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Abstract
tumor microenvironment. We highlight recent ﬁndings on the
mechanisms by which tumor cells, in cooperation with tumorassociated stromal cells, induce expansion, recruitment, and
polarization of neutrophils. We also review the multifaceted roles
that neutrophils play in different aspects of cancer development
and progression, with an emphasis on tumor angiogenesis and
metastasis. Cancer Immunol Res; 4(2); 83–91. 2016 AACR.

Introduction

granulocyte colony-stimulating factor (G-CSF) and its receptor,
G-CSFR (12). G-CSF is a 25 kDa secreted glycoprotein
encoded by the csf3 gene (13). It is produced by endothelial
cells, ﬁbroblasts, monocytes, and macrophages in response to
Toll-like receptor ligands and various proinﬂammatory cytokines (13, 14). G-CSF binds to its receptor, expressed in
neutrophils and in neutrophil progenitor cells, and activates
the downstream Janus kinase (JAK)/signal transducer and activator of the transcription 3 (Stat3) pathway (15), an essential
signaling pathway for cancer inﬂammation (16). Activation of
the JAK/Stat3 signaling pathway leads to expression of genes
that are required for granulopoiesis (e.g., MYC, CEBPB; ref. 17).
As a result, G-CSF promotes commitment to granulocyte development, neutrophil progenitor cell proliferation, and survival
of mature neutrophils (13, 14). In addition, G-CSF facilitates
release of neutrophils and hematopoietic progenitor cells
from the bone marrow through downregulation of the CXCchemokine ligand 12 (CXCL12)/CXC-chemokine receptor 4
(CXCR4) axis that mediates retention/homing of neutrophils
to the bone marrow (18). G-CSFR is a member of the type-1
cytokine receptor family encoded by the CSF3R gene (13). It
contains a conserved cytokine receptor homologous (CRH)
domain, an Ig-like domain, and three ﬁbronectin type III–like
domains in the extracellular region; a single transmembrane
region; and an intracellular region without intrinsic catalytic
activity (19, 20). Upon G-CSF binding, G-CSFR forms a "crossover," 2:2 ligand:receptor complex, in which each G-CSF molecule binds to both receptors (19, 21). Expression of G-CSFR
has been detected in both hematopoietic and nonhematopoietic cell types, including the placenta, neurons, endothelial cells,
cardiomyocytes, and cancer cells (22). In the hematopoietic
system, G-CSFR is predominantly expressed in myeloid lineage
cells such as myeloid progenitor cells, granulocytes, and monocytes (22).
Mice deﬁcient in G-CSF (23) or G-CSFR (24) manifest severe
neutropenia under basal and stressed conditions (e.g., bacterial
infection; ref. 25). Administration of exogenous G-CSF remains
the most efﬁcient method to induce granulopoiesis and mobilization of hematopoietic progenitor cells in humans and
animals (14). Other factors, including GM-CSF, IL6, and

Neutrophils are the most abundant white blood cells (WBC)
in the human circulatory system and constitute an important
part of the ﬁrst-line defense against infection (1). Neutrophils
are constantly generated through granulopoiesis in the bone
marrow and are mobilized in the peripheral circulation to
patrol for invading pathogens (1). Chemokines produced at the
infection/inﬂammatory sites attract neutrophils, where they exert
anti-infection/proinﬂammatory functions, such as phagocytosis
of pathogens; release of antimicrobial products, including reactive
oxygen species (ROS), antibacterial peptides, enzymes, and neutrophil extracellular traps (NET); and production of cytokines
and chemokines to recruit other immune cells (1, 2).
Inﬂammation has been long recognized as a key aspect of
cancer development, which can fuel both primary tumor growth
and metastasis (3). Therefore, it is not surprising that neutrophils,
a key inﬂammatory cell type, can be mobilized and recruited to
tumors. In fact, aberrant accumulation of neutrophils has been
documented in a wide variety of tumors and is often associated
with poor clinical outcomes (4–11). Emerging evidence also
suggests that neutrophils, in response to signals derived from
cancer cells or stromal cells, can alter their phenotypes and
migration routes and also release factors that act on tumor cells
and other cell types (e.g., endothelial cells and immune cells),
which we review in the following sections.

