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Summary

It is now well known that most malignant tumours contain a significant amount of
leucocytic infiltrates the presence of which has, on many occasions, been linked to
poor patient prognosis. These leucocyte populations are recruited to tumours by
chemotactic factors released by either viable or necrotic tumour cells, or by cells
within the tumour stroma. In recent times, most studies have analysed the role that
tumour-associated macrophages (TAM) have on tumour progression. However, there
is now increasing evidence to show that neutrophils also actively participate in this
process. Whilst there are some data to suggest that neutrophil-derived factors can pro-
mote genetic mutations leading to tumourigenesis, or secrete factors that promote
tumour cell proliferation; there is now substantial evidence to show that neutrophils,
like TAM, significantly affect tumour angiogenesis. In this review, we discuss the
likely mechanisms by which neutrophils are recruited into the tumour and then elabo-
rate on how these cells may induce tumour vascularization by the secretion of power-
ful pro-angiogenic factors. We also discuss possible future chemotherapeutic strategies
that are aimed at limiting tumour angiogenesis by inhibiting neutrophil recruitment.
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Introduction

co-opt it to deliver nutrients and oxygen required for further
cell proliferation. The production of new blood vessels from

Most tumours arise from one or more often several sequen-
tial genetic mutations in the DNA that give rise to proteins
with altered tertiary structure leading to lack of or altered
biological functions. Uncorrected mutations in genes regulat-
ing the cell cycle lead to dysregulated cell division that can
cause these cells to proliferate uncontrollably. Eventually,
these mutated cells expand to become an avascular cell mass
that is unable to grow more than 2-3 mm?® in size because
of the lack of nutrient and oxygen delivery and the removal
of waste products (Folkman 2002). For tumours to grow
beyond this size, they must redirect the host vasculature and
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an existing vascular bed is known as angiogenesis and
research over the last few decades has revealed a number of
mechanisms by which tumours initiate and direct angiogene-
sis (Bergers & Benjamin 2003). Obviously, tumour cells
themselves can secrete cytokines and growth factors that can
stimulate tumour angiogenesis. However, recent attention
has focussed on tumour-associated leucocytes that are
enticed into tumours by secretion of tumour-derived chemo-
attractants. An increase in the number of several leucocyte
sub-populations within tumours have been associated with
increased tumour angiogenesis, which is often associated
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with poor prognosis and patient outcome (Murdoch et al.
2008). The most prominent of these leucocyte populations is
the tumour-associated macrophage (TAM) and the role that
this cell type plays in tumour angiogenesis has been exten-
sively studied (Dirkx et al. 2006; Lewis & Pollard 2006;
Mantovani et al. 2006). However, not all of the leucocyte-
derived angiogenic factors may be attributable to TAM;
indeed there is evidence to suggest that other innate immune
cells may play a role in initiating tumour angiogenesis. This
review will discuss the role that tumour-associated neutro-
phils are thought to play in directing tumour angiogenesis.

Neutrophil origin and homeostasis

Neutrophils are the most abundant leucocyte in the circula-
tion and arise from a process known as myelopoiesis. They
initially originate in the bone marrow from haematopoietic
pluripotent stem cells which in turn differentiate into mye-
loid progenitor cells (often termed myelomonocytic stem
cells). These cells can further differentiate along several
pathways to form the various myeloid cell populations. In
the case of neutrophils, they differentiate into CFU-granulo-
cyte (CFU-G) cells, which further differentiate into myelo-
blasts,
neutrophils), by which time cell proliferation stops and sec-
ondary granules begin to appear. Several factors are known
to increase the proliferation and survival of differentiating
neutrophils, the most prominent of which is granulocyte col-
ony stimulating factor (G-CSF) (Barreda et al. 2004). As the
myelocytes mature in the bone marrow they become more

promyelocytes and then myelocytes (immature

deformable, increase their motility and eventually migrate
through trans-endothelial pores in the bone marrow into the
bloodstream. The mechanism by which neutrophils are
released from the bone marrow have been extensively stud-
ied (reviewed by von Vietinghoff & Ley 2008). The chemo-
kine, CXCL12 (formally SDF-1a) has been found to be
important in regulating neutrophil retention and release
from the bone marrow and thus the number of neutrophils
in the circulation at any given time. CXCL12 is abundantly
expressed in the bone marrow milieu and retains neutrophils
there by binding to its cell surface receptor, CXCR4,
expressed by neutrophils. G-CSF down-regulates both
CXCR4 and CXCL12 expression and CXCR4-mediated cell
signalling is also blocked leading to release of neutrophils
from the bone marrow. (Suratt et al. 2004).

