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Chemokines have pleiotropic effects in regulating immunity, angiogenesis, stem cell traf-
ficking, and mediating organ-specific metastases of cancer. In the context of angiogenesis,
the CXC chemokine family is a unique group of cytokines known for their ability to behave
in a disparate manner in the regulation of angiogenesis. The glutamic acid-leucine-argi-
nine (ELR+) CXC chemokines are potent promoters of angiogenesis, and mediate their

Keywords: angiogenic activity via signal-coupling of CXCR2 on endothelium. By contrast, members
CXC chemokines of the CXC chemokine family, such as platelet factor-4 (PF4; CXCL4) and interferon-induc-
Angiogenesis ible CXC chemokines are potent inhibitors of angiogenesis, and use CXCR3 on endothelium
Angiostasis to mediate their angiostatic activity. This review will discuss the biology of CXC chemo-
Tumourigenesis kines in the context of angiogenesis related to cancer.

Cancer © 2006 Elsevier Ltd. All rights reserved.
1. Introduction family has four highly conserved cysteine amino acid residues,

Angiogenesis is a critical biological process under both physio-
logical and pathological conditions. Angiogenesis can occur
under physiological conditions that include embryogenesis
and the ovarian/menstrual cycle. By contrast, pathological
angiogenesis has been most studied in tumour biology related
to cancer. A variety of factors have been described that either
promote (angiogenic) or inhibit (angiostatic) angiogenesis.*™*
In the local tumour micro-environment, net angiogenesis is
determined by an imbalance in the over-abundance of angio-
genic, compared with relative under-expression of angiostatic
factors. The CXC chemokine family contains members that
can function as either promoters or inhibitors of angiogenesis.
CXC chemokines are heparin-binding proteins, with their hep-
arin-binding domain in the C-terminus of the molecule. The
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with the first two cysteines separated by a non-conserved ami-
no acid residue.’®*” The N-terminus of CXC chemokines dic-
tates their specificity for binding to their cognate receptors.
For example, CXC chemokines that contain a glutamic acid-
leucine-arginine motif (‘ELR’ motif; ELR+) in the N-terminus
of the molecule that immediately precedes the first cysteine
amino acid residue are potent promoters of angiogenesis.’>™’
By contrast, platelet factor-4 and other interferon-inducible
CXC chemokines that lack the conserved ELR motif are potent
inhibitors of angiogenesis.'” The dissimilarity in structure in
the N-terminus of these CXC chemokines plays an important
role in receptor specificity on endothelial cells. On the basis
of the unique functional differences of the CXC chemokines,
there has been increasing interest in their importance in regu-
lating angiogenesis relevant to cancer.
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2. Angiogenic ELR+ CXGC chemokines

The angiogenic CXC chemokine family members include
CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7 and CXCL8
(Table 1).” The angiogenic CXC chemokines interacting alone
or with other angiogenic factors can function in a direct, par-
allel, or serial manner to promote angiogenesis. For example,
vascular endothelial cell growth factor (VEGF) activation of
endothelial cells can lead to up-regulation of the anti-apopto-
tic molecule, Bcl-2, that in turn promotes the expression of
endothelial cell-derived CXCL8;*® CXCL8 then functions in
an autocrine and paracrine manner to maintain the angio-
genic phenotype of the endothelial cell.'® The autocrine
and paracrine effect of VEGF in promoting the expression of
CXCL8 has been further substantiated in a recent finding for
neutrophils in the promotion of angiogenesis by a paracrine
feed-forward mechanism involving endothelial cell-derived
CXCL8.2° Activation of neutrophils with N-formyl-Met-Leu~
Phe (fMLP) results in the generation of pro-angiogenic activity
related to both VEGF and CXCL8.2° Moreover, in a feed-
forward manner neutrophil-derived VEGF induces the
expression of endothelial cell-derived CXCL8, which in turn
maintains the formation of CXCL8-dependent capillary-like
structures. Other examples of serial pathways that promote
CXC chemokine mediated angiogenesis are operative and in-
clude receptor activation of seven transmembrane G protein-
coupled receptors (7TM-GPCR) and tyrosine kinase receptors
(TKRs). The activation of 7TM-GPCR and TKRs lead to down-
stream signalling and activation of NF-«xB that can contribute
to the expression of angiogenic CXC chemokines in cancer
cells and enhanced tumour-associated angiogenesis.?’*>*
These results demonstrate the existence of novel paracrine
and autocrine signal pathways that lead to enhanced ELR+
CXC chemokine-dependent angiogenesis.

