
REVIEW
published: 15 November 2019
doi: 10.3389/fonc.2019.01146

Frontiers in Oncology | www.frontiersin.org 1 November 2019 | Volume 9 | Article 1146

Edited by:

Giovanna Schiavoni,

National Institute of Health (ISS), Italy

Reviewed by:

Maria Rosaria Galdiero,

University of Naples Federico II, Italy

Xu Zhang,

Jiangsu University, China

*Correspondence:

Maria Teresa Masucci

m.masucci@istitutotumori.na.it

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,

a section of the journal

Frontiers in Oncology

Received: 03 June 2019

Accepted: 15 October 2019

Published: 15 November 2019

Citation:

Masucci MT, Minopoli M and

Carriero MV (2019) Tumor Associated

Neutrophils. Their Role in

Tumorigenesis, Metastasis, Prognosis

and Therapy. Front. Oncol. 9:1146.

doi: 10.3389/fonc.2019.01146

Tumor Associated Neutrophils. Their
Role in Tumorigenesis, Metastasis,
Prognosis and Therapy
Maria Teresa Masucci*, Michele Minopoli and Maria Vincenza Carriero

Tumor Progression Unit, Department of Experimental Oncology, Istituto Nazionale Tumori Fondazione “G. Pascale” IRCCS,

Naples, Italy

Tumor Associated Neutrophils (TANs) are engaged into the tumor microenvironment

by cytokines and chemokines, can be distinguished according to their activation

and cytokine status and effects on tumor cell growing in N1 and N2 TANs. N1

TANs exert an antitumor activity, by direct or indirect cytotoxicity. N2 TANs stimulate

immunosuppression, tumor growth, angiogenesis and metastasis by DNA instability,

or by cytokines and chemokines release. In tumor patients, either a high number of

TANs and Neutrophil-to-Lymphocyte Ratio (NLR) do correlate with poor prognosis,

and, so far, TAN counts and NLR can be regarded as biomarkers. Owing to the

pivotal role of TANs in stimulating tumor progression, therapeutic strategies to target

TANs have been suggested, and two major approaches have been proposed: (a)

targeting the CXCL-8/CXCR-1/CXCR-2 axis, thereby blocking TANs or (b) targeting

substances produced by polymorpho-nuclear cells that promote tumor growth. Many

studies have been accomplished either in vitro and in animal models, whereas clinical

studies are restrained, presently, due to the risk of inducing immunosuppression. In this

review, we deeply discuss the anti-tumorigenic or pro-tumorigenic activity of TANs. In

particular, TANs relevance in tumor prognosis and in vitro therapeutic strategies are widely

described. On-going clinical trials, aimed to inhibit neutrophil recruitment into the tumor

are also accurately debated.

Keywords: tumor microenvironment, tumor associated neutrophils, tumorigenesis, angiogenesis, neutrophil-to-

lymphocyte ratio

INTRODUCTION

Neutrophils represent 50–70% of the myeloid derived white circulating cells in human blood, and
are mainly involved in the human innate immunity against invading pathogens (1) Following
cytokine stimulation, neutrophils acquire the potentiality to polarize to antitumor (N1) or pro-
tumor (N2) phenotype (2–4). Immune profile of N1 TANs is characterized by high levels of an
TNFα, CCL3, ICAM-1 and low levels of Arginase axis, whereas N2 neutrophils are characterized
by upregulation of the chemokines “CCL2, CCL3, CCL4, CCL8, CCL12, and CCL17, and CXCL1,
CXCL2, IL-8/CXCL8 and CXCL16” (4).

Most of inflammatory cells in solid tumors are neutrophils and their high intra-tumor density
does correlate with metastasis at lymph node sites, tumor grade, and tumor stage axis (5). It has
been assessed that tumor and tumor microenvironment control neutrophil recruitment and that
Tumor Associated Neutrophils (TANs) can regulate tumor progression or growth control (6). Like
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macrophages, TANs may acquire either an antitumor activity
(N1 neutrophils), either a pro-tumor activity (N2 neutrophils)
(3, 7, 8). N1 activity against tumor growing and metastasis is
exerted by direct or antibody-dependent cytotoxicity as well as
by the activation of different innate and adaptive immune cells,
including lymphocytes T and B, natural killer (NK) and dendritic
cells (DCs) (9). Also, N1 TANs exhibit enhanced NADPH
oxidase activity which leads to the production of reactive oxygen
species, which, in turn, are cytotoxic to tumor cells (10). On
the contrary, N2 TANs promote, directly or indirectly, tumor
growth as well as tumor cell dissemination by secreting ECM
remodeling enzymes and pro-angiogenic factors that promote
metastasis and angiogenesis (11–13). Despite the considerable
recent progresses in defining phenotype and functions of TANs in
human cancer, the dual role of TANs in inhibiting or promoting
growth and metastatic dissemination of cancer cells is still
debated, arising some unresolved issues. Indeed, the most of
the studies on TANs have been carried in mice models, due to
the technical limitations in obtaining TANs from human tumor
tissues. Unfortunately, mouse and human neutrophils are deeply
different in their biology and functions. Thus, tumor growing in
murine models do not accurately depict the gradual development
of tumors and the complex interactions between tumor and
microenvironment cells existing in humans. Moreover, while
murine experimental studies highlight pro-tumor and anti-
tumor functions of neutrophils in cancer, no direct evidence of
pro-tumoral activity of neutrophils in human tumor tissues has
been demonstrated and up to now N1/N2 polarization of TANs
in humans remains uncertain (14).