Two different pools of neutrophils have been described in
the circulation; the circulating pool, consisting of neutrophils
that are freely circulating and the marginated pool, consist-
ing of neutrophils that are bound to the endothelium of
small vessels. The marginated pool constitutes a neutrophil
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reserve that can be mobilized to the circulating pool upon
acute inflammation by such cytokines as interleukin (IL) 6
(Steele et al. 1987; Suwa et al. 2000). It is from the circulat-
ing pool that neutrophils are recruited to sites of inflamma-
tion and tumours (Kanwar & Cairo 1993; Friedman 2002).

Within tissues, human neutrophils are usually identified
on the basis of their nuclear morphology coupled with their
positive staining for myeloperoxidase. In murine tissues,
neutrophils are usually identified by expression of the cell
surface marker Gr-1 and lack of F4/80 (monocyte/macro-
phage marker) expression.

Evidence for tumour-associated neutrophils
and mechanisms regulating their recruitment
into tumours

A number of immunohistochemical-based studies have
shown increased numbers of neutrophils in various human
tumours compared with healthy tissues. Elevated levels of
neutrophils were observed in biopsies from patients with
colon adenocarcinoma compared with the surrounding non-
diseased tissue. In these biopsies, neutrophils were found
throughout the tumour but their numbers increased further
in invasive and ulcerated areas (Nielsen et al. 1996). Simi-
larly, elevated neutrophil numbers were observed in bronchi-
oloalveolar lavage fluid and in biopsies from patients with
bronchioloalveolar carcinoma compared with control sub-
jects. In addition, univariate analysis showed that increased
numbers of neutrophils in these patients correlated signifi-
cantly with poor prognosis (Bellocq et al. 1998). Increased
numbers of neutrophils have also been observed in patients
with myxofibrosarcoma, gastric carcinoma and melanoma
(Mentzel et al. 2001; Eck et al. 2003; Mhawech-Fauceglia
et al. 2006).

To be recruited into tumours, neutrophils must first leave
the general circulation. Neutrophil extravasation is a tightly
orchestrated process that involves the rolling of neutrophils
on activated endothelium followed by firm adhesion, hapto-
taxis along a chemotactic gradient and directed trans-
migration across the vasculature and into the tissue
(Springer 1994). There are several potential chemotactic fac-
tors that may stimulate the migration of neutrophils across
the tumour vasculature but by far the most potent, and most
studied, are those belonging to the CXCL chemokine sub-
family that possess the ELR (Glu-Leu-Arg) tri-peptide
motif. These bind to and activate CXCR1 and/or CXCR2;
seven-transmembrane G-protein-coupled receptors that are
expressed on the neutrophil cell surface (Holmes et al. 1991;
Murphy & Tiffany 1991; Ahuja & Murphy 1996; Wolf
et al. 1998). CXCL8 (formally IL-8) is one of the best
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studied neutrophil chemoattractants with respect to tumour
biology and is over-expressed in a multitude of different
human carcinomas and tumour cell lines including breast,
colon, cervical, lung, brain, prostate, ovarian and renal cell
carcinomas, acute myelogenous and B-cell lymphocytic leu-
kemia, melanoma and Hodgkin’s disease (reviewed by Xie
2001). Within tumours, both stromal and tumour cells are a
rich source of CXCLS8. Although high levels of CXCLS is
constitutively expressed by many tumour cells, its expression
can be up-regulated further by a variety of pro-inflammatory
cytokines, nitric oxide and such tumour-associated environ-
mental conditions as hypoxia, acidosis and hyperglycaemia
(Kennedy et al. 1997; Xie 2001; Sakamoto ez al. 2005). It is
highly likely that elevated levels of CXCL8 within the
microenvironment of some tumours lead to neutrophil
recruitment into the tumour. Indeed, Bellocq et al., showed
a positive correlation between levels of CXCLS8 in patients
with bronchioloalveolar carcinoma and numbers of tumour-
infiltrating neutrophils, suggesting that CXCL8 is a major