Table 1 - CXC chemokine family members that regulate
angiogenesis

Chemokine family

Angiogenic ELR+ CXC chemokines
IL-8 (CXCL8)

ENA-78 (CXCL5)

GRO-2(CXCL1)

GRO-B(CXCL2)

GRO-7(CXCL3)

GCP-2 (CXCL6)

PBP

CTAP-III

B-TG

NAP-2 (CXCL7)

Angiostatic non-ELR+ CXC chemokines
PF-4 (CXCL4 and CXCL4L1)
CXCL14

Interferon-inducible non-ELR+ CXC chemokines
IP-10 (CXCL10)

MIG (CXCL9)

ITAC (CXCL11)

CXCR?2 is the putative receptor for their biological activity.
CXCR3 is the putative receptor for their biological activity with the
exception of CXCL14.

3. Role of CXCR2 in mediating the angiogenic
response of ELR+ CXC chemokines

All angiogenic ELR+ CXC chemokines mediate their angio-
genic activity through CXCR2.? Initial candidate CXC chemo-
kine receptors for the angiogenic activity of ELR+ CXC
chemokines were CXCR1 and/or CXCR2. However, only CXCL8
and CXCL6 specifically bind and activate CXCR1, whereas, all
ELR+ CXC chemokines activate CXCR2.%® Subsequent studies
have confirmed the expression of CXCR2, not CXCR1, to be
the primary functional chemokine receptor in mediating
endothelial cell chemotaxis.?>*® Endothelial cells respond to
CXCL8 with rapid stress fibre assembly, chemotaxis, en-
hanced proliferation, and phosphorylation of extracellular
signal-regulated protein kinase 1/2 (ERK 1/2) related to activa-
tion of CXCR2." Blocking the function of CXCR2 by either spe-
cific neutralising antibodies or inhibiting downstream
signalling using specific inhibitors of ERK1/2 and PI3kinase
impaired CXCL8-induced stress fibre assembly, chemotaxis,
and tube formation by endothelial cells.*®

CXCR2 activation leads to dissociation of the hetero-tri-
meric protein complex (G,g,) to o and By subunits that medi-
ate downstream regulation of several intracellular signalling
pathways (i.e.,, cAMP/protein kinase A (PKA), protein kinase
C (PKC), phospholipase C (PLC), phosphoinositide 3-kinase
(PI3Kinase)/AKT/mTOR, Ras/Raf/MEK/JNK/p38/ERK1/ERK2,
and activates NF-kB pathways.?”’ ! Many of these signalling
pathways are identical to signal transduction by TKRs that
are important for cellular proliferation, migration, and inhibi-
tion of apoptosis.?’2%!

While CXCR2 expression on endothelial cells in vitro has
been shown to be important in signalling of ELR+ CXC chemo-
kines, the importance of CXCR2 in mediating ELR+ CXC che-
mokine-induced angiogenesis in vivo has been shown in the
cornea micropocket assay of angiogenesis in CXCR2+/+ and
CXCR2—/- animals. Angiogenesis mediated by ELR+ CXC che-
mokines is inhibited in either the cornea micropocket assay
of CXCR2-/- mice or in CXCR2+/+ mice in the presence of neu-
tralising antibodies to CXCR2.?*> The finding that CXCR?2 is
both necessary and sufficient to mediate the angiogenic ef-
fects of ELR+ CXC chemokines has led to pre-clinical studies
relevant to cancer. Using a murine model of lung cancer in
CXCR2-/- versus CXCR2+/+ mice, tumours in both heterotopic
or orthotopic positions in CXCR2-/- mice demonstrated re-
duced growth, increased tumour-associated necrosis, inhib-
ited tumour-associated angiogenesis, and reduced
metastatic potential in an angiogenesis-dependent manner.>
The above findings for the role of CXCR2 in promoting tu-
mour-associated angiogenesis were confirmed in CXCR2+/+
mice bearing tumours treated with specific neutralising
anti-CXCR2 antibodies.®” These studies established that
CXCR? is a critical receptor that mediates ELR+ CXC chemo-
kine-dependent angiogenesis.

Other receptors that may modulate the angiogenic effects
of ELR+ CXC chemokines exist. The Duffy antigen receptor
for chemokines (DARC) is known to be a promiscuous che-
mokine receptor that binds chemokines in the absence of
any detectable signal transduction events.*” DARC binds
the angiogenic CXC chemokines including CXCL8, CXCL1
and CXCL5.3*3% Stable transfection and over-expression of
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DARC in a non-small cell lung cancer (NSCLC) tumour cell
line resulted in the binding of the angiogenic ELR+ CXC
chemokines by the tumour cells.>® The binding of tumour
cell-derived ELR+ CXC chemokines to the tumour cells them-
selves interfered with the local tumour paracrine microenvi-
ronment of tumour cell interaction with host responding
endothelial cells, and prevented the ability of these angio-
genic factors to stimulate endothelial cells and promote tu-
mour-associated angiogenesis.>®> Expression of DARC by
NSCLC cells was associated with a marked decrease in tu-
mour-associated vasculature and a reduction in metastatic
potential. These findings suggested that competitive binding
of ELR+ CXC chemokines by tumour cells expressing a ‘de-
coy-like’ receptor can prevent paracrine activation of endo-
thelial cells in the tumour microenvironment and reduce
tumour-associated angiogenesis.