Deregulation of Neutrophils by the Tumor
Microenvironment
The induction of granulopoiesis, a cascade of cellular events
that lead to neutrophil production, is mainly regulated by
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Chronic inﬂammation fosters cancer development and progression and also modulates tumor responses to anticancer therapies. Neutrophils are key effector cells in innate immunity and
are known to play a critical role in various inﬂammatory disorders. However, the functions of neutrophils in cancer pathogenesis have been largely neglected until recently and still remain
poorly characterized compared with other immune cells in the
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Tumor-Supporting Functions of
Neutrophils
Growing evidence supports a protumoral role of neutrophils.
In this section, we review the protumoral functions of neutrophils
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on tumor cells and tumor-associated stromal cells at primary
tumors and metastatic sites.
Tumorigenesis, tumor cell proliferation, and survival
Neutrophils can directly act on premalignant epithelial cells to
accelerate tumorigenesis. Work by Coussens and colleagues has
shown that matrix metalloproteinase 9 (MMP9), supplied by
bone marrow–derived cells, contributes to skin carcinogenesis
(48). Among various cell types in the tumor microenvironment,
neutrophils are a rich source of MMP9, yet lack expression of
tissue inhibitor of metalloproteinases (TIMP), the endogenous
inhibitors of MMP9. This renders neutrophil-derived MMP9 more
prone to activation and participation in protumoral functions
(49). Neutrophils produce ROS (through the action of myeloperoxidase and NADPH oxidase), which is known to cause DNA
damage, genome instability, and gene mutation in premalignant
epithelial cells and drives oncogenic transformation (50, 51).
Together, these observations suggest that neutrophils recruited to
chronic inﬂammation sites may foster tumorigenesis through
multiple mechanisms.
During tumor progression, neutrophils release factors that
stimulate tumor cell proliferation (Fig. 1). Neutrophil elastase
(ELA2) can enter tumor cells, activate phosphoinositide 3-kinase
(PI3K) through degradation of its negative regulator insulin
receptor substrate-1 (IRS-1), and promote tumor cell proliferation
(52). Moreover, breast cancer cells can induce neutrophils to
produce oncostatin M (53), a factor known to stimulate tumor
cell proliferation through activation of Stat3 (16). A recent study
also shows that carcinoma-derived CXCL1/2 facilitates recruitment of S100A8/9-positive granulocytes, which induced tumor
cell survival, metastasis, and resistance to chemotherapy (54).
Angiogenic properties of tumor-associated neutrophils
Angiogenesis is the formation of new blood vessels and
involves proliferation, migration, and differentiation of endothelial cells (55). Angiogenesis is a critical step during cancer
development, and it has become clear that not only tumor
cells but also stromal cells in the tumor microenvironment
can supply proangiogenic factors. Tumor-inﬁltrating neutrophils can mediate the angiogenic switch in a transgenic mouse
tumor model (56). Also, tumors grow faster, become highly
vascularized, and are more inﬁltrated by neutrophils in IFNbdeﬁcient mice compared with the wild-type mice; depletion
of neutrophils eliminates the enhanced tumor growth and
angiogenesis in IFNb-deﬁcient mice (57). In myxoﬁbrosarcoma patients, elevated numbers of neutrophils positively
correlated with tumor microvessel density (58). Moreover,
intratumoral inﬁltration of neutrophils is signiﬁcantly correlated with tumor grade in glioma patients (11, 59) and with
acquired resistance to anti-VEGF therapy in tumor-bearing
mice (59).
Vascular endothelial growth factor (VEGF)-A is a potent
angiogenic factor and a validated therapeutic target for blocking
tumor as well as intraocular angiogenesis (60). Tumor-associated neutrophils contain a large intracellular pool of VEGF
that can be rapidly released upon stimulation (61). Moreover,
de novo synthesis of VEGF mRNA has been reported in tumorassociated neutrophils, in spite of the low gene transcription
in mature neutrophils (62). Accordingly, elevated amounts
of VEGF are found in neutrophils isolated from the oral cavity
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thrombopoietin, can also contribute to granulopoiesis,
although to a lesser extent than G-CSF. Knockout mice for
GM-CSF (26), IL6 (27), or thrombopoietin (28) have been
examined and, in contrast to G-CSF/ (23) or G-CSFR/ (24)
mice, appear to have normal neutrophil numbers in the blood.
However, mice lacking both G-CSF (or its receptor) and
GM-CSF (26), IL6 (29), or thrombopoietin (ref. 28; double
knockout) display more severe neutropenia than mice lacking
only G-CSF (or its receptor). It is noteworthy that mice lacking
all three myeloid colony-stimulating factors (G-CSF, GM-CSF,
and M-CSF) can still generate macrophages and granulocytes,
albeit at substantially reduced levels (30).
Elevated G-CSF, as well as GM-CSF or IL6, have been documented in human and mouse cancers and are often associated
with paraneoplastic "leukemoid reactions" (PLR), characterized
by high WBC counts of more than 50,000/mL (in humans), with
neutrophils being the predominant cell type (16, 31–36). PLR
can occur in 10% to 15% of cancer patients and are strongly
predictive of poor clinical outcomes (33, 34). We have previously reported that activation of the oncogenic RAS/MEK/ERK
pathway induces expression of G-CSF from tumor cells through
the Ets transcription factor (37). Blockade of G-CSF release
through MEK inhibition, antibody-mediated G-CSF neutralization, or targeted inactivation of the G-CSF receptor in mice, resulted in suppression of aberrant neutrophil accumulation and
inhibition of tumor angiogenesis and metastasis (35, 37–39).
The signiﬁcance of tumor-derived GM-CSF or IL6 on neutrophil
homeostasis in malignancies has been less extensively characterized. However, it has been shown that augmented expression
levels of GM-CSF and IL6 in tumor-bearing mice are associated
with increased myeloid-derived suppressor cells (MDSC), a
heterogeneous population of monocytic and granulocytic myeloid cells that promotes cancer progression through various
mechanisms (40, 41).
Mechanisms of neutrophil recruitment to the inﬂamed tissues
have been reviewed in detail elsewhere (1, 2) and are not
discussed here. Of interest, tumors do share some basic chemotaxis mechanisms that regulate recruitment of neutrophil to
inﬂammatory sites. For example, tumor cells and stromal cells
in the tumor microenvironment secrete chemokines such as
CXCL1, CXCL2, CXCL5, and CXCL8 to attract neutrophils
(reviewed in refs. 42, 43). G-CSF induces expression of Bv8/
prokineticin-2, a protein that induces angiogenesis, and also
facilitates recruitment of CD11bþLy6Ghi neutrophils in both
primary tumors and the metastatic sites (35, 38, 39). Once
neutrophils arrive at tumor sites, they can be instructed by
tumor-derived factors to "tune up" their tumor-supporting
functions. One characteristic feature of advanced solid tumors
is hypoxia. In fact, hypoxia promotes HIF-1a–dependent neutrophil survival (44, 45) but impairs the respiratory burst activity
in human neutrophils (46). In addition, it has been reported
that blockade of TGFb in the tumor microenvironment drives
neutrophil polarization from a protumoral "N2" phenotype to
an antitumoral "N1" phenotype characterized by enhanced
cytotoxic and immunostimulatory activities (47).

Neutrophils in Tumor Angiogenesis and Metastasis
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Figure 1.
Schematic overview of the tumor-supporting functions of neutrophils. Tumor- or stroma-derived G-CSF stimulates neutrophil production in the bone marrow
and subsequent release in the circulation. Circulating neutrophils, recruited into the tumor by various chemokines, locally produce factors (e.g., ELA2, OSM,
and S100A8/9) that promote tumor cell proliferation, survival, and resistance to chemotherapy. Neutrophil-derived ROS can induce DNA damage in
premalignant cells that facilitates oncogenic transformation. Neutrophils then support tumors through stimulation of tumor angiogenesis by releasing
proangiogenic factors such as VEGF and Bv8. Neutrophils are a rich source of proteolytic enzymes, including MMPs and serine proteases, which can
break down the extracellular matrix (ECM) and release the bioactive forms of growth factors and proangiogenic molecules. Additionally, neutrophils can
secrete factors that induce local immunosuppression by impairing T-cell responses, inducing T-cell death, and recruiting regulatory T cells, which permits
tumor development and progression. Other immune cells in turn produce factors such as IL17 derived from Th17 and gd T cells that augment G-CSF levels and
tumor-induced neutrophilia. ELA2, neutrophil elastase; OSM, oncostatin M.

