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Abstract Chemokines are a family of small heparin-binding proteins, mostly

known for their role in inflammation and immune surveillance, which have

emerged as important regulators of angiogenesis. Chemokines influence angiogen-

esis either through recruitment of pro-angiogenic immune cells and endothelial

progenitors to the neo-vascular niche or via direct regulation of endothelial function
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downstream of activation of G-protein coupled chemokine receptors. The dual

function of chemokines in regulating immune response and angiogenesis confers

a central role in modulating the tissue microenvironment. Therefore, chemokines

may constitute attractive targets for therapeutic intervention in several pathological

disorders. This review will summarize the current understanding of the role of

chemokines in angiogenesis, and give an overview of angiostatic and angiogenic

chemokines and their crosstalk with other angiogenic factors.

1 Introduction

Angiogenesis is required for embryonic development and physiological functions,

but may also affect the outcome of pathological conditions such as cancer, chronic

inflammation, and ischemia. Vascular growth and remodeling is a rare event in

adults, with the exception of the female menstrual cycle. However, angiogenesis is

readily induced when a need for new vasculature arises, for example, during tissue

ischemia or wound healing, through a shift in the balance between endogenous pro-

and anti-angiogenic factors. For instance, various oxygen-sensing mechanisms

directly induce angiogenesis through stabilization of members of the hypoxia-

inducible transcription factor (HIF) family that up-regulate expression of pro-

angiogenic molecules, including vascular endothelial growth factor (VEGF) (Fraisl

et al. 2009). VEGF is critical for embryonic vascular development through binding

to its cognate receptor VEGFR2, and is a central mediator of physiological and

pathological angiogenesis and vascular function in the adult (Olsson et al. 2006).

Using various in vitro and in vivo assays modeling angiogenesis (Table 1), several

other pro- and anti-angiogenic factors have been identified, which act in concert in

the tight regulation of blood vessel formation in health and disease. In addition,

non-endothelial cell types participate in the angiogenic process either through

secretion of factors or via stabilization of the growing vasculature.

Blood vessel formation may occur through several distinct mechanisms (Adams

and Alitalo 2007). In sprouting angiogenesis, pro-angiogenic growth factors acti-

vate endothelial cells in pre-existing vessels and stimulate invasion of endothelial

cells into the surrounding matrix through expression of proteases. Endothelial cells

then proliferate and migrate towards the growth factor gradient as a growing stalk,

guided by a specialized tip-cell that probes the microenvironment using multiple

filopodial extensions. Lumenized growing stalks, often surrounded by stabilizing

pericytes, then make contacts through tip-cell filopodia and fuse, allowing blood

flow in the newly formed vasculature. Alternatively, new vessels may form through

pillar formation in intussuceptive growth (splitting of vessels) (Makanya et al.

2009) or through non-angiogenic biomechanical extension of the existing vascula-

ture (Kilarski et al. 2009). Finally, circulating endothelial progenitor cells are

mobilized during tissue ischemia and may be recruited to hypoxic tissue, and

contribute to neovascularization in a process reminiscent of embryonic vasculogen-

esis (Jujo et al. 2008).
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2 The Chemokine Network

Chemokines are a large family of 8–12 kDa chemoattractant heparin-binding

cytokines that may modulate angiogenesis through several distinct mechanisms

(Fig. 1). Secreted chemokines accumulate at sites of inflammation through binding

to extracellular matrix components and cell-surface carbohydrates, and are pre-

sented on the surface of endothelial cells mediating firm adhesion of leukocytes to

the vessel wall (Ley et al. 2007; Thelen and Stein 2008). Thereby, chemokines play

a central role in the recruitment of immune cells which, in turn, may secrete

angiogenic growth factors (Table 2). Also, chemokines regulate recruitment and

retention of endothelial progenitor cells that may directly participate in formation

of a new vascular plexus (Petit et al. 2007). Importantly, several chemokines

influence angiogenesis directly through binding to G-protein-coupled chemokine

receptors expressed on endothelial cells, inducing down-stream signaling events

that eventually result in enhanced or inhibited formation of new blood vessels

(Keeley et al. 2008). The well-established role of chemokines in leukocyte recruit-

ment has been the subject of several excellent reviews (Ley et al. 2007; Thelen and

Stein 2008), and, although clearly very important for angiogenesis in health and

disease, will not be extensively discussed here. Instead, this review is focused on

Table 1 Angiogenesis assays used to study chemokine function

Assay Description

Transfilter assay – modified

Boyden chamber

Endothelial cells are seeded on top of a filter containing 8 mm
diameter pores, allowing active passage of cells toward a test

substance added in the lower chamber.

In vitro “wound healing” assay A portion of a confluent endothelial monolayer is removed using

a scraping tool, and endothelial cells migrating back to

reform the monolayer are quantified.

Tubule formation assay Tubular morphogenesis of endothelial cells is induced by seeding

cells onto or into a three-dimensional matrix (usually

matrigel, fibrin or collagen) in the presence of an angiogenic

substance.

Rat aortic ring assay Ex vivo aortic explants are cultured in a three-dimensional matrix

in vitro, inducing microvessel outgrowths in response to

angiogenic substances.

