancer cell line demonstrated the production of
CCL2, and Treatment of immunodeficient mice bearing human breast carcinoma cells with a
neutralizing antibody to MCP-1 resulted in significant increases in survival and inhibition of
the growth of lung micrometastases.

Moreover, CCL2 may also mediate homing of endothelial progenitor cells to sites of
vascular injury (20). Lastly, in vivo CCL2-induced angiogenesis has been associated with
both the induction of vascular endothelial growth factor (VEGF)-A gene expression (21),
and the transcription factor, MCP-1 induced protein (22). In addition to CCL2, investigators
have shown that CCL11 promotes angiogenesis using several different models including a
chick chorioallantoic membrane assay, a Matrigel plug assay, and an ex vivo rat aortic ring-
sprouting assay (23). Similarly, in a study of human endothelial cells, CCL16 was shown to
induce endothelial cell motility by interacting with CCR1, and promoted angiogenic activity
in vitro and in vivo (24).

Chemokine ligands that inhibit neovascularization and the CXCR3 receptor

CXCL4, the first chemokine shown to block angiogenesis (25), is a potent inhibitor of
endothelial cell chemotaxis and proliferation in vitro, and has been shown to inhibit the
angiogenic effect of VEGF and basic fibroblast growth factor (0FGF) (26). In addition, the
interferon-inducible ELR-negative CXC chemokines, CXCL9, CXCL10, and CXCL11, are
potent inhibitors of angiogenesis in response to the ELR-positive CXC chemokines, VEGF
and bFGF. The angiostatic effect of CXCL4, CXCL9, CXCL10, and a CXCL11 appears to
be mediated via a common receptor, CXCR3 (27). CXCR3, originally identified on murine
endothelial cells (28) exists in three different forms (CXCR3A, CXCR3B, and CXCR3-alt),
which are generated from alternative mRNA splicing of a single gene product. The
expression of CXCR3A is strongly induced by interleukin (IL)-2, and it is primarily
responsible for recruitment of leukocytes (29-35). CXCR3B is the main angiostatic variant
of CXCR3 and is expressed on endothelial cells (27,36,37). Lastly, CXCR3-alt, has been
shown to have greater affinity for CXCL11 as compared to CXCL9 or CXCL10, but its role
in angiogenesis is unclear (38). CXCR3B is the main angiostatic receptor for CXCL4,
CXCL9, CXCL10, and CXCL11 (Table) (39,40).

The CXCR3 ligands mediate two distinct functions; they inhibit angiogenesis, and promote
Th1-type cell mediated immunity via recruitment of CXCR3-expressing T and NK cells
(30,35,41). The local production of IFN-y at sites of inflammation promotes further
expression of CXCL9, CXCL10, and CXCL11, and recruits CXCR3-expressing cells that
produce more IFN-y. These combined effects, which we have described as
“immunoangiostasis”, can benefit the host in the context of anti-tumor immunity (42,43).
For example, systemic IL-2 therapy in the context of renal cell carcinoma was shown to be
effective and dependent on CXCR3: the therapy resulted in up-regulation of CXCR3 on
peripheral blood mononuclear cells, but the down-regulation of its ligands within the tumor
(42). Moreover, when systemic administration of I1L-2 was combined with over-expression
of CXCLJ9 in the tumor, the anti-tumor effects were increased by augmenting the homing of
IFN-y producing leukocytes to the tumor microenvironment, inhibiting tumor-associated
angiogenesis, and enhancing immune responses against tumor antigens (42). A similar
mechanism has been noted in IL-12-mediated regression of a mouse model of renal cell
carcinoma (44), and in NSCLC (45,46). In addition to a reduction in angiogenesis,
intratumoral injection of a recombinant CC chemokine, CCL21, induced tumor regression in
immunocompetent mice, but not immunosuppressed mice suggesting that T cell immunity
was required for the anti-tumor effect of CCL21 (45). Moreover, this was associated with
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intra-tumor generation of IFN-y, CXCL9 and CXCL10, and depletion studies demonstrated
that IFN-y, CXCL?9, and CXCL10 attenuated the anti-tumor effects of CCL21.