of cancer patients compared with control subjects, and VEGF
amounts in neutrophils are positively associated with disease
stages (63).
MMP9 is a proteolytic enzyme that cleaves substrates within,
and remodels, the extracellular matrix (ECM), facilitating endothelial cell movement. Moreover, the proteolytic activity of
MMP9 releases VEGF and other growth factors that had
been sequestered in an inactive form in the ECM (reviewed in
refs. 64, 65). When neutrophils secrete TIMP-free MMP9, it
liberates bioactive ﬁbroblast growth factor-2 and VEGF from
the ECM and induces tumor angiogenesis. Involvement of
neutrophils in angiogenic switches has been illustrated in the
RIP1-Tag2 transgenic pancreatic neuroendocrine mouse model
by counting the number of islets undergoing angiogenesis
under different conditions. When neutrophils are depleted by
administration of antibodies to Gr1 (a marker on the neutrophil cell surface), the association of VEGF with its receptor is
reduced, as is the number of islets undergoing angiogenesis
(56). Interestingly, a recent study shows that MMP9-positive
neutrophils can compensate for the loss of macrophages in
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tumor-bearing CCR2-null mice by supporting tumor angiogenesis and progression (66).
In an effort to identify molecular and cellular mechanisms
mediating tumor refractoriness to anti-VEGF therapy, we discovered that tumor inﬁltration by CD11bþGr1þ myeloid cells results
in reduced responsiveness to anti-VEGF antibodies, as compared
with tumor models with little or no CD11bþGr1þ cell inﬁltration
(67). Interestingly, a similar tumor responsiveness to anti-VEGF
treatment was observed in both immunocompetent and XID
mice, indicating that these effects of CD11bþGr1þ cells do not
require B-cell or T-cell function (67). Further studies identiﬁed
G-CSF produced by tumor or stromal cells as a critical mediator of
accumulation of CD11bþGr1þ cells and consequent tumor refractoriness to anti-VEGF therapy (38, 39).
G-CSF is also induced when tumor-inﬁltrating T helper type
17 (Th17) cells secrete IL17, which in turn leads to expansion,
mobilization, and tumor recruitment of myeloid cells (mostly
neutrophils; ref. 68). Upon stimulation with G-CSF, neutrophils
upregulate expression of Bv8/prokineticin-2 through activation
of the Stat3 pathway (69–71). As noted, Bv8 stimulates
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Neutrophils as negative regulators of anticancer immunity
Although a comprehensive review of neutrophil immunology
is beyond the scope of this article, we want to emphasize that
neutrophils can initiate and engage in complex cross-talk with
other immune cells throughout their development and activation.
Such cross-talk can reciprocally modulate the phenotypes of
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neutrophils and other immune cells and thus control inﬂammation and immune responses under physiologic and pathologic
conditions.
It is well established that tumor cells often induce an immunosuppressive microenvironment through impaired antigen
presentation, release of immunosuppressive factors, induction
of immunologic tolerance and recruitment of immune cells
equipped with tumor-supporting machineries (78). In this
context, multiple mechanisms have been proposed for the
immunosuppressive features of neutrophils and granulocytic
MDSCs, a heterogeneous cell population that shares remarkable
features including surface markers, cell morphology, and function with tumor-associated neutrophils (79). For instance,
tumor-inﬁltrating neutrophils produce TGFb (80), an immunosuppressive cytokine with diverse effects on multiple lineages
of immune cells.
Peripheral blood polymorphonuclear leukocytes isolated
from patients with hepatocellular carcinoma release signiﬁcantly more CCL2 compared with healthy subjects. This CCL2
inhibits peripheral blood mononuclear cell (PBMC) production of IFNg, an inhibition that is abolished by antibodies that
block CCL2 (81). Neutrophils also exert their immunosuppressive function through production of arginase (ARG1;
ref. 82) and ROS. Arginase depletes arginine from the surrounding environment, leading to inhibition of T-cell proliferation and function (83). ROS can suppress T-cell activation
and, at high concentrations, induce apoptosis in T cells (84).
In addition, tumor-associated neutrophils recruit immunosuppressive regulatory T cells (Treg) into tumors through secretion of CCL17 (85). In summary, the immunosuppressive
environment fostered by neutrophils facilitates tumor growth
and metastasis (Fig. 1).
Neutrophils in premetastatic and metastatic
microenvironments
Metastasis remains the leading cause of death for patients
with cancer. The multistep process of metastasis involves tumor
cell migration, invasion, and escape from primary tumor sites,
survival in circulation, extravasation and seeding at secondary
sites, overcoming dormancy, and initiation of metastatic outgrowth. Meanwhile, tumor cells need to be protected from
attack by the host's immune system throughout the process.
Emerging evidence suggests that neutrophils, in response to
tumor-derived stimuli, contribute to most if not all of these
steps during cancer metastasis. In this section, we highlight
recent ﬁndings on the input of neutrophils to different phases
of cancer metastasis.
Neutrophils produce a variety of proteins that can stimulate
tumor cell migration and invasion. For example, neutrophils
maintain a large intracellular pool of serine proteases and
MMPs (reviewed in refs. 73, 74) that can be released upon
activation, which can facilitate tumor cell migration and invasion through remodeling ECM and increasing the bioavailability of (pro-migration and pro-invasion) signaling molecules.
Alveolar neutrophils secrete hepatocyte growth factor (HGF),
which induces human lung cancer cell migration (86). Moreover, some neutrophil-derived proteins are known to trigger
epithelial–mesenchymal transition (EMT) of tumor cells. EMT
is a developmental program that allows stationary epithelial
cells to lose tight cell–cell junction and obtain the ability to
migrate and invade during development (87). Tumor cells are
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endothelial cell proliferation, survival, and migration (39) and
also functions as a chemoattractant for neutrophils and, in some
cases, for metastatic tumor cells (35). Blockade of IL17/IL17
receptor, G-CSF/G-CSF receptor, or Bv8—through genetic and
pharmacologic approaches—inhibits intratumoral inﬁltration
of neutrophils, tumor angiogenesis, and tumor growth (38,
39, 68). Importantly, Bv8 upregulation in response to G-CSF
(and GM-CSF) has been reported in human neutrophils (71).
The immunohistochemical localization of Bv8 protein in
human tumor-inﬁltrating neutrophils has also been reported
(71). In a complementary fashion, neutrophils can also recruit
Th17 cells to the inﬂammatory sites through secretion of CCL2
and CCL20 (72). Collectively, these results suggest that neutrophils and Th17 cells can cross-talk and work in concert to
induce, among other effects, tumor resistance to antiangiogenic
therapy.
Besides VEGF, MMP9, and Bv8, recent work in the ﬁeld has
extended the list of neutrophil-derived factors that are known
to sustain tumor angiogenesis. These factors include but are
not limited to chemokines and cytokines (e.g., CXCL1, CXCL8,
IL1b, and IL6), oncostatin M, and urokinase-type plasminogen
activator (uPA; reviewed in refs. 73, 74). Nevertheless, whether
and how these factors contribute to neutrophil-mediated tumor
angiogenesis remains to be determined.
The results generated in various preclinical models strongly
suggest a role for neutrophils in mediating tumor angiogenesis
and refractoriness to anti-VEGF therapy. The clinical evidence
supporting this notion, although still relatively limited, is
growing (58, 63, 71). For example, in a study that investigated
the role of inﬂammatory cells in predicting the clinical outcome in advanced nonsquamous non–small cell lung cancer
patients treated with chemotherapy with or without bevacizumab, the authors found that a high number of circulating
neutrophils and monocytes and a high neutrophil-to-lymphocyte ratio (NLR) are associated with poor clinical outcome only
in patients treated with chemotherapy plus bevacizumab, but
not in those treated with chemotherapy alone (75). The same
group also reported that a low baseline NLR was associated
with the longest progression-free survival (PFS) in colorectal
cancer patients receiving bevacizumab as a ﬁrst-line therapy
(76). Also, in patients with metastatic renal cell carcinoma
treated with the VEGFR tyrosine kinase inhibitor sunitinib, a
low NLR (NLR  3) before treatment was associated with
better response rate, longer PFS, and overall survival
(OS; ref. 77). Although these ﬁndings are consistent with the
important roles of neutrophils in mediating tumor angiogenesis and resistance to anti-VEGF therapy (Fig. 1), more studies
are clearly needed to address the following concerns: (i) the
direct involvement of neutrophils in triggering angiogenesis in
human tumors; (ii) the role of neutrophils in predicting the
clinical outcomes in patients receiving anti-VEGF therapies;
and (iii) whether blockade of the proangiogenic function of
neutrophils in cancer patients can reverse resistance to antiVEGF therapy.