Chick chorioallantoic

membrane (CAM) assay

A test substance is placed onto the CAM, commonly through a

window cut in the eggshell. The resulting effects on

vascularization in the CAM are scored.

Matrigel plug assay The test substance is suspended in matrigel and injected

subcutaneously in mice, forming a solid plug. Angiogenesis

in the plug is determined by analyzing vessel growth or by

measuring the hemoglobin content in the plug.

Corneal micropocket model Pellets releasing the test substance are implanted into corneas of,

e.g., rabbits, rats, or mice. Vessel formation is visualized by

perfusing the cornea with fluorescent dye or India ink.

Brief description of assays used to study the role of chemokines in angiogenesis. For a complete

review and discussion of current angiogenesis assays, see Staton et al. (2009)
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the crucial role of chemokines as direct regulators of angiogenesis, and on the

potential implication of this function in various pathological conditions.

The human chemokine network involves approximately 20 receptors and 50

ligands, classified according to the spacing of their first cystein residues into four

subfamilies designated C, CC, CXC, and CX3C (Taub 2004). Furthermore, the

CXC chemokines are divided into two groups depending on the presence or absence

of three conserved amino acids (Glu-Leu-Arg; ELR) preceding the first cystein

residue in the NH2-terminal domain. The ELR-motif affects the receptor binding

specificity and thereby determines biological function, including the promotion or

Angiogenic chemokine
Angiostatic chemokine
Angiogenic growth factor
Chemokine receptor

Receptor tyrosine kinase

IFN

Angiogenesis

T-cell

Angiostasis

endothelial cell

neutrophil

macrophage

1

2

3

5
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Fig. 1 Mechanisms involved in chemokine-mediated regulation of angiogenesis. Chemokines

induce angiogenesis through (1) recruitment of pro-angiogenic hematopoietic cells and progeni-

tors, (2) activation of cognate receptors expressed on endothelial cells inducing chemotaxis and

tubular morphogenesis, (3) molecular cross-talk with angiogenic growth factor signaling, and (4)

direct interaction between chemokine/chemokine receptor complexes and receptor tyrosine kinase

receptors. Angiostatic chemokines inhibit angiogenesis through (5) recruitment of T-cells that in

turn induce expression of angiostatic chemokines in a positive feedback loop, (6) binding to

cognate receptors expressed on endothelial cells inducing apoptosis or regression of vessels, (7)

binding of angiogenic growth factors, and (8) inhibition of receptor tyrosine kinase receptor

signaling
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inhibition of angiogenesis (Strieter et al. 1995). Chemokines act through binding to

seven-transmembrane G-protein-coupled receptors (GPCR), triggering activation of

downstream signaling events typically including release of calcium from intracellular

stores (Salanga et al. 2009). Several chemokines can bind multiple chemokine recep-

tors, and many chemokine receptors bind multiple ligands. Adding complexity to the

system, chemokines may form homo- or heterodimers or be presented as multimers

through binding to glucosaminoglycans, leading to oligomerization of chemokine

receptors (Salanga et al. 2009). Interestingly, GPCRs have cross talk with other

signaling pathways through multiple mechanisms. This allows chemokine signaling

to impinge on, for example, receptor tyrosine kinase pathways, and thereby affect a

range of cellular events. As discussed later, many chemokines/chemokine receptor

pathways have cross talk with pro-angiogenic VEGF and fibroblast growth factor

(FGF) signaling, resulting in differential effects on angiogenesis.

3 Angiostatic Chemokines

Vascular homeostasis requires a strict balance between pro- and anti-angiogenic

factors, resulting in restraint of vessel formation denoted angiostasis. Angiogenic

stimuli, such as hypoxia, shift the balance of factors towards angiogenesis, initiat-

ing formation of vessels. Importantly, during physiological angiogenesis, the pro-

cess is terminated when adequate vascularization has been achieved, shifting the

balance back towards angiostasis. During pathological conditions, such as in

tumors or during chronic inflammation, the strict balance between angiogenic and

angiostatic (anti-angiogenic) factors is lost, leading to the continued formation of

Table 2 Factors secreted by myeloid cells that stimulate angiogenesis

Cell type Angiogenic factor

Macrophages IL-1b, TNF-a, CXCL8, bFGF, IL-6
Tumor-associated

macrophages (TAM)

VEGF, bFGF, TNF-a, IL-1b, CXCL8, COX2, PDGF, VEGF-C,
VEGF-D, MMP7, MMP9, MMP12, Sema4D

Dendritic cells VEGF, TNF-a, CXCL8
Mast cells VEGF, bFGF, MMP-9, TNF-a, TGFb, CCL2, CXCL8
Neutrophils VEGF, CXCL8, CXCL1, Bv8, MMP9

Myeloid-derived suppressor

cells

VEGF, bFGF, IL-1b, MMP9, CCL2

Eosinophils VEGF, bFGF, IL-6, GM-CSF, PDGF, TGFb, CCL11

Myeloid cells secrete multiple angiogenic molecules, including growth factors, cytokines, che-

mokines, and matrix metalloproteinases. The table indicates prominent angiogenic factors released

by different subsets of myeloid cells, reviewed in Mantovani et al. (2002), Dirkx et al. (2006),

Murdoch et al. (2008), Shojaei and Ferrara (2008), Shojaei et al. (2008), Zumsteg and Christofori

(2009). Myeloid-derived suppressor cells are a heterogeneous population of immature myeloid

progenitor cells that are immunosuppressive (Murdoch et al. 2008; Shojaei and Ferrara 2008;

Shojaei et al. 2008)

IL interleukin; TNF tumor necrosis factor; VEGF vascular endothelial growth factor; bFGF basic

fibroblast growth factor; COX2 cyclooxygenase 2; PDGF platelet derived growth factor; MMP
matrix metalloproteinase; Sema4D semaphorin4D; TGF transforming growth factor
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dysfunctional vessels. Notably, the net effect on angiogenesis is equally dependent

on the expression levels of pro- and anti-angiogenic factors.