force in recruiting neutrophils to these tumour sites (Bellocq
et al. 1998). Furthermore, mice with subcutaneous tumours
generated from human ovarian cancer cells engineered to
over-express human CXCL8 (mice do not have the analo-
gous gene for CXCLS), were found to have dramatically ele-
vated neutrophil infiltration at the tumour site when
compared with tumours grown with cells containing control
vectors (Gaudry et al. 1997). Apart from CXCLS, other
potent neutrophil chemotactic CXCL chemokines are capa-
ble of stimulating neutrophil chemotaxis and extravasation
and these have also been found to be expressed by many
human tumours. For example, elevated levels of CXCL1
(formally GRO-a) has been detected in gastric and colon
carcinomas (Cuenca et al. 1992; Eck et al. 2003), and malig-
nant melanoma (Vaupel et al. 1991). Elevated levels of
CXCLS (formally ENA-78) have been detected in non-small
cell lung cancer (Wislez et al. 2004), and CXCL6 (formally
GCP-2) has been observed in gastrointestinal tumours
(Proost et al. 1993; Gijsbers et al. 2005) where it was
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Figure 1 Neutrophil-induced tumour angiogenesis. Neutrophils are recruited into the tumour from the circulation via the production
of chemokines for CXCR1 (CXCL8 & 6) and/or CXCR2 (CXCL1-3 & 5). Once inside the tumour, neutrophils can secrete factors
such as oncostatin M, which stimulates tumour cells to increase their vascular endothelial growth factor (VEGF) production. Neu-
trophils also secrete tissue inhibitors of metalloproteinase (TIMP)-free matrix metalloproteinase (MMP)9 that can act in concert with
MMP9 released by tumour-associated macrophages (TAMs) to liberate pro-angiogenic growth factors (VEGF & FGF-2) that are
sequestered to the extracellular matrix (ECM). Cytokine-activated neutrophils also secrete VEGF and CXCL8 by de-granulation.
These potent pro-angiogenic factors then act directly on the nearby vasculature to promote tumour angiogenesis. In addition, the
interaction of neutrophils with adhesion molecules (ICAM-1) on the endothelial cell surface may also stimulate angiogenesis. Interest-
ingly, in an experimental tumour model, TAMs have been found to inhibit the infiltration of neutrophils by an as yet unidentified

mechanism.
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associated with marked leucocyte infiltration as assessed by
CD4S staining. Although CXCL6 is considered to be princi-
pally a neutrophil chemokine, a specific association between
elevated levels of this chemokine with neutrophil recruitment
was not examined in this study. However, not all studies
have shown an association of increased tumour-derived
CXCL chemokine expression with increased neutrophil
recruitment. Keane et al. examined the levels of neutrophils,
as well as other leucocyte populations, by flow cytometric
analysis of single cells suspensions from disaggregated Lewis
CXCR2™" or
CXCR2** mice. Interestingly, they found no significant dif-

lung cancer tumours implanted into
ference in the levels of neutrophil recruitment or infiltration
of any other leucocyte population into CXCR2™~ compared
with CXCR2** mice, even though these tumours secreted
elevated levels of CXCR2-specific ligands, CXCL1-3 (Keane
et al. 2004). In contrast to other in vivo data, this suggests
that murine neutrophil recruitment in to these human xeno-
graft tumours is not influenced by the tumour-derived
expression of human CXCL ELR* chemokines. However, it
must be noted that there are significant differences in chemo-
kine receptor expression by human and murine neutrophils.
Until recently, it was thought that murine neutrophils only
express CXCR2. However, a murine homolog to human
CXCR1 has now been identified and cloned (Moepps et al.
2006). Transfection of murine CXCR1 into murine Ba/F3
cells renders this cell line responsive to human and murine
CXCL6 and CXCL8 suggesting receptor-mediated activation
(Fan et al. 2007). Thus, it is possible that murine neutrophil
recruitment into human tumours is directed through CXCR1
activation by human CXCL8. It may also be possible that
such human CXC chemokines as CXCLS, which appears
to be highly expressed predominantly in lung carcinomas
(Wislez et al. 2004) do not activate murine CXCR2. The
redundancy of the CXCL chemokine system is such that it is
quite plausible for neutrophil recruitment into tumours to be
mediated by different CXCL chemokines and via different
CXC receptors depending on the tumour type.