Neutrophils in Tumor Angiogenesis and Metastasis

study suggests that neutrophils promote adhesion of lung
cancer cells to liver sinusoids and liver metastasis and this effect
is partially reversed by Mac-1 or ICAM-1 blockade (93). In
addition, Cools-Lartigue and colleagues reported that neutrophil-released neutrophil extracellular traps (NET) can contribute
to cancer metastasis (94). NETs are neutrophil-derived structures composed of DNA, chromatin, and granule proteins and
represent a host defense mechanism by trapping and killing
microorganisms (95). Circulating tumor cells become trapped
within NETs, and NET trapping increases formation of liver
metastasis (94). Inhibition of NET with DNase or a neutrophil
elastase inhibitor impedes metastasis development (94).
A recent revisitation of Paget's classic "seed and soil" hypothesis
(96) is the "premetastatic niche" (97). Lyden and colleagues
reported that VEGFR1þ hematopoietic progenitor cells are
recruited to the premetastatic sites and form cellular clusters
before the arrival of tumor cells (97). These VEGFR1þ cells can
then promote adherence and growth of metastatic tumor cells,
possibly through production of MMP9 and CXCL12 (97). Our
work has suggested that neutrophils, rather than VEGFR1þ cells,
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known to use this strategy to increase cell motility, invasiveness, and their ability to break/remodel basement membrane
and ECM (87). EMT can also prevent circulating tumor cells
from dying and facilitate extravasation and seeding at the
secondary sites (87). Tumor-inﬁltrating neutrophils produce
among other factors TGFb (80), a primary inducer of EMT
through upregulation of Snail1/2, Zeb1/2, and Twist1 (87).
Neutrophil-derived TGFb has been shown to induce EMT in
lung adenocarcinoma cells (88), and a recent study suggests
that neutrophil elastase can contribute to EMT by degradation
of E-cadherin in tumor cells (89). Neutrophils isolated from
inﬂammatory disorders express TNFa upon stimulation (90),
which has also been shown to promote EMT (91).
Neutrophils in the peripheral circulation can also facilitate
cancer metastasis by inducing cancer cells to adhere to endothelial cells at the extravasation sites. Circulating human melanoma cells secrete IL8, a neutrophil chemoattractant that also
induces expression of b2 integrin (Mac-1) on neutrophils, which
increases the binding of melanoma cells to neutrophils and
endothelial cells, leading to increased metastasis (92). Another
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Figure 2.
Neutrophils promote tumor metastasis. At primary tumor sites, neutrophils secrete factors that can induce EMT of tumor cells and support their migration
machinery. MMPs produced by neutrophils can break down and remodel the ECM, which in turn facilitates tumor cell migration, invasion, and
intravasation. In the peripheral circulation, neutrophils may support adhesion and retention of circulating tumor cells (to the endothelium at the
metastatic target sites) through multiple mechanisms. For example, NETs produced by neutrophils can entrap circulating tumor cells and induce
extravasation. In addition, neutrophils can facilitate cancer metastasis by suppressing the cytotoxic T-cell–mediated immune surveillance against
metastatic tumor cells. At the distant metastatic sites (e.g., lung), neutrophils, along with other bone marrow–derived cells, arrive before tumor cells
and constitute the "premetastatic niche" by releasing factors such as MMP9, S100A8/9, Bv8, and leukotrienes that promote colonization, migration,
and outgrowth of metastatic tumor cells.
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Antitumor Effects of Neutrophils
While tumor promotion seems to be the predominant outcome of the interaction between neutrophils and tumor/stromal cells, several studies have reported antitumor functions of
neutrophils. For instance, it was suggested that neutrophils can
directly inhibit tumor cell proliferation and survival through
production of TRAIL, a TNF superfamily member that binds to
its receptor in tumor cells and induces apoptosis (106). Also,
"tumor-entrained" neutrophils have been reported to have
antitumor and antimetastatic effects, based on the observation
that antibody-mediated depletion of neutrophils in 4T1 and
MMTV-PyMT mouse tumor models results in enhancement of
metastasis (107). These ﬁndings, while intriguing, are contradicted by several reports (see above; refs. 35, 98, 103), showing
that, in similar tumor models, tumor-associated neutrophils
have clear prometastasis functions. In a different setting, the
cMet proto-oncogene is expressed in neutrophils and required
for chemoattraction and nitric oxide–dependent cytotoxicity
of antitumoral neutrophils (108). As a result, cMet deletion
in neutrophils stimulates tumor growth and metastasis (108).
Neutrophils are essential for development, survival, and activation of other immune cells under basal condition and during
induction of immune responses against invading pathogens
(reviewed in refs. 1, 2). It has been shown that blockade of TGFb
polarized the protumoral, immunosuppressive "N2" neutrophils
to the antitumor, immunostimulatory "N1" neutrophils (47). It
remains unclear, however, whether tumor-associated neutrophils
are involved in the development of anticancer immunity without
any therapeutic intervention. Previous published results (47, 98,
99) suggest that it is a strong possibility that tumor-associated
neutrophils are primarily immunosuppressive, due to chronic
exposure to tumor-derived signals, and can be polarized to be
immunostimulatory through inhibition of the immunosuppressive signals (e.g., TGFb).

Potential Strategies to Inhibit Neutrophils
The tumor-promoting actions of neutrophils provide a rationale for the development of therapies that target such cells.
However, approaches that eliminate the whole neutrophil
population are expected to have major adverse effects because
neutrophils constitute a vital defense mechanism against foreign pathogens and depletion of neutrophils may render
patients vulnerable to infections. Such approaches might also
remove the host–beneﬁcial antitumoral neutrophils. Alternatively, other strategies may be considered: (i) blocking neutrophil mobilization and recruitment to primary tumors and
metastatic sites; (ii) polarizing neutrophils from the protumoral phenotype to the antitumoral phenotype; and (iii)
speciﬁcally targeting neutrophil-derived molecules with
tumor-supporting functions. For instance, therapeutics that
reduce the expression levels of G-CSF by tumor or stromal
cells (e.g., MEK/ERK inhibitor or anti-IL17) or the downstream
targets of the G-CSF/G-CSFR axis (inhibitor of the JAK/Stat3
pathway or anti-Bv8) can be used to test the ﬁrst strategy.
Antagonists of GM-CSF or other chemokines may also be
valuable. Anti-TGFb therapy can be used to test the second
strategy. To test the third strategy, one might consider antagonists of neutrophil elastase, S100A8/9, VEGF, MMP9, oncostatin M, neutrophil-derived serine proteases, and scavengers
of ROS.
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are the major cell type mobilized by signals derived from primary
tumors (e.g., G-CSF) and recruited to metastatic sites such as lung
and liver, to promote a permissive environment (35). We found
that, at the metastatic sites, neutrophils express a spectrum of
genes, Bv8 and S100A8 being among the most upregulated. As
noted, Bv8 facilitates further recruitment of neutrophils and
seeding of metastatic tumor cells (35). Accordingly, treatment
with antibodies to G-CSF or Bv8 reduces aberrant accumulation of
neutrophils at premetastatic organs and signiﬁcantly inhibits
lung metastasis (35).
It is noteworthy that several studies have conﬁrmed and
further explored the role of neutrophils in fostering metastatic
niches and establishing cancer metastasis. The study by Casbon
and others conﬁrmed the presence of neutrophils in premetastatic lung tissue and found that prolonged exposure of G-CSF
expanded T-cell–suppressive neutrophils, resulting in increased
cancer metastasis (98). A recent study by Coffelt and colleagues
found that expression of IL17 from gd T cells induced
expansion and polarization of neutrophils in mice bearing
metastatic tumors (99). Tumor-induced neutrophils facilitated
cancer metastasis by suppressing CD8þ cytotoxic T-cell proliferation and activation (99). This effect was dependent on the
IL17/G-CSF axis as neutralization of IL17 or G-CSF prevented
neutrophil accumulation, relieved cytotoxic T cells from neutrophil-mediated immunosuppression, and inhibited cancer
metastasis (99).
On the other hand, mice deﬁcient in type I IFN signaling
(IFNaR1/) have a higher rate of metastasis after tumor
implantation compared with wild-type mice (100). This effect
is associated with increased G-CSF, neutrophil accumulation,
and expression of prometastatic proteins like Bv8, MMP9,
S100A8, and S100A9 at the metastatic sites (100). Type I IFN
signaling is negatively correlated with IL17 signaling in T cells
(101). It is conceivable that in IFNaR1/ mice, IL17 signaling
becomes hyperactivated, leading to G-CSF–mediated expansion and mobilization of neutrophils, as observed in this study.
As mentioned previously, granulocytic myeloid cells can be
recruited to the metastatic sites by tumor-derived CXCL1/2 and
secrete S100A8/9, supporting metastatic tumor cell survival and
chemoresistance (54). Furthermore, blockade of colony-stimulating factor-1 (CSF-1) or its receptor (CSFR1) can lead to
increased lung metastasis associated with enhanced serum
G-CSF, increased frequency of neutrophils at primary tumors,
and metastasis to the (102). Administration of neutralizing
antibodies against G-CSF receptor prevents neutrophil accumulation and metastasis promoted by blockade of CSF-1/CSF1R (102). Additionally, a recent study conﬁrmed the involvement of neutrophils in establishing the premetastatic lung
microenvironment and indicated that neutrophil-derived leukotrienes can support colonization of metastatic tumor cells
by selectively expanding a sub-pool of cancer cells with high
tumorigenic potential (103). These ﬁndings are consistent with
previous observations that antagonists of the leukotriene generating enzyme (104), or inhibition of leukotriene receptor
(105), can suppress tumor metastasis. In summary, these ﬁndings are consistent with the hypothesis that tumor-associated
neutrophils can promote cancer metastasis through multiple
mechanisms that include induction of EMT and tumor cell
migration and invasion, assisting extravasation, and creating
the metastatic niche and the immunosuppressive microenvironment (Fig. 2).