3.1 ELR-Negative CXCR3-Ligands Are Angiostatic

Interferon (IFN)-inducible ELR-negative CXC-family chemokines are potent

angiostatic factors that prevent angiogenesis in response to growth factors and

angiogenic chemokines (Balestrieri et al. 2008). Among these, CXCL4/platelet

factor 4 (PF4) and CXCL10/interferon-g inducible protein 10 (IP-10) have been

most extensively studied, but angiostatic activity has also been noted for CXCL9/

monokine induced by gamma (MIG), CXCL11/interferon inducible T-cell alpha

chemoattractant (I-TAC), and the CXCL4 analog CXCL4L1 (Strieter et al. 1995;

Maione et al. 1990; Angiolillo et al. 1995; Sato et al. 1990; Romagnani et al. 2001;

Struyf et al. 2004). These angiostatic chemokines all bind to CXCR3a and CXCR3b

receptors, which are splice variants of the same gene, with the exception of CXCL4

that binds CXCR3b exclusively. CXCR3b expressed on the endothelial cell surface

mediates the angiostatic activity of ELR-negative chemokines in vitro (Lasagni

et al. 2003). Importantly, mice lacking CXCR3 show excessive vessel formation

during wound healing, highlighting the importance of ELR-negative CXC-family

chemokines in maintaining vascular homeostasis.

Several immune cells express CXCR3 and are consequently recruited and

activated by CXCR3 ligands, coupling regulation of immune response with angios-

tasis. However, CXCL4, CXCL9, CXCL10, and CXCL11 chemokines have been

shown to directly inhibit growth factor-induced endothelial chemotaxis and tube

formation in vitro and angiogenesis in the chick chorioallantoic membrane (CAM)

and matrigel plugs in mice in vivo, implying that the angiostatic function is, at least

in certain contexts, cell autonomous (Strieter et al. 1995; Maione et al. 1990;

Angiolillo et al. 1995; Sato et al. 1990; Romagnani et al. 2001; Struyf et al.

2004). Interestingly, it was recently demonstrated that CXCL10 induce dissociation

and regression of newly formed vessels during wound healing. Endothelial cord

dissociation was induced through a CXCR3-dependent activation of m-calpain,
leading to cleavage of the cytoplasmic tail of b3 integrins followed by endothelial

apoptosis (Bodnar et al. 2009). This process was equally induced in the presence of

angiogenic factors, suggesting a role in pruning of developing vasculature.

3.2 Regulation of Angiostatic Chemokines: Coupling
to Immune Response

There is a reciprocal regulation of IFN-inducible ELR-chemokine expression and

induction of Th1-type immune response (Balestrieri et al. 2008). CXCR3 ligands

activate interleukin secretion from recruited CXCR3-expressing Th1 T-cells,
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natural killer cells, and mononuclear cells, leading to increased production of

IFN-g. IFN-g induces expression of CXCL9, CXCL10, and CXCL11, which

again enhances recruitment and activation of CXCR3-expressing cells. The direct

interaction between monocytes and endothelial cells has also been shown to

synergistically induce expression of CXCL10 (Kasama et al. 2002).This positive

feedback loop may result in “immunoangiostasis,” in which Type 1 immune

response and inhibition of angiogenesis occur simultaneously. Similarly, interleu-

kin (IL)-12, which is a T-cell stimulating factor, induces secretion of angiostatic

chemokines from splenocytes, including CXCL10 and CXCL9 (Strasly et al. 2001).

Interestingly, IL-12-induced inhibition of FGF-induced angiogenesis is strictly

dependent on CXCL10 (Sgadari et al. 1996).

CXCR3 is expressed in a cell-cycle-dependent manner in cultured microvas-

cular endothelial cells, its expression coinciding with that of cyclin A1, in the

S-phase of the cell-cycle (Romagnani et al. 2001). This interesting observation

suggests that only actively dividing endothelial cells are able to respond to

CXCR3 ligands, directly coupling induction of angiogenesis to its potential

inhibition. Supporting this notion, CXCL4 was shown to bind specifically to

areas of active angiogenesis in vivo (Hansell et al. 1995). Notably, it is not clear

to what extent binding to endothelial CXCR3 is required for angiostatic activity of

ELR-chemokines in vivo. It has been shown that CXCL4 exerts its inhibitory

effect on FGF-induced angiogenesis through direct complex formation with

bFGF, which inhibits dimerization, binding, and activation of FGFR2 (Perollet

et al. 1998). Similar mechanisms are involved in CXCL4-mediated inhibition

of VEGF/VEGFR signaling (Gengrinovitch et al. 1995). CXCL4 may also inter-

act with integrins implicated in angiogenesis, and consequently, soluble CXCL4

inhibits integrin-dependent adhesion of endothelial cells (Aidoudi et al. 2008).