4, Mechanisms that contribute to the
over-expression of angiogenic CXC chemokines
during aberrant angiogenesis

Specific stimuli within the microenvironment or epigenetic
cellular events contribute to the expression of angiogenic
CXC chemokines during aberrant angiogenesis. All of the
angiogenic CXC chemokine promoters contain a putative
cis-element that recognises the nuclear factor-«B (NF-«B) fam-
ily of transcriptional factors'”:®’. Therefore, NF-kB plays an
important role as a ‘master switch’ in the transactivation of
angiogenic CXC chemokines.?® To highlight the importance
of NF-kB in the transactivation of angiogenic CXC chemokine
promoters and expression of these cytokines relevant to aber-
rant angiogenesis, several studies have found that this biol-
ogy is critical to angiogenesis relevant to tumour growth
and potential metastases.

Elevated tumour cyclo-oxygenase (COX)-2 activity plays a
multifaceted role in NSCLC and other cancers. Pold and col-
leagues® recently linked COX-2 expression in NSCLC, over-
expression of ELR+ CXC chemokines in a NF-kB-dependent
manner and ELR+ CXC chemokine-dependent tumour associ-
ated angiogenesis. Two COX-2 gene-modified NSCLC cell lines
were studied and it was found that COX-2 over-expression en-
hanced the in vitro expression of both CXCL8 and CXCL5.%° By
contrast, specific COX-2 inhibition decreased the production
of both CXC chemokines as well as nuclear translocation of
NF-xB.*>* In an immunodeficient mouse model of human
NSCLC, depletion of CXCL5 and CXCL8 inhibited the en-
hanced tumour growth of COX-2-over-expressing tumours.>?
These findings support the notion of a novel pathway of acti-
vation of ELR+ CXC chemokines via COX-2 over-expression
leading to NF-xB activation, which resulted in CXCL5 and
CXCL8-dependent tumour-associated angiogenesis.

Glioblastoma is a devastating tumour of the central ner-
vous system, with lethality approaching 80% in the first year
post-diagnosis.*® The hallmark of these tumours is the
marked presence of angiogenesis.*' However, the precise
molecular mechanisms underlying the regulation of glioblas-
toma growth and angiogenesis remain to be elucidated. Re-
cently, a candidate tumour suppressor gene, ING4, has been
identified that is involved in regulating glioblastoma tumour
growth and angiogenesis.*! The expression of ING4 was found

reduced in glioblastomas, compared with normal human
brain tissue; and the extent of reduction correlated with the
progression from lower to higher grade of tumour.** Human
glioblastomas that exhibited decreased expression of ING4
when engrafted into immuno-incompetent mice grew faster
and displayed greater angiogenesis than control tumours.*!
The mechanism for increased tumourigenicity in glioblasto-
mas that expressed lower levels of ING4 was related to ING4’s
physical ability to bind the p65 (RelA) subunit of NF-«B, impair
its nuclear translocation, and subsequently inhibit transacti-
vation of NF-xB-dependent genes.*’ In fact, the mechanism
for the angiogenic activity of glioblastomas that expressed
low levels of ING4 was CXCL8-dependent, as inhibition of
CXCL8 markedly reduced their tumour growth and tumour-
associated angiogenesis.*! These results indicate that ING4
has an important role in glioblastoma pathogenesis related
to ELR+ CXC chemokine expression in response to NF-xB
transactivation. Furthermore, this finding links a tumour sup-
pressor gene to NF-kB function and control of the expression
of angiogenic ELR+ CXC chemokines in human tumours.

The importance of targeting NF-xB to attenuate the
expression of angiogenic CXC chemokines has been further
demonstrated using a strategy to block activation of NF-«B.
Wu and colleagues have transfected glioblastoma cells with
a mutant IkappaBalpha (IkappaBalphaM) that is resistant to
phosphorylation and degradation, and hence blocks NF-«B
activity to demonstrate decreased expression of CXCL8 and
angiogenesis.*? In this model system, an epidermal growth
factor receptor (EGFR) mutant leading to activation of NF-«xB
constitutively activated glioblastoma cells and subsequent
enhanced tumourigenicity related to augmented tumour-
associated angiogenesis. ** CXCL8 was found to play a signif-
icant role in mediating the angiogenic activity, however, when
these cells were transfected with IkappaBalphaM, there was a
profound reduction in expression of CXCL8 that correlated
with reduced tumour-associated angiogenesis. Xiong and col-
leagues, using a similar strategy to block NF-«B in a model
system of human pancreatic carcinoma, were able to inhibit
tumour growth, tumour-associated angiogenesis, and metas-
tases of these tumours*? The studies by Wu and colleagues*?
highlight that the signalling pathway of EGFR activation can
lead to activation of NF-kB and expression of angiogenic
CXC chemokines, such as CXCLS8. In addition, in the context
of cancer, this pathway of activation may be further enhanced
in the presence of mutationally activated forms of the Ras
proto-oncogene, which is often associated with promoting
cellular transformation. Sparmann and Bar-Sagi** have re-
cently linked the interactions between tumour cells and host
responding cells within the tumour microenvironment. They
found that CXCL8 is a transcriptional target of Ras signalling,
and using a tumour model system demonstrated that Ras-
dependent CXCL8 was required for tumour-associated angio-
genesis and tumour growth.