Neutrophils in Tumor Angiogenesis and Metastasis

Additionally, blockade of the tumor-supporting functions
of neutrophils may be valuable when combined with conventional chemotherapies and other targeted therapies. This
is exempliﬁed by the combinational treatment of tumorbearing mice using antibodies to VEGF and to G-CSF, Bv8,
or IL17. Our previous studies indicated that such combination therapies reduce tumor growth in mouse tumor
models that are otherwise refractory to anti-VEGF treatment
(38, 39, 68).

Box 1. Outstanding Questions
1.

2.

3.

Concluding Remarks and Perspectives
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Emerging evidence supports an important yet complex role of
neutrophils during tumor initiation, growth, angiogenesis, evasion from immunosurveillance and metastasis. Still, much
remains unknown, and further characterization of neutrophil
functions in the context of cancer and cancer-related inﬂammation is needed (see Box 1). The knowledge gained by addressing
such questions is expected to advance our understanding of
neutrophil recruitment, heterogeneity, programming, and functional plasticity, in response to signals derived from tumors and
possibly other pathologic conditions. It should also facilitate
identiﬁcation of the most efﬁcient strategies to block the
tumor-supporting functions of neutrophils while preserving or
even boosting the antitumoral functions.

Considering the difference between mouse and human
neutrophils, to what extent can knowledge generated
from mouse tumor models be applied to human cancer
patients?
What are the most efﬁcient and reliable methods to
identify and isolate neutrophils from mouse tumor
models, and more importantly, human cancer patients?
What is the developmental status of neutrophils recruited
to primary tumors and metastatic sites?
How do neutrophils interact with other cell types that are
recruited to/constitute the metastatic niche? How does
this interaction regulate cancer metastasis? What are the
relative contributions of immunosuppression and direct
stimulation of angiogenesis or tumor cell growth to
neutrophil-induced tumor promotion? Are they tumortype or tumor-stage dependent?
Are the protumoral and antitumoral neutrophils
fundamentally different neutrophil subsets? Or do they
simply represent different developmental stages or
activation states of neutrophils? Can the protumoral and
antitumoral neutrophils coexist in the same tumor tissue?
What surface/intracellular markers can be used to
distinguish them? Which signaling pathways determine
differentiation toward protumoral versus antitumoral
phenotypes of neutrophils? How can we develp therapies
to target such signaling pathways in order to suppress the
protumoral while promoting the antitumoral effects?

Published online February 2, 2016.

References
1. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil
function: from mechanisms to disease. Annu Rev Immunol 2012;30:
459–89.
2. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health
and inﬂammation. Nat Rev Immunol 2013;13:159–75.
3. Balkwill F, Mantovani A. Inﬂammation and cancer: back to Virchow?
Lancet 2001;357:539–45.
4. Walsh SR, Cook EJ, Goulder F, Justin TA, Keeling NJ. Neutrophil-lymphocyte ratio as a prognostic factor in colorectal cancer. J Surg Oncol
2005;91:181–4.
5. Carus A, Ladekarl M, Hager H, Nedergaard BS, Donskov F. Tumourassociated CD66b þneutrophil count is an independent prognostic
factor for recurrence in localised cervical cancer. Br J Cancer 2013;108:
2116–22.
6. Stotz M, Gerger A, Eisner F, Szkandera J, Loibner H, Ress AL, et al. Increased
neutrophil-lymphocyte ratio is a poor prognostic factor in patients with
primary operable and inoperable pancreatic cancer. Br J cancer 2013;
109:416–21.
7. Cho IR, Park JC, Park CH, Jo JH, Lee HJ, Kim S, et al. Pre-treatment
neutrophil to lymphocyte ratio as a prognostic marker to predict chemotherapeutic response and survival outcomes in metastatic advanced
gastric cancer. Gastric Cancer 2014;17:703–10.
8. Xue TC, Zhang L, Xie XY, Ge NL, Li LX, Zhang BH, et al. Prognostic
signiﬁcance of the neutrophil-to-lymphocyte ratio in primary liver cancer:
a meta-analysis. PLoS One 2014;9:e96072.
9. Kang MH, Go SI, Song HN, Lee A, Kim SH, Kang JH, et al. The prognostic
impact of the neutrophil-to-lymphocyte ratio in patients with small-cell
lung cancer. Br J Cancer 2014;111:452–60.
10. Koh CH, Bhoo-Pathy N, Ng KL, Jabir RS, Tan GH, See MH, et al. Utility of
pre-treatment neutrophil-lymphocyte ratio and platelet-lymphocyte ratio
as prognostic factors in breast cancer. Br J Cancer 2015;113:150–8.