3.3 Angiostatic CXCR3-Ligands in Tumor Growth
and Angiogenesis

The concept of chemokine-dependent immunoangiostasis proposes that interferon-

inducible ELR-chemokines in combination with Th1-type immune cells may syn-

ergistically induce tumor regression. In accordance, neutralization of CXCL10

increases growth, metastasis, and endothelial content in non-small cell lung cancer

(NSCLC) implanted in SCID mice (Arenberg et al. 1996a). Viral-mediated trans-

duction of CXCL4 cDNA inhibited angiogenesis and growth of intracerebral

gliomas in mice, prolonging survival of treated animals (Tanaka et al. 1997).

Interestingly, the CXCL4 analog CXCL4L1 was recently shown to be an even

more potent inhibitor of growth and metastasis of melanoma through inhibition

of angiogenesis (Struyf et al. 2007). These studies collectively suggest that treat-

ment with angiostatic chemokines may be very beneficial for cancer patients and
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warrants further research, evaluating this interesting group of chemokines as

therapeutic drugs.

4 Angiogenic Chemokines

4.1 ELR-Positive CXC-Family Chemokines Induce Angiogenesis

A subgroup of the CXC family chemokines with an ELR-motif in the N-terminal

region has the potential to increase angiogenesis via the recruitment of polymor-

phonuclear neutrophils into inflamed tissue or through direct modulation of endo-

thelial function. CXCL8/IL-8 was the first discovered chemokine to exhibit

angiogenic activity, initially found to induce neo-vascularization in vivo using the

rabbit corneal pocket model and then identified as a macrophage-derived factor that

enhances angiogenesis through induction of proliferation and chemotaxis of endo-

thelial cells (Strieter et al. 1992; Koch et al. 1992). Subsequently, several related

ELR-positive chemokines, including CXCL1, CXCL2, CXCL3, CXCL5, CXCL6,

and CXCL7, were found to directly induce endothelial migration in vitro and cornea
neovascularization in vivo (Strieter et al. 1995). Although ELR-positive chemokines

mediate angiogenesis in the absence of preceding inflammation in the rat cornea

model, CXCL1, CXCL2, and CXCL8 failed to induce angiogenesis in matrigel

plugs in neutropenic mice, suggesting that additional neutrophil-derived pro-angio-

genic factors are required for efficient vascularization in this setting (Benelli et al.

2002). The importance of the presence of an ELR-motif has been elegantly proven

by mutating the ELR-sequence in CXCL8, which completely switched the function

of the protein to inhibition of angiogenesis (Strieter et al. 1995). Similarly, the

introduction of an ELR-motif converted CXCL9 to a pro-angiogenic protein.

There is an important exception to this rule, as discussed later, namely the pro-

angiogenic ELR-negative chemokine CXCL12/stromal-derived factor (SDF)-1.

There is ample proof that CXCR2 is the common receptor mediating the pro-

angiogenic effects of ELR+ chemokines. Importantly, aside from CXCL8 and

CXCL6, which also bind to CXCR1, all angiogenic ELR+ chemokines are exclu-

sive ligands for CXCR2 (Keeley et al. 2008). A functional role of CXCR2 in

angiogenesis was convincingly demonstrated through antibody-mediated inhibition

of CXCR2, resulting in blocked chemotaxis induced by ELR+ chemokines and

perturbed angiogenesis in rat corneal micropockets (Addison et al. 2000). Consis-

tent with this, ELR+ chemokines failed to induce angiogenesis in corneas of

CXCR2-deficient mice. There is also a delay in wound healing in mice lacking

CXCR2, which was associated with decreased neovascularization of the wound

tissue (Devalaraja et al. 2000). However, the inhibition of angiogenesis in this

setting may be partially due to perturbed recruitment of neutrophils, precluding

conclusions to be drawn regarding a direct function of CXCR2 in neovasculariza-

tion during wound healing.
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4.2 Pro-Angiogenic ELR-Positive Chemokines Are Induced
Downstream of NF-kB Activation

CXCR2 ligands have been shown to be pro-angiogenic downstream of several

distinct pathways, typically involving activation of NF-kB transcription factors.

Chemokines are direct targets for NF-kB signaling pathways, which are central

mediators of inflammatory signaling and endothelial activation downstream of

tumor necrosis factor (TNF)-a and IL-1b stimulation. For instance, CXCL2 was

up-regulated in IL-1b-expressing lewis lung carcinoma cells, and induced tumor

angiogenesis through binding to CXCR2 (Saijo et al. 2002). The NF-kB-pathway is
also induced during hypoxia downstream of HIF-1a induction. Constitutive activa-

tion of HIF-1 in keratinocytes enhanced NF-kB activation and induced transcrip-

tion of CXCL1, CXCL2, and CXCL3 in a transgenic mouse model (Scortegagna

et al. 2008). However, HIF-1-independent up-regulation of CXCL8 in response to

hypoxia has also been described, suggesting that multiple pathways may lead to

chemokine activation during low oxygen pressure (Mizukami et al. 2005). Tissue

injury also induces chemokine expression through alternative pathways. For

instance, CXCL1 is induced by thrombin in endothelial cells and tumor cells, and

plays a pivotal role in thrombin-induced angiogenesis through up-regulation of pro-

angiogenic molecules, including its receptor CXCR2 (Caunt et al. 2006).