In addition to binding CXCR3, both CXCL4 and CXCL10 ligands also bind to extra-cellular
glycosaminoglycans. To determine whether the angiostatic properties of these ligands were
mediated via this mechanism studies were performed using CXCL4 and CXCL10 variants
with mutated binding sites for CXCR3 or glycosaminoglycans. The angiostatic activity of
CXCL4 was retained in cells that lacked surface heparin sulfate, and the CXCL4 mutants
that lacked heparin-affinity were capable of inhibiting angiogenesis indicating that
glycosaminoglycans are not essential for angiostasis (47-49). Similarly, when CXCL10
variants with mutated binding sites for CXCR3 or glycosaminoglycans were transfected into
a human melanoma cell line, wild-type CXCL10 and CXCL10 mutants with partial or
complete loss of glycosaminoglycan binding promoted significant reduction in tumor
growth compared to control vector-transfected tumor cells, whereas tranfectants expressing
mutants with loss of the CXCR3 binding domain did not inhibit tumor growth (50).

A non-allelic variant of CXCL4 called CXCLA4L1, differs from CXCL4 in 3 amino acids in
the heparin-binding domain near the carboxy terminus (51). CXCL4L1 protein has been
isolated from the a-granules of thrombin-activated human platelets (52), and has been
shown to be substantially more potent than CXCL4 in inhibiting human microvascular
endothelial cell chemotaxis induced by bFGF and CXCLS8, and bFGF- and CXCL8-induced
angiogenesis in the rat corneal micropocket model (52,53). This variant has also been shown
to be more efficient than CXCL4 in inhibiting tumor-associated angiogenesis in B16
melanoma and A549 lung adenocarcinoma in immunocompromised mice (53).

The CXC chemokine ligand CXCL12 and its receptor, CXCR4, are critical to the homing of
progenitor cells in many disease states. In cancer, however, while CXCR4 is expressed by
tumor lines and primary cancer cells, CXCL12 is not (54-56). Moreover, depletion of
CXCL12 or CXCR4 does not affect tumor size or extent of primary tumor-associated
angiogenesis (50,57,58). Nevertheless, depletion of CXCL12 or CXCR4 has been shown to
be associated with decreased metastases in animal models of breast and lung cancer (55,56),
suggesting that the CXCL12-CXCRA4 ligand-receptor pair regulates metastases independent
of angiogenesis.

CXC chemokine-mediated angiogenesis and malignancy

CXC chemokine-mediated angiogenesis has been shown to play a critical role in the growth
of many malignancies including lung, colorectal, pancreatic, ovarian, prostate, melanoma,
brain, and renal cell. It has been shown that NSCLC cell lines that constitutively express
high levels of CXCL8 have greater angiogenic activity in mice (58,59); and when pro-
angiogenic CXC chemokines are neutralized, angiogenic activity is decreased, and tumor
growth and metastases are reduced (57). In a syngeneic tumor model of lung cancer,
CXCR2 knockout mice had decreased tumor growth, increased necrosis, and decreased
angiogenesis and metastases compared to wildtype mice (11). Similarly, in a Kras-A! mouse
model in which mice develop lung adenocarcinoma due to somatic activation of the KRAS
oncogene, neutralization of the CXCR?2 receptor inhibited tumor development and apoptosis
within the tumor (60).

In humans, the ELR-positive CXC chemokines CXCL5 and CXCLS8 play an important role
in NSCLC. In one study using a SCID mouse model, human NSCLC tumor-derived CXCLS8
levels were directly related to the extent of angiogenesis; when CXCL8 was depleted,
however, there was a significant reduction in tumor size, tumor-induced angiogenesis, and
metastases (57). Moreover, a direct relationship between tissue levels of CXCLS5 in surgical
specimens of NSCLC and the extent of capillary density consistent with tumor angiogenesis
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(61), and clinical outcomes, including mortality has been reported (61,62). While a
significant correlation exists between CXCLS5 and tumor-derived angiogenesis, tumor
growth, and metastases, CXCL5 depletion does not completely inhibit tumor growth (57).
This is thought to be due to functional redundancy between angiogenic ligands (63). Lastly,
in a study evaluating the ELR-negative CXC chemokine CXCL10, investigators used a
SCID mouse model of NSCLC and administered continuous intratumor injections of low
dose, recombinant human CXCL10 (100ng every other day) which resulted in decreased
angiogenesis in the primary tumor, delayed occurrence of metastases, and improved survival
(64).

The ELR-positive CXC chemokines have also been studied in human gastrointestinal
cancers including pancreatic and colorectal malignancies. In colorectal cancer, in vivo tumor
growth is also induced by increased expression of CXCL1 (65). Human pancreatic cancer
cell lines secrete the ELR-positive angiogenic CXC chemokines CXCL1 and CXCL8 (66),
but their expression differs across the different cell lines (63). When the different cancer cell
lines were compared using the corneal micropocket model, tumor-induced angiogenesis was
inhibited by blocking the receptor, CXCR2 in one cancer cell line, but not another;
supporting the concept of redundancy of angiogenic ligands, even within specific cancers
(63).