The ELR+ CXC chemokines are important mediators of
tumourigenesis related to melanoma. For example, CXCL1,
CXCL2 and CXCL3 are highly expressed in human mela-
noma.*” To determine the biological significance of the
presence of these ELR+ CXC chemokines in melanoma,
human CXCL1, CXCL2 and CXCL3 genes were transfected into
immortalised murine melanocytes that otherwise by
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themselves do not form tumours.*>**¢ The persistent expres-
sion of CXCL1, 2 or 3 in these cells transformed their pheno-
type to one with anchorage-independent growth in vitro and
the ability to form tumours in vivo in immuno-incompetent
mice.*>*¢ The tumours were highly vascular and similar to
the vascularity of B16 melanoma controls.****¢ When tumours
were depleted of CXCL1, 2 or 3 there was a marked reduction
of tumour-derived angiogenesis directly related to inhibition
of tumour growth.**® These findings support the notion that
the ELR+ CXC chemokines have the ability to act both as auto-
crine growth factors for melanoma and as potent paracrine
mediators of angiogenesis to promote tumourigenesis and
metastases.

The progression and growth of ovarian carcinoma is also
dependent on successful angiogenesis, and CXCL8 has been
determined to play a significant role in mediating human
ovarian carcinoma-derived angiogenesis and tumourigene-
sis.*” The expression of CXCL8, bFGF, and VEGF was examined
in five different human ovarian carcinoma cell lines.*” All cell
lines in vitro expressed similar levels of bFGF, however, these
cells expressed either high or low levels of CXCL8 or VEGF.
When implanted into the peritoneum of immuno-incompe-
tent mice, the high expressing CXCL8 tumours were associ-
ated with all animals dying <51 d.*’ The expression of
CXCL8 was directly correlated with neovascularisation and
inversely correlated with survival, whereas VEGF expression
was only correlated with production of ascites.*” No correla-
tion was found for bFGF with either tumour neovascularisa-
tion or survival.*’ This study has been substantiated in
patients with ovarian cancer, where ascites fluid demon-
strates angiogenic activity directly correlated to CXCL8.*®
These findings support the notion that angiogenic ELR+ CXC
chemokines play a greater role than bFGF and VEGF in medi-
ating angiogenesis associated with ovarian cancer.

CXCL8 is markedly elevated and contributes to the overall
angiogenic activity of NSCLC.*® Extending these studies to an
in vivo model system of human tumourigenesis (i.e. human
non-small cell lung cancer/severe combined immunodefi-
cient mouse (NSCLC/SCID) mouse chimera), *° tumour-derived
CXCL8 directly correlates with tumourigenesis.>® Tumour
bearing animals depleted of IL-8/CXCL8 demonstrated a
>40% reduction in tumour growth and a reduction in sponta-
neous metastases °° The attenuation of tumour growth and
metastases was directly correlated to reduced angiogenesis.>®
These findings have been further corroborated using several
human NSCLC cell lines grown in immuno-incompetent mice.
NSCLC cell lines that constitutively express CXCL8 display
greater tumourigenicity that is directly correlated to
angiogenesis.””

While CXCL8 was the first angiogenic ELR+ CXC chemo-
kine to be discovered in NSCLC, CXCL5 has now been
determined to have a higher degree of correlation with
NSCLC-derived angiogenesis.®® Surgical specimens of NSCLC
tumours demonstrate a direct correlation of CXCL5 with tu-
mour angiogenesis. These studies were extended to a SCID
mouse model of human NSCLC tumourigenesis. CXCL5
expression was directly correlated with tumour growth.®
Moreover, when NSCLC tumour-bearing animals were de-
pleted of CXCLS5, both tumour growth and spontaneous
metastases were markedly attenuated.® Furthermore, when

all ELR+ CXC chemokines were evaluated in human NSCLC,
it appears that they correlate with patient mortality.”>>*