CXCL8 interacts with the VEGF-signaling pathway in several ways. Autocrine

VEGF stimulation was shown to induce CXCL8 secretion in tumor-associated brain

endothelial cells (Charalambous et al. 2005). Conversely, CXCL8 has recently been

shown to induce VEGF expression through Carma3/Bcl10/Malt1-dependent acti-

vation of NF-kB, leading to autocrine stimulation of VEGFR2 (Martin et al. 2009).

A direct interaction between CXCL8 and VEGF-signaling pathways has also been

described. Petreaca and co-authors showed that CXCL8 induced phosphorylation of

VEGFR2 in a VEGF-independent manner, and that transactivation of VEGFR2 was

required for CXCL8-induced endothelial permeability (Petreaca et al. 2007). Treat-

ment with recombinant CXCL8 induced complex formation between CXCR1/

CXCR2 and VEGFR2 in a Src-dependent manner, leading to phosphorylation of

VEGFR2 and endothelial gap formation downstream of RhoA-activation.

4.3 The CXCR2L/CXCR2 Axis in Tumor Vascularization

Interestingly, oncogenes and growth factors may directly induce chemokines,

coupling tumorigenesis to inflammation and angiogenesis. Overexpression of Bcl-2,

a pro-survival protein up-regulated in many tumors, induces CXCL1 and CXCL8 in

microvascular endothelial cells through activation of NF-kB (Karl et al. 2005).

Similarly, EGF-induced up-regulation of Bcl-XL induces sprouting angiogenesis in

a CXCR2-dependent fashion, involving an ERK-dependent increase in VEGF and a

subsequent rise in CXCL1 and CXCL8 downstream of Bcl-2 (Karl et al. 2007).
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CXCL8 stimulation has in turn been shown to increase survival of endothelial cells

through up-regulation of Bcl-2 and inhibition of Bax, suggesting the existence of a

synergistic feedback loop between chemokines and Bcl-2 family signaling path-

ways (Li et al. 2003). Semaphorin 3B, previously described as a tumor suppressor,

increases metastatic dissemination in experimental tumor models through up-

regulation of CXCL8 downstream of neuropilin-1-mediated p38-mitogen-activated

protein kinase activation (Rolny et al. 2008). Notably, CXCL8 is a transcriptional

target for oncogenic RAS-signaling required for initiation of tumor-associated

inflammation and neovascularization in RAS-expressing tumors (Sparmann and

Bar-Sagi 2004). In a recent report, p53 was implicated in ID4-mediated stabiliza-

tion of CXCL1 and CXCL8 mRNA, offering a new level of regulation of chemo-

kine expression by oncogenes (Fontemaggi et al. 2009).

The role of CXCL8 in tumor angiogenesis is undisputed. Aside from its direct

role in enhancing survival, chemotaxis, and tubular morphogenesis of endothelial

cells, CXCL8 is a potent chemoattractant for monocytes and neutrophils, which in

turn provide angiogenic growth factors and MMPs. The important function of

CXCL8 in tumor angiogenesis was first suggested by the observation that angio-

genic activity of bronchogenic carcinoma tumor cell homogenates was blocked

through inhibition of CXCL8 (Smith et al. 1994). Consistent with this, neutralizing

antibodies to CXCL8 or its cognate receptor CXCR2 inhibited tumorigenesis in

human NSCLC in SCID mice, associated with reduced angiogenic activity and

decreased vascular density (Arenberg et al. 1996b; Numasaki et al. 2005). Further-

more, CXCR2-deficient mice show decreased growth of renal cell carcinoma

(RENCA), associated with decreased angiogenesis, reduced metastatic dissemina-

tion, and increased necrosis (Mestas et al. 2005). Tumor growth, angiogenesis, and

metastasis of CXCL8-expressing human melanoma were also reduced in CXCR2-

deficient nude mice, in association with decreased neutrophil infiltration, under-

scoring an important role of host CXCR2 in tumorigenesis (Singh et al. 2009).

Transgene expression of CXCR2 in endothelial cells enhanced angiogenesis and

tumor growth of melanocytes expressing a functional homologue to human

CXCL8/CXCL1, macrophage inflammatory protein (MIP)-1, providing additional

evidence for a direct role of CXCR ligands on endothelial cell function in vivo
(Horton et al. 2007). Conversely, endothelial expression of the chemokine decoy

receptor DARC decreased tumor vascular density and growth in the same model,

while increasing trafficking of leukocytes.

4.4 CXCL12/CXCR4 Signaling in Recruitment of Pro-Angiogenic
Bone Marrow Derived Cells

CXCL12/stromal cell-derived factor (SDF)-1 is an ELR-negative chemokine that

acts as a potent inducer of angiogenesis. While angiostatic ELR-negative chemo-

kines bind CXCR3, CXCL12 is a ligand for CXCR4 and the newly discovered
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receptor CXCR7 (Petit et al. 2007; Burns et al. 2006). CXCL12 is constitutively

expressed in many different cell types, and expression is further induced upon

ischemia or tissue injury. In the bone marrow, where the oxygen pressure is lower

than in peripheral blood, CXCL12 is constitutively secreted by stromal cells and

presented on endothelial cells (Petit et al. 2007; Mendez-Ferrer and Frenette 2007;

Burger and Burkle 2007). Thereby, CXCL12 regulates homing and retention of

CXCR4-expressing hematopoietic stem and progenitor cells in the marrow.