www.aacrjournals.org

11. Fossati G, Ricevuti G, Edwards SW, Walker C, Dalton A, Rossi ML.
Neutrophil inﬁltration into human gliomas. Acta Neuropathol 1999;
98:349–54.
12. Bugl S, Wirths S, Muller MR, Radsak MP, Kopp HG. Current insights into
neutrophil homeostasis. Ann N Y Acad Sci 2012;1266:171–8.
13. Roberts AW. G-CSF: a key regulator of neutrophil production, but that's
not all! Growth Factors 2005;23:33–41.
14. Bendall LJ, Bradstock KF. G-CSF: from granulopoietic stimulant to bone
marrow stem cell mobilizing agent. Cytokine Growth Factor Rev 2014;
25:355–67.
15. Tian SS, Lamb P, Seidel HM, Stein RB, Rosen J. Rapid activation of the ST A
T3 transcription factor by granulocyte colony-stimulating factor. Blood
1994;84:1760–4.
16. Yu H, Lee H, Herrmann A, Buettner R, Jove R. Revisiting STAT3 signalling
in cancer: new and unexpected biological functions. Nat Rev Cancer
2014;14:736–46.
17. Zhang H, Nguyen-Jackson H, Panopoulos AD, Li HS, Murray PJ, Watowich SS. STAT3 controls myeloid progenitor growth during emergency
granulopoiesis. Blood 2010;116:2462–71.
18. Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, et al. G-CSF
induces stem cell mobilization by decreasing bone marrow SDF-1 and
up-regulating CXCR4. Nat Immunol 2002;3:687–94.
19. Larsen A, Davis T, Curtis BM, Gimpel S, Sims JE, Cosman D, et al.
Expression cloning of a human granulocyte colony-stimulating factor
receptor: a structural mosaic of hematopoietin receptor, immunoglobulin, and ﬁbronectin domains. J Exp Med 1990;172:1559–70.
20. Fukunaga R, Ishizaka-Ikeda E, Seto Y, Nagata S. Expression cloning of a
receptor for murine granulocyte colony-stimulating factor. Cell 1990;
61:341–50.
21. Tamada T, Honjo E, Maeda Y, Okamoto T, Ishibashi M, Tokunaga M, et al.
Homodimeric cross-over structure of the human granulocyte colony-

Cancer Immunol Res; 4(2) February 2016

89

Liang and Ferrara

22.

23.

24.

25.
26.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

90 Cancer Immunol Res; 4(2) February 2016

41. Marvel D, Gabrilovich DI. Myeloid-derived suppressor cells in the
tumor microenvironment: expect the unexpected. J Clin Invest 2015;
125:3356–64.
42. Fridlender ZG, Albelda SM. Tumor-associated neutrophils: friend or foe?
Carcinogenesis 2012;33:949–55.
43. Dumitru CA, Lang S, Brandau S. Modulation of neutrophil granulocytes
in the tumor microenvironment: mechanisms and consequences for
tumor progression. Semin Cancer Biol 2013;23:141–8.
44. Hannah S, Mecklenburgh K, Rahman I, Bellingan GJ, Greening A, Haslett
C, et al. Hypoxia prolongs neutrophil survival in vitro. FEBS Lett 1995;
372:233–7.
45. Walmsley SR, Print C, Farahi N, Peyssonnaux C, Johnson RS, Cramer T,
et al. Hypoxia-induced neutrophil survival is mediated by HIF-1alphadependent NF-kappaB activity. J Exp Med 2005;201:105–15.
46. McGovern NN, Cowburn AS, Porter L, Walmsley SR, Summers C, Thompson AA, et al. Hypoxia selectively inhibits respiratory burst activity and
killing of Staphylococcus aureus in human neutrophils. J Immunol
2011;186:453–63.
47. Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization
of tumor-associated neutrophil phenotype by TGF-beta: "N1" versus
"N2" TAN. Cancer Cell 2009;16:183–94.
48. Coussens LM, Tinkle CL, Hanahan D, Werb Z. MMP-9 supplied by bone
marrow-derived cells contributes to skin carcinogenesis. Cell 2000;103:
481–90.
49. Ardi VC, Kupriyanova TA, Deryugina EI, Quigley JP. Human neutrophils
uniquely release TIMP-free MMP-9 to provide a potent catalytic stimulator of angiogenesis. Proc Natl Acad Sci U S A 2007;104:20262–7.
50. Knaapen AM, Schins RP, Polat D, Becker A, Borm PJ. Mechanisms of
neutrophil-induced DNA damage in respiratory tract epithelial cells.
Mol Cell Biochem 2002;234–235:143–51.
51. Knaapen AM, Gungor N, Schins RP, Borm PJ, Van Schooten FJ. Neutrophils and respiratory tract DNA damage and mutagenesis: a review.
Mutagenesis 2006;21:225–36.
52. Houghton AM, Rzymkiewicz DM, Ji H, Gregory AD, Egea EE, Metz HE,
et al. Neutrophil elastase-mediated degradation of IRS-1 accelerates lung
tumor growth. Nat Med 2010;16:219–23.
53. Queen MM, Ryan RE, Holzer RG, Keller-Peck CR, Jorcyk CL. Breast cancer
cells stimulate neutrophils to produce oncostatin M: potential implications for tumor progression. Cancer Res 2005;65:8896–904.
54. Acharyya S, Oskarsson T, Vanharanta S, Malladi S, Kim J, Morris PG, et al.
A CXCL1 paracrine network links cancer chemoresistance and metastasis.
Cell 2012;150:165–78.
55. Chung AS, Ferrara N. Developmental and pathological angiogenesis.
Annu Rev Cell Dev Biol 2011;27:563–84.
56. Nozawa H, Chiu C, Hanahan D. Inﬁltrating neutrophils mediate the
initial angiogenic switch in a mouse model of multistage carcinogenesis.
Proc Natl Acad Sci U S A 2006;103:12493–8.
57. Jablonska J, Leschner S, Westphal K, Lienenklaus S, Weiss S. Neutrophils
responsive to endogenous IFN-beta regulate tumor angiogenesis and
growth in a mouse tumor model. J Clin Invest 2010;120:1151–64.
58. Mentzel T, Brown LF, Dvorak HF, Kuhnen C, Stiller KJ, Katenkamp D, et al.
The association between tumour progression and vascularity in myxoﬁbrosarcoma and myxoid/round cell liposarcoma. Virchows Archiv 2001;
438:13–22.
59. Liang J, Piao Y, Holmes L, Fuller GN, Henry V, Tiao N, et al. Neutrophils
promote the malignant glioma phenotype through S100A4. Clin Cancer
Res 2014;20:187–98.
60. Ferrara N. VEGF and the quest for tumour angiogenesis factors. Nat Rev
Cancer 2002;2:795–803.
61. Gaudry M, Bregerie O, Andrieu V, El Benna J, Pocidalo MA, Hakim J.
Intracellular pool of vascular endothelial growth factor in human neutrophils. Blood 1997;90:4153–61.
62. Webb NJ, Myers CR, Watson CJ, Bottomley MJ, Brenchley PE. Activated
human neutrophils express vascular endothelial growth factor (VEGF).
Cytokine 1998;10:254–7.
63. Jablonska E, Piotrowski L, Jablonski J, Grabowska Z. VEGF in the culture
of PMN and the serum in oral cavity cancer patients. Oral Oncol
2002;38:605–9.
64. Stetler-Stevenson WG. Matrix metalloproteinases in angiogenesis: a moving target for therapeutic intervention. J Clin Invest 1999;103:1237–41.