Role of neutrophils in other aspects of tumour
progression

Although this review will focus primarily on angiogenesis, it
should be noted that neutrophils have also been implicated
in other aspects of tumour development. There is increasing
evidence to suggest that neutrophils contribute to tumouro-
genesis, tumour cell growth and metastasis in some tumours.
For instance, Sandhu et al. showed that CXCL8-mediated
neutrophil recruitment in mice positively correlated with an
increase in tumour cell mutation frequency leading to tumo-
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urogenesis (Sandhu et al. 2000). Activated neutrophils up-
regulate iNOS leading to the release of potent reactive oxy-
gen species that damages DNA. This damage is usually
repaired but in some cells the repair is inefficient and this
can lead to genetic mutations in tumour-suppressor genes
leading to dysregulated cell proliferation (Coleman &
Tsongalis 1995). Neutrophils can also secrete factors that
affect tumour cell proliferation. Aarbiou et al. showed
increased proliferation of A549 alveolar carcinoma cells by
neutrophil o-defensins in a MAP kinase-dependent manner,
and this was abolished using a neutralizing anti-defensin
antibody (Aarbiou et al. 2002). Neutrophils have also been
linked with tumour cell metastasis. Invasion of tumour cells
through a reconstituted basement membrane was increased
by addition of neutrophils (Welch et al. 1989). As neutroph-
ils transmigrate across the endothelium on their way to the
tumour they release proteases that degrade the basement
membrane. It is thought that the holes created in the extra-
cellular matrix (ECM) and endothelium by these extravasat-
ing neutrophils are exploited by metastasizing tumour cells
moving in the opposite direction into the circulation.

Along with having pro-tumour roles, neutrophils also
have anti-tumour properties. As early as 1975, in vitro
experiments demonstrated that neutrophils could kill tumour
cells directly (Clark & Klebanoff 1975). Originally, these
effects were thought to be mediated exclusively by myeloper-
oxidase, as neutrophils from patients deficient in myeloper-
oxidase did not show the same cytotoxic effects against
tumour cells (Clark & Klebanoff 1975). However, it is now
known that other factors secreted by neutrophils can kill
tumour cells directly. These include release of reactive oxy-
gen species, proteases, membrane-perforating agents, or such
cytokines as TNFa and interleukin-18 (IL-1B) (Di Carlo
et al. 2001). Although these data demonstrate that neutroph-
ils have the capacity to have anti-tumour properties, there is
compelling data that they also have significant pro-tumour
actions, in particular their role in promoting tumour angio-
genesis.