CXCL12 may enhance angiogenesis through several distinct mechanisms. First,

CXCL12 can act directly through CXCR4 expressed on endothelial cells, inducing

endothelial chemotaxis, tubular morphogenesis, and endothelial sprouting from rat

aortic rings in vitro (Gupta et al. 1998; Salcedo et al. 1999; Deshane et al. 2007).

Recently, the signaling pathway regulating CXCL12-induced endothelial migration

has been elucidated and shown to be dependent on JNK3 activation, which occur

downstream of eNOS-induced nitrosylation of MKP7 (Pi et al. 2009). CXCL12/

CXCR4 activation is an important mediator of VEGF- and FGF-induced angio-

genic programs. Indeed, blocking either CXCL12 or CXCR4 inhibits VEGF and

FGF-induced tubular morphogenesis of endothelial cells (Salvucci et al. 2002;

Salcedo et al. 2003). Conversely, the CXCL12/CXCR4 signaling pathway has

been implicated in regulating the angiogenic switch in prostate cancer through

down-regulation of phosphoglycerate kinase, leading to the production of VEGF

and CXCL8 and decreasing expression of anti-angiogenic angiostatin (Wang et al.

2007). Second, CXCL12 induces adhesion, chemotaxis, and homing of circulating

pro-angiogenic CXCR4+ hemotopoetic cells and endothelial progenitor cells to

neo-vascular niches, contributing to angiogenesis in ischemic tissue and tumors

(Petit et al. 2007). The recruitment of pro-angiogenic bone marrow-derived cells to

wound tissue may be induced by platelet release of CXCL12 in response to vessel

injury (Jin et al. 2006). Hypoxic gradients directly induce CXCL12 expression

through activation of HIF-1a transcription factors in endothelial cells, leading to

mobilization of bone marrow-derived progenitors (Schioppa et al. 2003; Ceradini

et al. 2004). Endothelial progenitor cells express CXCR4 and have been suggested

to contribute to CXCL12-induced angiogenesis. Indeed, CXCL12 increases the

number of circulating endothelial progenitor cells during ischemia, and induce

formation of tubular structures of co-injected c-kit+ progenitor cells in matrigel

plugs in mice (De Falco et al. 2004). However, the relative contribution of endo-

thelial progenitor cells to angiogenesis in various pathological conditions is still

controversial (Ahn and Brown 2009; Pearson 2009). Finally, CXCL12 is important

for retention of recruited bone marrow-derived cells close to the developing neo-

vasculature, allowing continuous secretion of angiogenic growth factors during

wound healing (Grunewald et al. 2006).

CXCL12 is well established as a potent inducer of tumor growth and metastatic

dissemination through induction of angiogenesis (Guleng et al. 2005; Orimo et al.

2005; Singh et al. 2007; Yoon et al. 2007; Li and Ransohoff 2009). However, the

pro-angiogenic role of CXCL12 may be dependent on the tumor type, as neutralizing

antibodies to CXCL12 blocked tumor growth and metastasis of NSCLC in SCID

mice without affecting tumor angiogenesis (Phillips et al. 2003). The molecular
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mechanisms that regulate CXCL12/CXCR4-induced angiogenesis in vivo are still

not fully elucidated, and are likely to be at least partially dependent on recruitment

of pro-angiogenic bone marrow-derived cells. Interestingly, mice lacking either

CXCL12 or CXCR4 reveal vascular abnormalities, strongly supporting an impor-

tant role of CXCL12/CXCR4 signaling in embryonic vasculogenesis (Tachibana

et al. 1998; Ara et al. 2005). CXCL12 does not induce signaling through CXCR7,

but CXCR4/CXCR7 heterodimers enhance CXCL12 signaling (Sierro et al. 2007).

This appears to be specifically important in cardiac development, as endothelial-

specific deletion of CXCR7 resulted in ventricular septal defects and heart valve

malformations (Sierro et al. 2007).

4.5 CCL-Family Chemokines as Inducers of Angiogenesis

The CCL family is the largest chemokine subgroup involved in both inflammatory

response during infection and tissue injury, immune surveillance, and lymphocyte

homing. Several CCL family members promote an angiogenic program inducing

migration, invasion, and tubular morphogenesis of endothelial cells in vitro, but it is
not clear as to what extent the angiogenic function of these chemokines in vivo
depend on recruitment of leukocytes. Interestingly, release of CCL-family chemo-

kines from tumor neovessels and recruitment of CCR2- and CCR5-expressing

progenitors has been described as a late event in carcinogenesis, correlating with

mobilization of circulating endothelial progenitor cells (Spring et al. 2005).