In this review, we focus on the role played by TANs
in pathogenesis and progression of cancer and highlight the
potential role of TANs as target for novel cancer therapies.

NEUTROPHIL RECRUITMENT IN TUMORS

Neutrophil recruitment is guided by some tumor produced
substances (Figure 1).

By now, it has been assessed that almost every tumor
type produces chemokines regulating the PMN content in
microenvironment of solid tumors. Human chemokines, such as
IL-8, macrophage inflammatory protein-1α (MIP-1α/CCL3) and
human granulocyte chemotactic protein-2 (huGCP-2/CXCL6),
murine chemokines, like MIP-1α, GCP-2 and KC (15–17),
“behave as potent chemoattractants and neutrophil activators”
(18–23). Chemokines produced by MG-63 osteosarcoma
cells recruit mononuclear cells, lymphocytes and neutrophils
(18). Chemokines are well regulated: Ras upregulates CXC
chemokines, causing an accumulation of neutrophils, in mice
(24, 25). The cytokines “IL-1, IL-2, IL-4, IL-7, IL-10, IL-12,
IFN-α, IFN-β, G-CSF, and TNF-α,” cause chemokines release
in vitro and granulocytosis in vivo (26). In humans, CXCL5
(epithelial neutrophil-activating peptide-78) recruits neutrophils
in Hepato-Cellular Carcinoma (HCC) promoting cancer growth
and metastasis. CXCL5 appertains to a small family of secreted
proangiogenic chemokine, whose expression increases in
metastatic HCC cell lines and in HCC patients. CXCL5 activates

the PI3K-Akt and ERK1/2 signaling pathways in HCC cells.
Furthermore, it acts as a chemoattractant, in vitro. CXCL5
over-expression in human HCC samples does well correlate
with high neutrophil content, shorter OS, and tumor recurrence
(27, 28).

In tumor bearing mice, MMP-9 promotes HCC, lung
and pancreatic cancer angiogenesis by promoting neutrophil
recruitment (29).

In mice bearing mammary tumors, IL-17 has been
demonstrated to recruit neutrophils: Interleukin (IL)-1β
induces IL-17 expression from γδ T cells, which results in a
G-CSF-dependent neutrophil expansion and polarization. These
tumor-induced neutrophils become able to suppress cytotoxic
CD8T lymphocytes, which limit the establishment of metastases.
In mouse models of spontaneous breast cancer metastasis, the
neutralization of IL-17 or G-CSF and the absence of γδ T cells
prevented neutrophil accumulation and down-regulated the
T-cell-suppressive phenotype of neutrophils, the absence of
γδ T cells or neutrophils reduces pulmonary and lymph node
metastases without influencing primary tumor progression
(30). Increased IL17 levels, produced by tumor-infiltrating T
lymphocytes have been shown in metastatic invasive ductal
breast carcinoma (IDC).

IL17 neutralization inhibits tumor cell growth and prevents
neutrophil and tumor cell migration and metastasis. Pro- tumor
neutrophils induce progression disease and release of CXCL1,
MMP9, VEGF, and TNFα, whose reduction suppresses tumor
growing. Thus, IL17 plays a pivotal role in tumor progression
as emphasized by the fact that high IL17 levels do associate
with shorter disease-free survival and poor prognosis in IDC
patients (31).

In 238 HCC patients, the presence of neutrophils in
peritumoral stroma was demonstrated. Pro-inflammatory IL-17
promotes neutrophil recruitment in peritumoral HCC tissues, via
chemokines production or by activation of IL-17 producing γ δT
cells (32).

Besides blood, it has been also assessed that spleen is
an important reservoir of TANs. Indeed, during tumor
progression, neutrophil precursors shift from spleen to the
tumor stroma. On the contrary, the surgical removal of spleen
delays tumor growing by reducing the number of infiltrating
neutrophils, as found in a mouse model of lung adenocarcinoma
presenting activation of K-RAS and inactivation of
p53 (33).