Prostate cancer tumourigenesis and metastases is depen-
dent on angiogenesis.>**> Serum levels of CXCL8 have been
found to be markedly elevated in patients with prostate can-
cer. These levels are highly correlated with the stage of the
disease and have been determined to be an independent var-
iable from the ratio of free/total prostate-specific antigen
(PSA).* In fact, the combined use of f/t PSA and CXCL8 levels
were more effective in distinguishing prostate cancer from
benign prostatic hypertrophy.>® This suggests that ELR+ CXC
chemokines play an important role in mediating prostate
cancer-derived angiogenesis in support of tumourigenesis
and metastases. The observation in patients has been sub-
stantiated in human/SCID mice chimeras of human prostate
cancer tumourigenesis.?® Three human prostate cancer cell
lines were examined for constitutive production of angiogenic
ELR+ CXC chemokines.*® Tumourigenesis of the human pros-
tate cancer cell line, PC-3, was shown to be attributable, in
part, to the production of the angiogenic CXC chemokine,
CXCL8. Depletion of endogenous CXCL8 inhibited PC-3 tu-
mour growth in SCID mice, which was entirely attributable
to inhibition of PC-3 tumour-derived angiogenesis 3¢ By con-
trast, the human prostate cancer cell line, Du145, was found
to utilise a different angiogenic CXC chemokine, CXCL1, to
mediate tumour-derived angiogenesis.*® Depletion of endoge-
nous CXCL1, but not CXCL8, reduced tumour growth that was
directly related to attenuated angiogenic activity.® Thus,
prostate cancer cell lines can utilise distinct CXC chemokines
to mediate their tumourigenic potential. Other studies have
confirmed this observation in prostate cancer models.”®: and
similar findings have been shown in gastric carcinoma,
breast, and head and neck cancer.>’ %2

5. Angiostatic CXC chemokines

The angiostatic members of the CXC chemokine family in-
clude CXCL4, CXCL4L1, CXCL9, CXCL10, CXCL11 and
CXCL14.1617:37.6364 (Taple 1). Platelet factor-4 (PF-4)/CXCL4
was the first chemokine described to inhibit neovascularisa-
tion.%® However, the product of the non-allelic variant gene
of CXCL4, PF-4varl/PF-4alt, designated CXCL4L1, was recently
isolated from thrombin-stimulated human platelets and puri-
fied to homogeneity.®* Although secreted CXCL4 and CXCL4L1
differ in only three amino acid residues, CXCL4L1 is more po-
tent for inhibiting angiogenesis in response to angiogenic fac-
tors in both in vitro and in vivo models of angiogenesis.®* By
contrast, CXCL9, CXCL10 and CXCL11 are induced by both
type I and II interferons.”®%° The interferon-inducible
non-ELR+ members of the CXC chemokine family inhibit
angiogenesis in response to ELR+ CXC chemokines, bFGF or
VEGE?” These findings suggest that all interferon-inducible
ELR- CXC chemokines are potent inhibitors of angiogenesis.
Moreover, the inter-relationship of interferons and inter-
feron-inducible CXC chemokines and their biological function
are directly relevant to the function of other cytokines, such
as Th1/typel cytokines that stimulate the expression of inter-
ferons. Therefore, cytokines such as IL-23, IL-21, IL-18, IL-15,
IL-12 and IL-2, and chemokines such as CCL19 and CCL21
via the induction of interferons’®”* will have profound effects
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on the production of CXCL9, CXCL10 and CXCL11. The subse-
quent expression of interferon-inducible CXC chemokines
represents the final common pathway for the attenuation of
angiogenesis related to interferons. Furthermore, this cyto-
kine cascade interconnects with Thl/typel cytokine-medi-
ated immunity toward tumour-associated antigens and
creates the concept of ‘immuno-angiostasis’.

Breast and kidney-expressed chemokine (BRAK)/CXCL14 is
another non-ELR+ CXC chemokine, which has been recently
identified to inhibit angiogenesis.®® CXCL14 was first identi-
fied by differential display of normal oral epithelial cells and
head and neck squamous cell carcinoma.”> CXCL14 was
down-regulated in tumour specimens, compared with normal
adjacent tissue.”? The biological significance of the absence of
CXCL14 in these tumours remained to be elucidated until
Shellenberger and colleagues.®® discovered that CXCL14
inhibited microvascular endothelial cell chemotaxis in vitro
in response to CXCL8, bFGF and VEGF; and inhibited neovas-
cularisation in vivo in response to the same angiogenic ago-
nists. Schwarze and colleagues.”® have found that CXCL14
expression is observed in normal and tumour prostate epithe-
lium and focally in stromal cells adjacent to prostate cancer.
Interestingly, CXCL14 was found to be significantly upregu-
lated in localised prostate cancer and positively correlated
with Gleason score.”® By contrast, CXCL14 levels were un-
changed in benign prostate hypertrophy (BPH) specimens.”®
Using a model of human prostate cancer in immunodeficient
mice, prostate cancer cells transfected with CXCL14 were
found to have a 43% reduction tumour growth, compared
with controls.”® The above studies support the notion that
the loss or inadequate expression of CXCL14 is associated
with the transformation of normal epithelial cells to cancer
and the promotion of a pro-angiogenic microenvironment
suitable for tumour growth.