CCL1 participates in the recruitment of monocytes and Th2-cells, and has been

shown to induce angiogenesis in the rabbit cornea micropocket and CAM assays

(Bernardini et al. 2000). CCL1 binds to CCR8, expressed on endothelial cells, and

induces migration, invasion, and tubular morphogenesis in vitro. However, CCL1-
induced recruitment of pro-angiogenic leukocytes is likely to at least partially

contribute to angiogenesis in vivo. The eosinophil chemoattractant CCL11/eotaxin

has angiogenic effects in vivo and induces chemotaxis of endothelial cells in vitro
through binding to CCR3 (Salcedo et al. 2001). Blood vessel formation in vivo in

the CAM and matrigel plug assay in mice following CCL11-stimulation was

accompanied by infiltration of eosinophils, which may in turn release pro-angio-

genic factors. Importantly, the observation of robust endothelial sprouting from rat

aortic rings, in the absence of eosinophils, supports a direct pro-angiogenic function

of CCL11. Likewise, CCL3 is an indirect inducer of angiogenesis during inflam-

mation through recruitment of macrophages (Barcelos et al. 2009; Wu et al. 2008),

but has also been implicated in autocrine stimulation of neovessel proliferation in a

murine model of hepatocellular carcinoma through binding to its cognate receptor

CCR5 (Ryschich et al. 2006).

CCL15, CCL16, and CCL23 induce migration and tube formation of endothelial

cells in vitro, and induce neo-vascularization in the CAM assay through binding to

CCR1 (Hwang et al. 2004, 2005; Strasly et al. 2004). In the case of CCL15, this

effect was partially dependent on CCR3 binding, evidenced by a complete block in
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migration requiring treatment with neutralizing antibodies towards both CCR1 and

CCR3 (Hwang et al. 2004). Interestingly, CCL16 signaling has cross talk with other

pro-angiogenic pathways through increased production of CXCL8 and CCL2, and

primes endothelial cells to mitogen signals by VEGF (Strasly et al. 2004). Because

of the common binding and activation of CCR1, it is likely that similar pathways

are induced by CCL15 and CCL23.

4.5.1 CCL2 in Arteriogenesis and Angiogenesis

CCL2/monocyte chemoattractant protein (MCP)-1 has an important role in arter-

iogenesis, mainly due to its role in recruitment of monocytes. Monocyte recruit-

ment plays an important role during arteriogenesis, especially during collateral

growth in response to vessel occlusion and tissue ischemia. CCL2 has a nonredun-

dant function in monocyte recruitment through binding to its cognate receptor

CCR2, evidenced by the impaired ability of CCL2�/� or CCR2�/�mice to recruit

monocytes to affected tissues during inflammation (Charo and Taubman 2004).

CCL2 treatment induces chemotaxis of endothelial cells expressing CCR2,

increases sprouting of rat aortic rings, and enhances angiogenesis in the CAM

assay and in matrigel plugs in mice (Weber et al. 1999; Salcedo et al. 2000).

Although the in vitro data support a direct role of CCL2 in modulation of endothe-

lial function, the in vivo effects of CCL2 on vessel formation may be partially due to

recruitment of monocytes secreting pro-angiogenic factors. CCL2-induced angio-

genesis involves activation of Ets-1 and MCPIP transcription factors and up-

regulation of MTI-MMP, and can be attenuated through blocking of either of

these events (Galvez et al. 2005; Stamatovic et al. 2006; Niu et al. 2008).

CCL2 has a functional role in angiogenesis and arteriogenesis downstream of

cytokine and growth factor signaling. CCL2 up-regulation is critical for VEGF-

induced tubular morphogenesis and permeability (Yamada et al. 2003; Marumo

et al. 1999). TGF-b up-regulates CCL2 directly through SMAD-signaling, which

leads to angiogenesis and smooth muscle cell migration dependent on CCL2

(Ma et al. 2007). bFGF enhances CCL2 production from mesenchymal cells, which

in turn improves arteriogenesis during hind limb ischemia in mice (Fujii et al. 2006).

4.6 CX3CL/CX3CR Axis in Angiogenesis

CX3CL/Fractalkine is the only known member of the CX3C-subfamily of chemo-

kines, and is expressed as a transmembrane protein that can also be cleaved to a

soluble variant. CX3CL induces chemotaxis and tubular morphogenesis of endo-

thelial cells and increases sprouting in rat aortic rings in vitro, and enhances

angiogenesis in the CAM assay, rabbit corneal micropocket neovasculariza-

tion assay, and mouse matrigel plugs in vivo (Volin et al. 2001; Ryu et al. 2008;
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You et al. 2007). The pro-angiogenic effects of CX3CL are due to induction ofHIF-1a
transcription factors, leading to increased VEGF-levels (Ryu et al. 2008). Conse-

quently, CX3CL-induced angiogenesis is blocked by inhibition of VEGFR2.

CXC3L levels are increased in vitreous fluid in diabetic retinopathy patients

and in synovial fluid from rheumatoid arthritis patient, and may be a target for

anti-angiogenic treatment of these diseases (Volin et al. 2001; You et al. 2007).

However, CX3CL may induce opposite effects in different microenvironmental

settings. While CX3CL injection improved the condition of hind limb ischemia

through pro-angiogenic effects, it reduced alkali-induced corneal neovasculariza-

tion through production of anti-angiogenic factors in CX3CR expressing macro-

phages (Ryu et al. 2008; Lu et al. 2008).