Melanoma metastasis formation is critically increased by
“High Mobility Group Box 1 protein (HMGB1)” released
by UV irradiated keratinocytes. This effect depends on the
activation of neutrophils, by the release of HMGB1 from
UV-damaged epidermal keratinocytes and driven by Toll-like
receptor 4 (TLR4). In a engineered mouse model, it was
ascertained that UV-induced inflammatory response stimulates
angiogenesis, via neutrophil activity, and promotes melanoma
cells migration toward endothelial cells. Thus, inflammatory
response to UV-irradiation catalyzes reciprocal melanoma-
endothelial cell interactions leading to perivascular invasion, a
phenomenon originally described as “angio-tropism” by histo-
pathologists (34).
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FIGURE 1 | Soluble factors promoting neutrophil recruitment into the tumor.

LTB4, a leukotriene early mediator of inflammation, produced
by mast cells of silica exposed lungs, is able to recruit
neutrophils by interacting with BLT1, a leukotriene B4 receptor,
on neutrophils and stimulates rapid tumor growth. Deletion of
BLT1, on the contrary, delays tumor growth in an implantable
lung tumor model (35).

Another mechanism to modulate neutrophils infiltration of
tumor microenvironment, is to modify their life span. In Head
and Neck Squamous Cell Carcinoma (HNSCC), neutrophils have
reduced apoptosis, due to the secretion of macrophage migration
inhibitory factor (MIF) by tumor cells, as demonstrated in
Trellakis et al. (36). Moreover, the up-regulation of autophagy
in neutrophils may represent a mechanism by which immune
cell activation is associated to tumor progression. Autophagy is
associated to numerous physiological and pathological processes,
including cell survival, death, and metabolism (37). Autophagy
occurs also in cancer, as the result of chronic hypoxia and
inflammation (38), in order to enable cancer cell survival under
stress condition (39, 40).

Neutrophils infiltrating human HCC showed enhancement
of autophagy through the activation of Erk1/2, p38, and NF-κB
signals. This mechanism strongly increases the survival and the
pro-tumor effects of neutrophils in HCC (41). IFN-β regulates
apoptosis of pro-angiogenic tumor infiltrating neutrophils and
influences either extrinsic either intrinsic apoptosis pathways.
The life span of TANs is remarkably prolonged in tumor bearing
Ifnb1(-/-) mice, compared to wild type controls. When apoptosis
is inhibited, an increase of longevity and the accumulation
of tumor infiltrating neutrophils occurs, in the absence of
endogenous IFN-β (42).

Moreover, neutrophils migration is influenced by IFN-β via
CXCL1, CXCL2, and CXCL5 chemokines and their receptors.
CXCL1 and CXCL2 gradients are found in tumor-bearing mice,
low level of chemokine is found in bone marrow (BM) and high
level in the tumor. On the contrary, CXCR2 expression was

higher on neutrophils from BM and lower in TANs. IFN-β is
not really able to regulate CXCR2, but it regulates the CXCR2
ligands. Thus, IFN system can act as effector in natural cancer
surveillance (43).

In a same way, using highly purified neutrophil from healthy
donors, it has been demonstratedmedia from thyroid cancer cells
were demonstrated to stimulate neutrophils chemotaxis by IL-8,
and their survival by GM-CSF.Many changes inmorphology and
activation of neutrophils (e.g., CD11b and CD66b up-regulation
and CD62L shedding) were generated. Moreover, expression of
pro-inflammatory mediators like IL-8, VEGF-A, and TNF-α, and
releasing of MMP-9 were induced (44).

NEUTROPHIL POLARIZATION IN TUMOR
TISSUES

Neutrophils are present in the microenvironment of many
solid tumors, e.g., melanoma, advanced gastric carcinoma
and childhood brain tumors (45–47). A detailed study in
human primary and metastatic melanoma infiltrates assessed the
presence of NK, macrophages and neutrophils, representing 80%
of the infiltrated cells (45).

In microenvironment factors derived from tumor cells
are able to modify phenotype and function of myeloid
cells into phenotypically distinct “sub-populations.” Substantial
plasticity has been evidenced in these sub-populations. Cytokine
signals, epigenetic modifications and other microenvironment
factors can modify morphology and functions of these cells,
often substantially. These data show that the regulation of
the differentiated hematopoietic cells by microenvironment
factors, including those generated during immune responses,
is a common mechanism for innate or adaptive immunity
modulation (48, 49). Existence of neutrophils polarized to
N1 TANs and N2 TANs phenotypes with anti-tumor and
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FIGURE 2 | Neutrophils in bone marrow and circulation.

pro-tumor functions, has been documented in tumor bearing
mice (3). The N1 neutrophils are short-living, highly cytotoxic
cells and show a mature phenotype and high immune-
stimulating activity. On the other hand, the N2 neutrophils,
are long-living, low cytotoxic cells, showing an immature
phenotype, and a high pro-angiogenic, pro-metastatic and
immunosuppressive activity (Figure 2).