Neutrophil-induced tumour angiogenesis

Neutrophils are thought to play an important role in normal
physiological angiogenesis. During the menstrual cycle,
angiogenesis occurs in order to support the proliferation and
growth of the endometrial tissue. The source of the potent
pro-angiogenic factor vascular endothelial growth factor
(VEGF) in these tissues was found to be from neutrophils.
In fact, neutrophils expressing VEGF were found in the
microvessels of the endometrium during the proliferative
stage of the cycle when the endometrium can quadruple in
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thickness (Mueller ez al. 2000). Moreover, in a murine study
of endometrial angiogenesis, the proliferation of endothelial
cells in neutrophil-depleted mice using anti-Gr-1 antibodies
was significantly reduced compared with control mice, sug-
gesting that neutrophils affect normal physiological angio-
genesis (Heryanto et al. 2004). Further experimental in vivo
models of angiogenesis have clearly demonstrated that neu-
trophils affect neo-vascularization in other tissues. For
example, Benelli et al. showed that Gr-1-mediated neutro-
phil depletion significantly reduced angiogenesis in C57
black mice implanted with Matrigel containing CXCL1 or
CXCL8 when compared with controls (Benelli et al. 2002).
Similarly, Shaw et al. found that neutrophil depletion in
Swiss Webster mice inhibited, but did not prevent, angiogen-
esis into slow-release pellets containing the pro-angiogenic
factor Fibroblast Growth Factor (FGF)-2 when implanted
into the corneas (Shaw er al. 2003). Further studies using
the chick embryo chorioallantoic membrane (CAM) assay
also showed that presence of heterophils (the chicken ana-
logue of neutrophils) promotes angiogenesis. Here on-plants
containing FGF2, VEGF or HT1080 tumour cells were
placed on top of CAM from 10-day old embryos and angio-
genesis quantified. Results showed a significant increase in
the number of heterophils in on-plants containing angiogenic
factors and HT1080 cells. At the same time, on-plants con-
taining HT1080 cells induced a fourfold increase in angio-
genesis when compared with controls, suggesting that
tumour cells could stimulate neutrophil recruitment leading
to tumour angiogenesis. Disruption of inflammation by
treating on-plants with the anti-inflammatory agent corti-
which
resulted in an 80% reduction in angiogenesis (Zijlstra et al.
2005).

Initial evidence to suggest that neutrophils can affect
tumour angiogenesis have come from association studies
using human biopsies. In patients with myxofibrosarcoma,
elevated numbers of neutrophils were observed in high-grade
malignant tumours and this correlated positively with

sone significantly reduced heterophil numbers,

increased intra-tumoural microvessel density (Mentzel et al.
2001). More convincing evidence for a role of neutrophils in
tumour angiogenesis has come from animal tumour models.
For instance, nude mice injected subcutaneously with human
Bowes melanoma cells transfected to over-express CXCL6,
induced 10 times more neutrophil infiltration than controls
and this was accompanied by increased tumour angiogenesis
(Van et al. 2001). Nozawa et al. used the RIP1-Tag2 trans-
genic mouse model to study the role of neutrophils in in
vivo angiogenesis further. The RIP1-Tag2 transgenic mouse
model is a well-characterized in vivo model of multi-step
pancreatic carcinogenesis in which insulin-induced expres-

sion of the simian SV40 large T antigen oncogene leads to
dysplastic pancreatic islets, some of which become angio-
genic and later form malignant tumours. The authors found
that angiogenic islets within lesions contained neutrophils.
Depletion of neutrophils in these animals by anti-GR-1 ther-
apy at early stages of tumour development significantly
reduced the number of dysplastic islets that were undergoing
angiogenesis (Nozawa et al. 2006). Taken together, these
data strongly suggest that neutrophils play a role in tumour
angiogenesis.