4.7 KSHV-Encoded and CMV-Encoded Chemokines
in Angiogenesis

Virally encoded chemokines and chemokine receptors that induce angiogenesis

have been described and may influence human disease. A constitutively active

GPCR of Kaposis sarcoma-associated herpesvirus (KSHV), with homology to

chemokines receptors, has been shown to induce an angiogenic switch mediated

byVEGF (Bais et al. 1998). Conditionedmedia from transfected NIH3T3 fibroblasts

induced HUVEC proliferation and tubular morphogenesis in a VEGF-dependent

fashion. The KSHV-encoded chemokines vMIP-11 is a CCR4 agonist that has been

shown to stimulate angiogenesis in the CAM assay and attract Th2-cells (Stine et al.

2000). Finally, the CMV-encoded chemokine receptor US28 promotes angiogenesis

and tumorigenesis via NFkB-driven VEGF-induction of COX-2 (Maussang et al.

2006, 2009).

5 The Chemokines and Their Receptors as Future

Therapeutic Targets

Angiogenesis and inflammation are linked processes that affect the outcome of

many pathological conditions. Chemokines are central regulators of both these

processes, suggesting that targeting chemokines or chemokine receptors may be

beneficial in a wide range of diseases (Ley et al. 2007; Thelen and Stein 2008)

(Table 3). Several anti-angiogenic drugs, many of which disrupt VEGF/VEGFR

activation, have been approved and are successfully used in the treatment of, for

example, age-related macula degeneration and various types of cancer (Olsson et al.

2006; Jain et al. 2006). Combining anti-angiogenic therapy with chemotherapy is

beneficial in cancer treatment, presumably due to normalization of the tumor

vasculature and increased delivery of drugs into the tumor. However, applying
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anti-angiogenic therapy does not cure the disease. In fact, aggressive anti-angio-

genic therapy has recently been associated with increased metastatic dissemination

in animal models, although this has yet to be confirmed in human patients (Ebos

et al. 2009; Paez-Ribes et al. 2009). Moreover, tumor resistance to anti-angiogenic

therapy is still an unresolved clinical problem (Kerbel 2008). One mechanism of

refractoriness to anti-VEGF therapy is through recruitment of pro-angiogenic

myeloid cells (Shojaei et al. 2007). Drugs targeting chemokines may simulta-

neously block angiogenesis and inhibit immune cell recruitment, thereby reducing

the risk of relapse. Targeting chemokines may also decrease the rate of metastatic

dissemination as cancer cells are believed to utilize similar pathways for extravasa-

tion as do hematopoietic cells. Indeed, treatment with angiostatic chemokines

or inhibition of angiogenic chemokines/chemokine receptors reduces angiogenesis,

inhibits tumor growth, and reduces metastasis in many different tumor models.

The observation that chemokines frequently have cross talk with several angiogenic

factors suggests that combined targeting of chemokines and growth factors may

have synergistic effects. Importantly, chemokines have been proposed as therapeu-

tic targets for chronic inflammatory disorders, myocardial ischemia, artherosclero-

sis, and pulmonary fibrosis, and play an important role during wound healing

Table 3 Human chemokines and chemokine receptors involved in angiogenesis

Systematic name Receptor Key references

Angiostatic chemokines
CXCL4, CXCL4L1 CXCR3b Sato et al. (1990), Lasagni et al. (2003), Struyf et al.

(2007), Maione et al. (1991)

CXCL9 CXCR3b Strieter et al. (1995), Lasagni et al. (2003)

CXCL10 CXCR3b Angiolillo et al. (1995), Lasagni et al. (2003)

CXCL11 CXCR3b Strieter et al. (1995), Lasagni et al. (2003)

Angiogenic chemokines
CXCL1 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL2 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL3 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL5 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL6 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL7 CXCR2 Strieter et al. (1995), Addison et al. (2000)

CXCL8 CXCR2 Strieter et al. (1992), Koch et al. (1992), Addison et al.

(2000)

CXCL12 CXCR4,

CXCR7

Salcedo et al. (1999), Deshane et al. (2007), Tachibana

et al. (1998), Ara et al. (2005), Sierro et al. (2007)

CCL1 CCR8 Bernardini et al. (2000)

CCL2 CCR2 Weber et al. (1999), Salcedo et al. (2000)

CCL3 CCR5 Ryschich et al. (2006)

CCL11 CCR3 Salcedo et al. (2001)

CCL15 CCR1,

CCR3

Hwang et al. (2004)

CCL16 CCR1 Strasly et al. (2004)

CCL23 CCR1 Hwang et al. (2005)

CX3CL CX3CR Volin et al. (2001), Ryu et al. (2008), You et al. (2007)

Chemokines/chemokine receptors and the key references demonstrating a direct role in angiogen-

esis are indicated. Additional references are given in the text
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(Keeley et al. 2008; Strieter et al. 2007). Strategies to inhibit or augment chemokine

signaling may therefore be of general importance, and would potentially be utilized

in the clinical treatment of several conditions. However, the central role of chemo-

kines in the immune system and the extensive redundancy of chemokine/chemo-

kine receptor signaling necessitate further investigation regarding the putative

benefit in intervening with chemokine signaling in pathological disorders.
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