While CXCL12 is a non-ELR+ CXC chemokine, CXCL12 via
CXCR4 has been implicated in promoting angiogenesis.”*””
This has lead to the speculation that the predominant func-
tion of this ligand/receptor pair in tumourigenesis is due to
its angiogenic effect, not necessarily due to its potential for
mediating organ-specific metastases. However, in order for
the biological axis of CXCL12/CXCR4 to mediate tumour-asso-
ciated angiogenesis, then both the ligand and receptor should
be temporally and spatially present within the tumour. Sch-
rader and colleagues.”® demonstrated in both renal cell carci-
noma cell lines and actual patient specimens that CXCR4 is
expressed predominately by the tumour cells, and its ligand
CXCL12 is essentially absent within the tumour. These find-
ings have been further substantiated in human breast cancer
and NSCLC specimens, in which CXCR4 was found expressed
on the tumour cells, and did not mediate tumour-associated
angiogenesis.”®® The studies demonstrated that when ani-
mals bearing breast or NSCLC tumours were treated with
either neutralising anti-CXCL12 or anti-CXCR4 antibodies,
there was no change in the size of the primary tumour nor
was there any evidence for a decline in primary tumour-asso-
ciated angiogenesis.”*#°, however, there was a marked atten-
uation of tumour metastases in an organ-specific manner.”##°
These studies support the notion that CXCL12/CXCR4 biology
mediates metastases of the tumour cells in an angiogenesis-
independent manner.

6. Angiostatic GCXC chemokines mediate
inhibition of angiogenesis through binding and
activation of their putative receptor, CXCR3

The major receptor that has been identified for angiostatic
CXC chemokines is CXCR3. CXCR3 exists as alternative
splice forms (i.e. CXCR3A, CXCR3B and CXCR3-alt) that are
involved in mediating recruitment of Thl cells and acts as
the receptor for inhibition of angiogenesis®>7:8182 CXCR3A
is the major chemokine receptor found on Thl effector T
cells, cytotoxic CD8 T cells, activated B cells and NK
cells®™®18387 1.2 is a major agonist for the expression of
CXCR3A on these cells.®>8*8” CXCR3 was originally identified
on murine endothelial cells®, subsequent studies demon-
strated that CXCR3 ligands could block both human micro-
vascular endothelial cell migration and proliferation in
response to a variety of angiogenic factors.®>*° Further clar-
ification of the role of CXCR3 in mediating angiostatic activ-
ity has come from the discovery that CXCR3 exists as two
alternative splice forms.®! These variants have been termed
CXCR3A and CXCR3B.°* CXCR3A mediates the CXCR3 li-
gand-dependent chemotactic activity of mononuclear cells.”?
CXCR3B mediates the angiostatic activity of CXCL4, CXCL9,
CXCL10 and CXCL11 on human microvascular endothelial
cells.®! Moreover, specific antibodies to CXCR3B immuno-
localise to endothelial cells within neoplastic tissues.”’ To
add to the complexity of CXCR3 biology, a variant of human
CXCR3 has been recently identified, which post-transcrip-
tional exon skipping generates CXCR3-alt.®? This receptor
is expressed and responds to CXCL11>»> CXCL9 and
CXCL10.%

While the above studies have supported that CXCR3 is
the putative receptor for CXCL4, CXCL9, CXCL10 and CXCL11,
it has remained unclear in vivo whether these CXCR3
ligands use CXCR3 on endothelium to mediate their angio-
static effect. Yang and Richmond®? have recently demon-
strated that CXCL10 mediates its angiostatic activity
in vivo by binding to CXCR3, and not via binding to glycos-
aminoglycans. To clarify this issue, they created expression
constructs for mutants of CXCL10 that exhibit partial or total
loss of binding to CXCR3 or loss of binding to glycosamino-
glycans. They transfected a human melanoma cell line with
these expression vectors, and stable clones were selected
and inoculated into immuno-incompetent mice.’?> Tumour
cells expressing wild-type CXCL10 showed remarkable
reduction in tumour growth compared with control vector-
transfected tumour cells, which was due to reduction in tu-
mour-associated angiogenesis. Mutation of CXCL10 resulting
in partial loss of receptor binding or loss of glycosaminogly-
cans binding did not significantly alter the ability to inhibit
tumour growth. By contrast, expression of the CXCL10 mu-
tant that failed to bind to CXCR3, also failed to inhibit tu-
mour growth.®”> The above study has been confirmed in
another in vivo angiogenesis assay using the cornea micro-
pocket model (Fig. 1). Furthermore, Burdick and colleagues
have found that CXCL11 in a CXCR3-dependent manner
inhibits angiogenesis in a murine model of pulmonary fibro-
sis.”®> These data suggest that CXCR3 receptor binding, but
not glycosaminoglycan binding, is essential for the tumour
angiostatic activity of CXCR3 ligands.
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CXCL8 + CXCL11
+ CTRL Ab

CXCL8

CXCL8 + CXCL11
+ Anti-CXCR3

bFGF + CXCL11 +
CTRL Ab

bFGF

bFGF + CXCL11 +
Anti-CXCR3

Fig. 1 - CXCR3 is the putative receptor for mediating the angiostatic activity of CXCR3 ligands in the rat corneal micropocket
assay of angiogenesis. (A) CXCL8 and (D) bFGF are shown to promote angiogenesis. The CXCR3 ligand, CXCL11, is shown to
inhibit both (B) CXCL8 and (E) bFGF. Inhibition of CXCR3 results in reconstitution of (C) CXCL8 and (F) bFGF mediated

angiogenesis in the presence of CXCL11.