The mechanisms by which tumour-associated neutrophils
mediate or modulate tumour angiogenesis has not been fully
elucidated. Activated neutrophils can release a variety of pro-
teases that can degrade and remodel the ECM, a process that
is crucial for angiogenesis. Of the proteases released by neu-
trophils, matrix metalloproteinases (MMPs), in particular
MMP-9, have been shown to have the most profound effects
in mediating tumour angiogenesis. Proteolysis of the ECM by
this MMP releases such potent angiogenic factors as VEGF
and FGF2 that are usually sequestered in an inactivated form
to the ECM (Coussens & Werb 1996; Bergers & Benjamin
2003). Once released, these soluble factors act upon nearby
endothelial cells to prompt re-vascularization. Huang et al.
showed that human ovarian tumours grown in MMP9-defi-
cient mice displayed significantly reduced levels of tumour
microvessel density when compared with wild-type mice
(Huang ef al. 2002). Tumour-associated neutrophil-derived
MMP-9 has also been shown to contribute to tumour angio-
genesis and progression associated with squamous cell carci-
noma of the skin (Coussens et al. 2000). Similar findings
have also been observed in the RIP1-Tag2 mouse model of
pancreatic carcinoma, where neutrophils were found to be
the main source of MMPY in the angiogenic islet dysplasias
and tumours. In fact, although scarce within the tumour
compared with infiltrating macrophages, these neutrophils
produced enough MMP-9 to drive tumour angiogenesis, sug-
gesting that neutrophil-derived MMP-9 is crucial for catalyz-
ing the angiogenic switch in this model (Nozawa et al.
2006). The activity of MMP-9 is regulated by tissue inhibi-
tors of metalloproteinases (TIMPs), in particular TIMP-1.
This inhibitor is often released in conjunction with MMP9 to
form a complex thereby preventing its proteolytic activity.
Interestingly, neutrophils do not express TIMP-1 and conse-
quently do not produce MMP-9/TIMP-1 complexes (Masure
et al. 1991). Thus, neutrophil-derived TIMP-free MMP-9 is
rapidly and freely available to immediately release seques-
tered growth factors and remodel the ECM to promote
angiogenesis (Ardi et al. 2007). This may be why only few
tumour-associated neutrophils are required to promote
tumour angiogenesis in the RIP1-Tag2 mouse model.
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Activated neutrophils can also directly secrete a multitude
of soluble pro-angiogenic factors that may also influence the
angiogenic switch within tumours. For example, stimulation
of neutrophils with TNFa, a cytokine highly expressed in
many tumours, induces neutrophil de-granulation releasing
VEGEF from intracellular stores, which induces microvascular
endothelial cell proliferation and tubule formation in vitro
and thus, as already mentioned, may stimulate angiogenesis
in vivo (McCourt et al. 1999). Furthermore, upon contact
with MDA-MB-231 and T47D breast carcinoma cell lines
in vitro, purified neutrophils secrete elevated levels of
oncostatin M. This pleiotropic cytokine then induces these
breast cancer cells to up-regulate the secretion of VEGF
(Queen et al. 2005). If this happens in vivo, it is likely that
oncostatin M-induced VEGF secretion will act in concert
with VEGF and other growth factors released from tumour-
associated neutrophils, TAM and the ECM to promote
angiogenesis.

TNFa, GM-CSF and PAF-activated neutrophils also
release the pro-angiogenic ELR* chemokines CXCL8 and
CXCL1 (Cassatella 1999). As well as being neutrophil
chemoattractants, these chemokines have been shown to
induce endothelial cell proliferation and differentiation
in vitro and angiogenesis in vivo (Koch et al. 1992;
Schonbeck et al. 1995; Strieter et al. 1995; Arenberg et al.
1996). The release of these pro-angiogenic CXC chemokines
by neutrophils within the tumour microenvironment is likely
to act in concert with CXC chemokines released by tumour
cells themselves and other cells of the stoma to increase the
pro-angiogenic burden within tumours. Interestingly, binding
of CXCL8 stimulates fast de-granulation of MMP-9 from
neutrophils. The proteolytic activity of this TIMP-free
MMP-9 truncates the amino terminus of CXCL8 to produce
a tenfold more potent chemokine (Van den steen et al.
2000). This could conceivably result in a positive feedback
loop to recruit more neutrophils into the tumour and so
stimulating further angiogenesis.

As well as producing pro-angiogenic factors that may
directly stimulate endothelial cell migration, proliferation
and differentiation, neutrophils have also been shown to
stimulate angiogenesis through intimate cell-to-cell interac-
tions with endothelial cells. During extravasation, neutroph-
ils initially bind to the activated endothelium by rolling on
E-selectin expressed on the surface of endothelial cells; an
event that is mediated by neutrophil expressed sialyl Lewis
X. This is followed by adhesion via interaction of intercellu-
lar adhesion molecule-1 (ICAM-1) on the endothelium with
integrin aMpB2 (CD11b/CD18) on the neutrophil cell surface
(Lawrence & Springer 1993; Springer 1994). Ligation of
ICAM-1 or E-selectin can initiate intracellular signalling in
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endothelial cells (Durieu-Trautmann et al. 1994; Lorenzon
et al. 1998). In an in vitro model of angiogenesis, co-culture
of bovine aortic endothelial cells with neutrophils increased
in vitro angiogenesis compared with endothelial cells alone,
and this increase was inhibited by addition of blocking anti-
ICAM-1 or anti-E-selectin antibodies (Yasuda et al. 2000).
It appears that ligation of ICAM-1 is important in neutro-
phil stimulation of endothelial cells, whereas ligation of E-
selectin is more important in endothelial cell-cell interaction
and morphological changes (Yasuda et al. 2002). Neutro-
phil-induced angiogenesis was inhibited by the addition of
catalase, an enzyme that catalyzes the decomposition of
hydrogen peroxide (H,0,), providing evidence that H,O,
may also play a role in neutrophil-induced angiogenesis (Ya-
suda et al. 2000). Interestingly, H,O, activates Ets-1, a tran-
scription factor that regulates expression of MMPs 1, 3 and
9, and urokinase-type plasminogen activator (u-PA) in endo-
thelial cells (Yasuda et al. 2002), all of which have been
implicated in regulating angiogenesis. Both neutrophils and
endothelial cells can secrete H,O,, so further studies are
required to clarify the source of the H,O, that is released
when neutrophils adhere to endothelial cells. Furthermore,
there is currently no evidence to show that this phenomenon
occurs 7 vivo.