Cancer Immunology Research

Downloaded from http://aacrjournals.org/cancerimmunolres/article-pdf/4/2/83/2349371/83.pdf by guest on 18 May 2022

27.

stimulating factor (GCSF) receptor signaling complex. Proc Natl Acad Sci
U S A 2006;103:3135–40.
Nguyen-Jackson H, Zhang H, Watowich S. G-CSF receptor structure,
function, and intracellular signal transduction. In:Molineux G, Foote
M, Arvedson T, editors. Twenty years of G-CSF clinical and nonclinical
discoveries. New York: Springer; 2012. p 83–105.
Lieschke GJ, Grail D, Hodgson G, Metcalf D, Stanley E, Cheers C, et al.
Mice lacking granulocyte colony-stimulating factor have chronic neutropenia, granulocyte and macrophage progenitor cell deﬁciency, and
impaired neutrophil mobilization. Blood 1994;84:1737–46.
Liu F, Wu HY, Wesselschmidt R, Kornaga T, Link DC. Impaired production
and increased apoptosis of neutrophils in granulocyte colony-stimulating
factor receptor-deﬁcient mice. Immunity 1996;5:491–501.
Basu S, Dunn A, Ward A. G-CSF: function and modes of action (Review).
Int J Mol Med 2002;10:3–10.
Seymour JF, Lieschke GJ, Grail D, Quilici C, Hodgson G, Dunn AR. Mice
lacking both granulocyte colony-stimulating factor (CSF) and granulocyte-macrophage CSF have impaired reproductive capacity, perturbed
neonatal granulopoiesis, lung disease, amyloidosis, and reduced longterm survival. Blood 1997;90:3037–49.
Dalrymple SA, Lucian LA, Slattery R, McNeil T, Aud DM, Fuchino S, et al.
Interleukin-6-deﬁcient mice are highly susceptible to Listeria monocytogenes infection: correlation with inefﬁcient neutrophilia. Infect Immun
1995;63:2262–8.
Kaushansky K, Fox N, Lin NL, Liles WC. Lineage-speciﬁc growth factors
can compensate for stem and progenitor cell deﬁciencies at the postprogenitor cell level: an analysis of doubly TPO- and G-CSF receptordeﬁcient mice. Blood 2002;99:3573–8.
Liu F, Poursine-Laurent J, Wu HY, Link DC. Interleukin-6 and the
granulocyte colony- stimulating factor receptor are major independent
regulators of granulopoiesis in vivo but are not required for lineage
commitment or terminal differentiation. Blood 1997;90:2583–90.
Hibbs ML, Quilici C, Kountouri N, Seymour JF, Armes JE, Burgess AW,
et al. Mice lacking three myeloid colony-stimulating factors (G-CSF,
GM-CSF, and M-CSF) still produce macrophages and granulocytes and
mount an inﬂammatory response in a sterile model of peritonitis.
J Immunol 2007;178:6435–43.
Aliper AM, Frieden-Korovkina VP, Buzdin A, Roumiantsev SA, Zhavoronkov A. A role for G- CSF and GM-CSF in nonmyeloid cancers. Cancer
Med 2014;3:737–46.
Kasuga I, Makino S, Kiyokawa H, Katoh H, Ebihara Y, Ohyashiki K.
Tumor-related leukocytosis is linked with poor prognosis in patients with
lung carcinoma. Cancer 2001;92:2399–405.
Chakraborty S, Keenportz B, Woodward S, Anderson J, Colan D. Paraneoplastic leukemoid reaction in solid tumors. Am J Clin Oncol 2015;
38:326–30.
Granger JM, Kontoyiannis DP. Etiology and outcome of extreme leukocytosis in 758 nonhematologic cancer patients: a retrospective, singleinstitution study. Cancer 2009;115:3919–23.
Kowanetz M, Wu X, Lee J, Tan M, Hagenbeek T, Qu X, et al. Granulocyte-colony stimulating factor promotes lung metastasis through
mobilization of Ly6GþLy6Cþ granulocytes. Proc Natl Acad Sci U S A
2010;107:21248–55.
Stathopoulos GP, Armakolas A, Tranga T, Marinou H, Stathopoulos J,
Chandrinou H. Granulocyte colony-stimulating factor expression as a
prognostic biomarker in non-small cell lung cancer. Oncol Rep 2011;
25:1541–4.
Phan VT, Wu X, Cheng JH, Sheng RX, Chung AS, Zhuang G, et al.
Oncogenic RAS pathway activation promotes resistance to anti-VEGF
therapy through G-CSF-induced neutrophil recruitment. Proc Natl Acad
Sci U S A 2013;110:6079–84.
Shojaei F, Wu X, Qu X, Kowanetz M, Yu L, Tan M, et al. G-CSF-initiated
myeloid cell mobilization and angiogenesis mediate tumor refractoriness
to anti-VEGF therapy in mouse models. Proc Natl Acad Sci U S A
2009;106:6742–7.
Shojaei F, Wu X, Zhong C, Yu L, Liang XH, Yao J, et al. Bv8 regulates
myeloid-cell-dependent tumour angiogenesis. Nature 2007;450:825–31.
Lechner MG, Liebertz DJ, Epstein AL. Characterization of cytokineinduced myeloid-derived suppressor cells from normal human peripheral
blood mononuclear cells. J Immunol 2010;185:2273–84.

Neutrophils in Tumor Angiogenesis and Metastasis

www.aacrjournals.org

87.
88.

89.

90.

91.

92.

93.

94.

95.
96.
97.

98.

99.

100.

101.
102.

103.
104.

105.

106.

107.

108.

ioloalveolar subtype pulmonary adenocarcinoma: role in tumor progression and death. Cancer Res 2003;63:1405–12.
Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal transition.
J Clin Invest 2009;119:1420–8.
Hu P, Shen M, Zhang P, Zheng C, Pang Z, Zhu L, et al. Intratumoral
neutrophil granulocytes contribute to epithelial-mesenchymal transition
in lung adenocarcinoma cells. Tumour Biol 2015;36:7789–96.
Grosse-Steffen T, Giese T, Giese N, Longerich T, Schirmacher P, Hansch
GM, et al. Epithelial- to-mesenchymal transition in pancreatic ductal
adenocarcinoma and pancreatic tumor cell lines: the role of neutrophils and neutrophil-derived elastase. Clin Dev Immunol 2012;2012:
720768.
Dubravec DB, Spriggs DR, Mannick JA, Rodrick ML. Circulating human
peripheral blood granulocytes synthesize and secrete tumor necrosis
factor alpha. Proc Natl Acad Sci U S A 1990;87:6758–61.
Bates RC, Mercurio AM. Tumor necrosis factor-alpha stimulates the
epithelial-to-mesenchymal transition of human colonic organoids. Mol
Biol Cell 2003;14:1790–800.
Huh SJ, Liang S, Sharma A, Dong C, Robertson GP. Transiently entrapped
circulating tumor cells interact with neutrophils to facilitate lung metastasis development. Cancer Res 2010;70:6071–82.
Spicer JD, McDonald B, Cools-Lartigue JJ, Chow SC, Giannias B, Kubes P,
et al. Neutrophils promote liver metastasis via Mac-1-mediated interactions with circulating tumor cells. Cancer Res 2012;72:3919–27.
Cools-Lartigue J, Spicer J, McDonald B, Gowing S, Chow S, Giannias B,
et al. Neutrophil extracellular traps sequester circulating tumor cells and
promote metastasis. J Clin Invest 2013;123:3446–58.
Cools-Lartigue J, Spicer J, Najmeh S, Ferri L. Neutrophil extracellular traps
in cancer progression. Cell Mol Life Sci 2014;71:4179–94.
Paget S. The distribution of secondary growths in cancer of the breast
1889. Cancer Metastasis Rev 1989;8:98–101.
Kaplan RN, Riba RD, Zacharoulis S, Bramley AH, Vincent L, Costa C, et al.
VEGFR1-positive haematopoietic bone marrow progenitors initiate the
pre-metastatic niche. Nature 2005;438:820–7.
Casbon AJ, Reynaud D, Park C, Khuc E, Gan DD, Schepers K, et al. Invasive
breast cancer reprograms early myeloid differentiation in the bone
marrow to generate immunosuppressive neutrophils. Proc Natl Acad Sci
U S A 2015;112:E566–75.
Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, et al.
IL17-producing gammadelta T cells and neutrophils conspire to promote
breast cancer metastasis. Nature 2015;522:345–8.
Wu CF, Andzinski L, Kasnitz N, Kroger A, Klawonn F, Lienenklaus S, et al.
The lack of type I interferon induces neutrophil-mediated pre-metastatic
niche formation in the mouse lung. Int J Cancer 2015;137:837–47.
Trinchieri G. Type I interferon: friend or foe? J Exp Med 2010;207:
2053–63.
Swierczak A, Cook AD, Lenzo JC, Restall CM, Doherty JP, Anderson RL,
et al. The promotion of breast cancer metastasis caused by inhibition of
CSF-1R/CSF-1 signaling is blocked by targeting the G-CSF receptor.
Cancer Immunol Res 2014;2:765–76.
Wculek SK, Malanchi I. Neutrophils support lung colonization of metastasis-initiating breast cancer cells. Nature 2015;528:413–7.
Meng Z, Cao R, Yang Z, Liu T, Wang Y, Wang X. Inhibitor of 5-lipoxygenase, zileuton, suppresses prostate cancer metastasis by upregulating
E-cadherin and paxillin. Urology 2013;82:1452 e7–14.
Kim EY, Seo JM, Kim C, Lee JE, Lee KM, Kim JH. BLT2 promotes the
invasion and metastasis of aggressive bladder cancer cells through a
reactive oxygen species-linked pathway. Free Radic Biol Med 2010;49:
1072–81.
Koga Y, Matsuzaki A, Suminoe A, Hattori H, Hara T. Neutrophil-derived
related apoptosis- inducing ligand (TRAIL): a novel mechanism of antitumor effect by neutrophils. Cancer Res 2004;64:1037–43.
Granot Z, Henke E, Comen EA, King TA, Norton L, Benezra R. Tumor
entrained neutrophils inhibit seeding in the premetastatic lung. Cancer
Cell 2011;20:300–14.
Finisguerra V, Di Conza G, Di Matteo M, Serneels J, Costa S, Thompson
AA, et al. MET is required for the recruitment of anti-tumoural neutrophils. Nature 2015;522:349–53.