7. Angiostatic CXC chemokines attenuate
angiogenesis associated with tumourigenesis

Angiostatic CXC chemokines have been shown to inhibit
angiogenesis in several model systems. To examine the role
of CXCL10 in the regulation of angiogenesis in carcinoma,
the level of CXCL10 from human surgical NSCLC tumour
specimens was examined, and found to be significantly
higher in the tumour specimens than in normal adjacent
lung tissue.’* The increase in CXCL10 from human NSCLC
tissue was entirely attributable to the higher levels of
CXCL10 present in squamous cell carcinoma (SCCA), com-
pared with adenocarcinoma.®® Moreover, depletion of
CXCL10 from SCCA surgical specimens resulted in aug-
mented angiogenic activity.’* The marked difference in
the levels and bioactivity of CXCL10 in SCCA and adenocar-
cinoma is clinically and pathophysiologically relevant, and
represents a possible mechanism for the biological differ-
ences of these two cell-types of NSCLC. Patient survival is
lower, metastatic potential is higher, and evidence of angi-
ogenesis is greater for adenocarcinoma, compared with
SCCA of the lung.®>®” These studies were extended to a
SCID mouse system to examine the effect of CXCL10 on hu-
man NSCLC tumourigenesis. SCID mice were inoculated
with either adenocarcinoma or SCCA cell lines.*** The pro-
duction of CXCL10 from adenocarcinoma and SCCA tu-
mours was inversely correlated with tumour growth.®*
However, CXCL10 levels were significantly higher in the
SCCA, compared with adenocarcinoma tumours.®® The

appearance of spontaneous lung metastases in SCID mice
bearing adenocarcinoma tumours occurred after CXCL10
levels from either the primary tumour or plasma had
reached a nadir.®® In subsequent experiments, SCID mice
bearing SCCA tumours were depleted of CXCL10, whereas,
animals bearing adenocarcinoma tumours were treated
with intra-tumour CXCL10.°* Depletion of CXCL10 in SCCA
tumours resulted in an increase in their size.®* By contrast,
reconstitution of intra-tumour CXCL10 in adenocarcinoma
tumours reduced both their size and metastatic potential,
that was unrelated to infiltrating neutrophils or mononu-
clear cells (i.e. macrophages or natural killer (NK) cells)
and directly attributable to a reduction in tumour-associ-
ated angiogenesis.”* Similar strategies have been found for
CXCL10 in melanoma using a gene therapeutic strategy.®®
Similar to CXCL10, CXCL9 also plays a significant role in
regulating angiogenesis of NSCLC. CXCL9 levels in human
specimens of NSCLC were not significantly different from that
found in normal lung tissue.”® However, these results sug-
gested that the increased expression of ELR+ CXC chemokines
and other angiogenic factors found in these tumours were not
counter-regulated by a concomitant increase in the expres-
sion of the angiostatic CXC chemokine, CXCL9. Thus, this
imbalance could promote a microenvironment that promotes
angiogenesis. To alter this imbalance, studies were performed
to over-express CXCL9 by three different strategies including
gene transfer.”® These experiments resulted in the inhibition
of NSCLC tumour growth and metastasis via a decrease in tu-
mour-associated angiogenesis.”® These findings support the
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importance of the interferon-inducible non-ELR+ CXC chemo-
kines in inhibiting NSCLC tumour growth by attenuation of
tumour-derived angiogenesis.

8. Immuno-angiostasis: the role of CXCR3/
CXCR3 ligand biological axis in mediating Th1
cell-mediated immunity and angiostasis

While CXCR3/CXCR3 ligands inhibit angiogenesis, CXCR3 li-
gands represent the major chemo-attractants for the recruit-
ment of Thl cells expressing CXCR3 during cell-mediated
immunity.'>#% Thus, CXCR3 ligands play a critical role in
orchestrating Th1 cytokine-induced cell-mediated immunity
via the recruitment of mononuclear cells expressing
CXCR3.>#38 We have linked CXCR3/CXCR3 ligands to Th1l
cytokine-induced cell-mediated immunity and inhibition of
angiogenesis leading to suppression of tumour growth in
pre-clinical models of NSCLC.”>”%' Intra-tumoural injection
of a recombinant CC chemokine, CCL21, in tumours induced
complete tumour eradication in several of the treated
mice.”%”%1% While CCL21 mediated anti-tumour responses

No local
expression of

CXCRS3 Ligands . .