Along with the ability to release factors that stimulate
angiogenesis, neutrophils have also been shown to secrete or
increase the levels of anti-angiogenic factors. For instance,
neutrophil elastase, a serine proteinase released from the
azurophil granules of activated neutrophils, can cleave plas-
minogen to liberate the anti-angiogenic factor, angiostatin
(kingle one to three fragments) (Scapini et al. 2002). An-
giostatin generated by neutrophils can inhibit VEGF and
FGF2-mediated endothelial cell proliferation iz vitro and in
Matrigel and CAM assays iz vivo (Scapini et al. 2002).
Interestingly, angiostatin also directly affects neutrophil
migration towards CXCL1 and CXCL8. Treatment of mice
with angiostatin significantly reduced vessel formation in
CXCL1 and CXCL8 containing Matrigel sponge assays,
which was associated with reduced neutrophil recruitment
(Benelli ez al. 2002). In addition, neutrophil elastase can also
degrade VEGF and FGF2, diminishing their angiogenic
activity both iz vitro and in ex-vivo angiogenesis assays (Ai
et al. 2007). Taken together, this suggests that neutrophils
may also secrete products that try to switch off or regulate
neutrophil-induced angiogenesis. It is clear that neutrophils
have the capacity to secrete both pro- and anti-angiogenic
factors. However, given the pro-tumour microenvironment
found within most tumours, it is likely that the phenotype
of tumour-associated neutrophils is skewed to that of a pro-
angiogenic mediator.
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Given the evidence that neutrophils display pro- and anti-
angiogenic characteristics, there is currently some debate as
to the extent by which neutrophils influence tumour angio-
genesis, especially as there is overwhelming evidence to show
that tumour-associated macrophages strongly influence this
event (Dirkx et al. 2006; Mantovani et al. 2006; Lewis et al.
2007). However, a recent study by Pahler et al. has shed
light on the importance of tumour-associated neutrophils.
Their study examined tumour angiogenesis (as measured by
vessel density) in CCR2™~ mice with HPV-driven cervical
carcinomas. Unsurprisingly, the levels of TAM in tumours
grown in these mice were significantly lower than control
mice, suggesting that the CCL2/CCR2 ligand-receptor axis
is important in TAM recruitment in these tumours. How-
ever, surprisingly, there was only a modest delay in time to
progression from dysplasia to carcinoma in the CCR2-defi-
cient mice, and the MMP-9 expression levels and microves-
sel density in the tumours of these mice remained unchanged
compared with wild-type tumour-bearing mice. Further
investigation of the tumours from CCR2-deficient mice
revealed a dramatic increase in neutrophil numbers in these
tumours, which was associated with the elevated MMP-9
expression, suggesting that neutrophils were providing a sec-
ondary source of MMP-9 in the absence of TAM, thereby
rescuing tumour angiogenesis. Even more strikingly, iz vitro
bioassays showed that macrophages produce soluble factors
that can inhibit neutrophil chemotaxis and their recruitment
into tumour spheroids. These data suggest a mechanism
whereby CCL2 attracts pro-angiogenic CCR2* TAM that
has the ability to limit tumour infiltration by neutrophils. If
such tumor-promoting macrophages are suppressed, MMP-
9* neutrophils are then recruited to the tumour to provide
alternative paracrine support for tumor angiogenesis and
progression (Pahler et al. 2008). Clearly, more studies are
warranted on the role of neutrophils in tumour angiogenesis
and the interaction these cells have with other tumour-asso-
ciated leucocyte populations. The current understandings on
neutrophil recruitment and roles in angiogenesis that have
been discussed in this review are summarized diagrammati-
cally in figure 1.