Cancer Immunol Res; 4(2) February 2016

Downloaded from http://aacrjournals.org/cancerimmunolres/article-pdf/4/2/83/2349371/83.pdf by guest on 18 May 2022

65. Coussens LM, Werb Z. Matrix metalloproteinases and the development of
cancer. Chem Biol 1996;3:895–904.
66. Pahler JC, Tazzyman S, Erez N, Chen YY, Murdoch C, Nozawa H, et al.
Plasticity in tumor- promoting inﬂammation: impairment of
macrophage recruitment evokes a compensatory neutrophil response.
Neoplasia 2008;10:329–40.
67. Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, et al. Tumor
refractoriness to anti-VEGF treatment is mediated by CD11bþGr1þ myeloid cells. Nat Biotechnol 2007;25:911–20.
68. Chung AS, Wu X, Zhuang G, Ngu H, Kasman I, Zhang J, et al. An
interleukin-17-mediated paracrine network promotes tumor resistance
to anti-angiogenic therapy. Nat Med 2013;19:1114–23.
69. Qu X, Zhuang G, Yu L, Meng G, Ferrara N. Induction of Bv8 expression by
granulocyte colony- stimulating factor in CD11bþGr1þ cells: key role of
Stat3 signaling. J Biol Chem 2012;287:19574–84.
70. Xin H, Lu R, Lee H, Zhang W, Zhang C, Deng J, et al. G-protein-coupled
receptor agonist BV8/prokineticin-2 and STAT3 protein form a feedforward loop in both normal and malignant myeloid cells. J Biol Chem
2013;288:13842–9.
71. Zhong C, Qu X, Tan M, Meng YG, Ferrara N. Characterization and
regulation of bv8 in human blood cells. Clin Cancer Res 2009;15:
2675–84.
72. Pelletier M, Maggi L, Micheletti A, Lazzeri E, Tamassia N, Costantini C,
et al. Evidence for a cross-talk between human neutrophils and Th17 cells.
Blood 2010;115:335–43.
73. Cassatella MA. Neutrophil-derived proteins: selling cytokines by the
pound. Adv Immunol 1999;73:369–509.
74. Borregaard N, Sorensen OE, Theilgaard-Monch K. Neutrophil granules: a
library of innate immunity proteins. Trends Immunol 2007;28:340–5.
75. Botta C, Barbieri V, Ciliberto D, Rossi A, Rocco D, Addeo R, et al. Systemic
inﬂammatory status at baseline predicts bevacizumab beneﬁt in advanced
non-small cell lung cancer patients. Cancer Biol Ther 2013;14:469–75.
76. Botta C, Mazzanti R, Cusi MG, Vincenzi B, Mantovani G, Licchetta A, et al.
Baseline inﬂammatory status deﬁned by neutrophil to lymphocyte cell
count ratio (NLR) predicts progression free survival (PFS) in metastatic
colorectal cancer patients (mCRC) undergoing bevacizumab based biochemotherapy. Eur J Cancer 2011;47:S174–75.
77. Keizman D, Ish-Shalom M, Huang P, Eisenberger MA, Pili R, Hammers H,
et al. The association of pre-treatment neutrophil to lymphocyte ratio
with response rate, progression free survival and overall survival of
patients treated with sunitinib for metastatic renal cell carcinoma. Eur
J Cancer 2012;48:202–8.
78. Dranoff G, Fearon D. Tumour immunology. Curr Opin Immunol 2013;
25:189–91.
79. Youn JI, Collazo M, Shalova IN, Biswas SK, Gabrilovich DI. Characterization of the nature of granulocytic myeloid-derived suppressor cells in
tumor-bearing mice. J Leukoc Biol 2012;91:167–81.
80. Aoyagi Y, Oda T, Kinoshita T, Nakahashi C, Hasebe T, Ohkohchi N, et al.
Overexpression of TGF-beta by inﬁltrated granulocytes correlates with the
expression of collagen mRNA in pancreatic cancer. Br J Cancer 2004;91:
1316–26.
81. Tsuda Y, Fukui H, Asai A, Fukunishi S, Miyaji K, Fujiwara S, et al. An
immunosuppressive subtype of neutrophils identiﬁed in patients with
hepatocellular carcinoma. J Clin Biochem Nutr 2012;51:204–12.
82. Jacobsen LC, Theilgaard-Monch K, Christensen EI, Borregaard N. Arginase
1 is expressed in myelocytes/metamyelocytes and localized in gelatinase
granules of human neutrophils. Blood 2007;109:3084–7.
83. Bronte V, Zanovello P. Regulation of immune responses by L-arginine
metabolism. Nat Rev Immunol 2005;5:641–54.
84. Lu T, Gabrilovich DI. Molecular pathways: tumor-inﬁltrating myeloid
cells and reactive oxygen species in regulation of tumor microenvironment. Clin Cancer Res 2012;18:4877–82.
85. Mishalian I, Bayuh R, Eruslanov E, Michaeli J, Levy L, Zolotarov L, et al.
Neutrophils recruit regulatory T-cells into tumors via secretion of CCL17–
a new mechanism of impaired antitumor immunity. Int J Cancer 2014;
135:1178–86.
86. Wislez M, Rabbe N, Marchal J, Milleron B, Crestani B, Mayaud C, et al.
Hepatocyte growth factor production by neutrophils inﬁltrating bronch-

91