In one study of human ovarian cancer cell lines, in vitro expression of CXCLS8 correlated
with increased tumor neovascularization (67). Importantly, when the tumors were implanted
into the peritoneum of immunocompromised mice, the mice had increased mortality rates
(67). In this same study, the expression of VEGF correlated with ascites production,
however, it was not associated with either the extent of angiogenesis or with mortality rates
(67). Interestingly, in a separate study, the angiogenic potential of ascites fluid from patients
with ovarian cancer was directly correlated with CXCL8 levels (68).

In human prostate cancer, tumorigenesis and metastases correlate with the degree of tumor-
associated angiogenesis (69,70). In one study, angiogenesis was measured by quantitating
microvessels in 67 patients (23 with non-malignant biopsy specimens, and 34 with
malignant specimens) who had undergone prostatectomy (70). Angiogenic activity in
prostatic cancer tissue was correlated with pathological staging, and there appeared to be a
trend of increasing microvessel count from benign through the advancing stages of prostate
cancer.

Moreover, others have shown that the expression of CXCL8 in human prostate cancer cells
is associated with tumorigenicity, neovascularization, and lymph node metastases (71). In a
SCID mouse model of human prostate cancer, different prostate cancer cell lines were found
to use different ELR-positive CXC chemokine ligands: depletion of CXCL1 but not CXCL8
inhibited tumor-related angiogenesis in some cell lines, whereas the depletion of CXCL8 but
not CXCL1 inhibited angiogenesis in other lines (72).

Glioblastoma multiforme tumors are also associated with marked angiogenesis (73,74).
While the mechanisms responsible with their increased growth and marked angiogenesis
remain to be fully defined, a tumor suppressor gene appears to be important and is
associated with the expression of angiogenic ELR-positive CXC chemokines in this disease.
In one study, a candidate tumor suppressor gene was found to be down-regulated in human
glioblastoma specimens compared with normal brain tissue (74). When implanted into
immunocompromised mice, the specimens with the lowest expression of the tumor
suppressor gene had the largest growth and degree of angiogenesis. The mechanism for this
increased tumorigenicity was found to be CXCL8-dependent; inhibition of CXCL8 in vivo
markedly reduced their tumor growth and tumor-associated angiogenesis.
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The importance of CXCR2 and CXCR?2 ligands in tumor-associated angiogenesis and
tumorigenesis has been shown in malignant melanoma and renal cell carconoma. In one
study, the angiogenic ELR-positive CXC chemokines, CXCL1, CXCL2 and CXCL3 were
shown to be highly expressed in patients with malignant melanoma (75). Similarly, in a
study of patients with metastatic renal cell carcinoma, plasma samples were assessed for
levels of CXCR2 ligands and tumor biopsy samples were assessed for the expression of
CXCR2 (76). CXCL1, CXCL3, CXCL5, CXCL8 and VEGF were all elevated in the plasma
of the patients, and CXCR2 was expressed on endothelial cells within the tumors. Moreover,
using a model of syngeneic renal cell carcinoma, these investigators showed that CXCR2
ligand expression increased in correlation to tumor growth whereas there was a significant
reduction in growth in the CXCR2-/— mice which correlated with decreased angiogenesis
and necrosis (76). Lastly, in the absence of CXCRZ2, the orthotopic tumors had a decreased
potential to metastasize to the lungs of CXCR2—/— mice.

Conclusion

The angiogenic and angiostatic chemokines are critical mediators of tumor angiogenesis and
neovascularization. Future research regarding their role in malignancy may lead to novel
therapeutic applications.
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Table

Human chemokine ligands and receptors involved in neovascularization. Modified from reference 2.

Systematic nomenclature  Old nomenclature  Receptor

Angiogenic/arteriogenic

CXC chemokine family

CXCL1 Gro-a CXCR2
CXCL2 Gro-B CXCR2
CXCL3 Gro-y CXCR2
CXCL5 ENA-78 CXCR2
CXCL6 GCP-2 CXCR2
CXCL7 NAP-2 CXCR2
CXCL8 IL-8 CXCR2

CC chemokine family

CCL2 MCP-1 CCR2
CCL11 Eotaxin CCR3
CCL16 HCC-4/LEC CCR1
Angiostatic

CXCL4, CXCL4L1 PF-4, PF-4,, CXCR3B™
CXCL9 Mig CXCR3B
CXCL10 IP-10 CXCR3B
CXCL11 I-TAC CXCR3B

*
glycosaminoglycan binding may be involved, see text for details
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