Therapeutic implications and future research
directions

The increasing evidence for a role of neutrophils in tumour
angiogenesis suggests that agents designed to reduce either
their numbers or biological activity within the tumour envi-
ronment may be useful for anti-tumour therapy. Indeed,
administration of cytotoxic antibodies to reduce the number
of neutrophils in murine models of tumour angiogenesis has

provided convincing evidence to show that such a strategy
would be beneficial in the human setting (Nozawa et al.
2006). However, as neutrophils are a key component of the
innate immune response to invading pathogens, complete
ablation of neutrophils from a human cancer patient (who
are already immunocompromised to a certain extent) would
obviously not be beneficial. An alternative strategy could be
to target the molecules that recruit neutrophils to these
tumours. As outlined previously, most neutrophils are likely
to be recruited to the tumour by members of the CXCL
chemokine family. Interestingly, Wente et al. demonstrated
that administration of a CXCR2-blocking antibody reduced
angiogenesis in the rat corneal micro-pocket assay in
response to tumour conditioned medium (Wente et al.
2006). Although, in their experiments the number of infil-
trating neutrophils into the cornea was not investigated;
given other data, it is likely that this antibody prevented
neutrophil infiltration that mediated angiogenesis. In recent
years, various pharmaceutical companies have developed
small molecule antagonists that specifically bind to and inhi-
bit CXCR2 signalling. One such group of molecules that
have been found to inhibit CXCR2 with high specificity is
based on the compound thiazolo[4,5-d]pyrimidine (Hunt
et al. 2007). These molecules not only bind CXCR2 with
high specificity, they also inhibit neutrophil chemotaxis
specifically toward CXCR2 but not CXCR1 ligands. We
have recently found that pretreatment of neutrophils with
this antagonist inhibits recruitment of neutrophils into A549
adenocarcinoma tumour spheroids that secrete abundant
CXCR2 ligands. Furthermore, when administered into mice
bearing A549 xenograft tumours, the antagonist inhibited
neutrophil recruitment into these tumours, which resulted in
a significant reduction in tumour growth (Tazzyman, Barry,
Ashton, Lewis, Murdoch, unpublished observation). Such
experiments may show the usefulness of future neutrophil-
targeted cancer therapy.

Targeting tumour-associated leucocytes as a potential can-
cer therapy is not new. Indeed, there are many current treat-
ment strategies that are targeted toward reducing or
eradicating the recruitment of tumour-associated macro-
phages in the tumours. These therapies are based on reduc-
ing TAM recruitment by blocking the actions of such
molecules as CSF-1, PIGF and CCL2 using therapeutic
blocking antibodies or antisense probes (Aharinejad et al.
2002; Gazzaniga et al. 2007; Loberg et al. 2007). These
treatments show some potential, however, the recent work
of Pahler er al., which showed that neutrophils can compen-
sate for the reduction of TAM in tumours, suggests that
elimination of TAM alone may be insufficient (Pahler et al.
2008). A combined or sequential therapeutic approach to
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inhibit macrophage and then neutrophil infiltration may
have to be considered.

Summary

Neutrophils were once an ignored cell type in the field of
tumour biology. However, there is now an increasing body
of evidence to show that these cells are capable of directly
affecting tumour progression. There is some data to suggest
that neutrophils or neutrophil-derived factors participate in
tumourigenesis, tumour cell proliferation and metastasis.
However, most evidence points to a role of these cells in
mediating tumour angiogenesis. At present there is some
uncertainty as to how important neutrophils are in contrib-
uting to leucocyte-mediated tumour angiogenesis and more
research in this area is required. Nevertheless, targeting neu-
trophil recruitment into tumours may prove a beneficial and
feasible therapeutic strategy to complement more traditional
anti-cancer therapies.
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