Macrophage

Intratumor
migration “Hit or
Miss”
Th1
Cytokines
Immune response + angiostasis especially
IFN-y

@cxcis

xcm CXCL10

§°thc L11

@ —*> CXCL10

were lymphocyte-dependent, its biological effect was entirely
dependent on the spatial generation of intra-tumour IFN-y
and CXCR3 ligands.”®’*'® In immunocompetent mice, in-
tra-tumoural CCL21 injection led to significant increases in
mononuclear cells infiltrating both the tumour and the drain-
ing lymph nodes, and a reduction in angiogenesis.”®’1°
CCL21-treated tumour-bearing mice demonstrated enhanced
cytolytic capacity, suggesting the generation of a systemic im-
mune response to tumour-associated antigens (TAA). The
mononuclear cell infiltration into the tumour was associated
with enhanced production of Thl cytokines and CXCR3
ligands.”®’%'% To assess the importance of Thl cytokines
and CXCR3 ligands in mediating the effects of CCL21, deple-
tion studies of IFN-y or CXCR3 ligands in the presence of
CCL21 treatment demonstrated that CXCL9 > CXCL10 > IFN-
y attenuated the anti-tumour effects of CCL21.7%7? These find-
ings support the notion that CCL21 mediated anti-tumour
response was CXCR3 ligand-dependent. These findings are
similar to the previously reported study of IL-12-mediated
regression of renal cell carcinoma in a murine model, where
the anti-tumour effect of IL-12 was lost when CXCR3 ligands

CXCL9

‘XC R3
—
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5
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Fig. 2 - The priming and induction steps are necessary for the full induction of the concept of immuno-angiostasis. Systemic
IL-2 promotes the expression of CXCR3 on mononuclear cells, however, without the establishment of a chemotactic gradient
from the circulation to within the tumour, mononuclear cells have no chemotactic gradient to extravasate into the
tumour-concept of ‘hit or miss’. Induction of the local expression of CXCR3 ligands within the tumour leads to the
establishment of a chemotactic gradient for mononuclear cells expressing CXCR3, and concomitantly promotes angiostasis.
The combined two steps of systemic priming for mononuclear cell expression of CXCR3 and local induction of CXCR3 ligand

expression fully establishes immuno-angiostasis.
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were depleted.’® These findings provide evidence that
CXCR3/CXCR3 ligand biology is critical for the development
of anti-tumour immunity and inhibition of angiogenesis rele-
vant to a variety of tumours.

On the basis of the ability of CXCR3/CXCR3 ligands to pro-
mote Thl-dependent immunity and at the same time inhibit
angiogenesis, we have coined the term ‘immuno-angiostasis’
for their biological role in promoting tumour regression.
Although the concept of immuno-angiostasis (i.e. promoting
Th1 immunity via Th1l mononuclear cell recruitment and at
the same time inducing angiostasis) may seem a paradox,
the precedent for this concept exists related to the host de-
fence of Mycobacterium tuberculosis. M. tuberculosis is an aero-
bic bacillus that requires the full development of host
mediated Thl-induced cell-mediated immunity to contain
the micro-organism. The response is characterised by granu-
lomas with a rim of mononuclear cells, epithelioid cells, giant
cells, fibroblasts and endothelial cells surrounding a central
area of caseating necrosis, which is devoid of vasculature -
the concept of angiostasis. The mononuclear cell response
in the rim of the granuloma together with subsequent
processing of M. tuberculosis antigen leads to adaptive
immunity - the concept of immunity. The microenvironment
within avascular caseating necrosis is angiostatic and hyp-
oxic in nature, which induces dormancy of M. tuberculosis.
Further organising fibrosis of the granuloma contains the mi-
crobe in a dormant state. Therefore, the full development of
immuno-angiostasis provides an optimal host response to
promote eradication and/or dormancy of this aerobic mi-
crobe, which is analogous to promoting tumour-related im-
muno-angiostasis (Fig. 2).

o. Conclusion

Although CXC chemokine biology was originally felt to be re-
stricted to recruitment of subpopulations of leukocytes, it has
become increasingly clear that these cytokines can display
pleiotropic effects in mediating biology that goes beyond their
originally described function. CXC chemokines are a unique
cytokine family that exhibit, on the basis of structure/func-
tion and receptor binding/activation, either angiogenic or
angiostatic biological activity in the regulation of angiogene-
sis. CXC chemokines appear to be important in the regulation
of angiogenesis associated with tumourigenesis relevant to
cancer. These findings support the notion that therapy direc-
ted at either inhibition of angiogenic or augmentation of
angiostatic CXC chemokines may be a novel approach in
the treatment of a variety of cancers.
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