Thus, tumormicroenvironment factors do regulate neutrophil
plasticity. In particular, transforming growth factor-β (TGF-β),
an immunosuppressive cytokine has been demonstrated to be
one of the main modulators of neutrophil polarization, in mice.
TGF-β is produced by tumor and immune cells, and can act on
many components of the immune system. Due to the importance
of TGF-β , many recent studies speculate that blocking the TGF-
β-induced signaling in the tumor microenvironment, could
enhance anti-tumor immunity and anti-cancer therapy (50).

When TGFβ activity is blocked, N1 neutrophils become
cytotoxic toward tumor cells and activate CD8+ T cells, whereas
N2 neutrophils re predominant in the control animals (51).
Accordingly, TGF-β by itself promotes N2 pro-tumorigenic
phenotype in neutrophils, in mice. Besides TGF-β, neutrophil
polarization is promoted also by the cytokines IFN-β. IFN-β
stimulates N1 while inhibits N2 polarization, TGF-β, on the
contrary, stimulates N2 and inhibits N1 phenotypic polarization.
By blocking TGF-β, a significant slowing of tumor growth is
reached, throughmanymechanisms, comprising of CD8+T cells
and macrophages activation (Figure 3) (3).

In addition to tumor cells, tumor microenvironment cells are
also able to regulate neutrophil activity in cancer and modulate
cancer niche, since tumor microenvironment evolves as tumor

progresses (52). So, it has been demonstrated that IL-6 produced
by gastric cancer mesenchymal stem cells (GC-MSC) determines,
in gastric cancer, neutrophil N2 polarization, regulating their
chemotaxis, survival, activation, and function via an “IL-6–
STAT3–ERK1/2 signaling cascade” (53).

After co-culture with mesenchymal stromal cells
(MSCs) primed by TNF-α, neutrophils isolated from bone
marrow of normal mice or spleen of tumor-bearing mice
acquire immunosuppressive function in vitro and induce
tumor progression in vivo. So, MSCs make neutrophil
immunosuppressive and tumor-promoting (54). In mouse
tumor models, it has been assessed that neutrophils show
different heterogeneity and plasticity, and assume N1 or N2
phenotype and function, according to the different tumor
progression time. In mouse tumor models, it has been assessed
that neutrophils show different heterogeneity and plasticity,
and assume N1 or N2 phenotype and function, according to
the different tumor progression time. In two different models
of murine tumor cell lines, Lewis lung carcinoma (LLC) and
AB12 (mesothelioma), it has been demonstrated that neutrophils
change their phenotype and function, according to tumor niche
formation and tumor progression. In the beginning of tumor
development, neutrophils are in the peritumoral tissue, are
more cytotoxic and produce more NO and H2O2. Later on,
neutrophils enter the tumor tissue and exert pro-tumorigenic
activity (55).

Neutrophils are very heterogeneous in their phenotype
and functions. Sagiv and collaborators identified in human
cancer blood three different distinct populations of circulating
neutrophils: “a heterogeneous subset of low-density neutrophils
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FIGURE 3 | N1 and N2 TAN polarization and their activity.

(LDNs) that is present transiently in self-resolving inflammation
but accumulate in both tumor bearing mice and cancer
patients, mature high-density neutrophils (HDNs) and immature
myeloid-derived suppressor cells (MDSCs).” In tumor bearing
mice, HDNs are capable of switching to a TGF-β-triggered LDNs
phenotype with immunosuppressive properties, similar to those
of MDSCs (56) (Figure 2). The same Authors described similar
neutrophil populations in late stage tumor bearing mice in which
“HDN to LDN transition occurs spontaneously” and immature
myeloid cells retain immunosuppressive effects (56).

By comparing the RNA profiles of TANs and the
CD11b+/GR1+ MDSC granulocytic fraction from tumor
bearing mice with bone-marrow naïve neutrophils from non-
tumor-bearing animals, used as baseline control, Fridlender and
colleagues showed that genetic profiles of TANs, neutrophils
and granulocyte precursors differ markedly. These differences
result in the reduction of cytoskeleton organization, anti-
bacterial functions and granule protein production and are
probably due to the fact that TANs, do not need to move,
once infiltrated into tumor (51). Whole-genome profiles of
human PNM-MDSCs peripheral blood samples from healthy
donors and tumor patients, allowed Condamine et al. to assess
that PMN-MDSC have a distinct genomic profile either from
PMNs isolated from the same cancer patients and PMNs from
healthy donors (57).

THE ANTI-TUMOR ROLE OF
NEUTROPHILS

TANs are involved in antitumor activity as well as in
tumorigenesis, tumor progression and metastasis, either in vitro
and in vivo, as depicted in Wu et al. (58) (Figure 4).

FIGURE 4 | Pro-tumor and anti-tumor functions of polarized neutrophils.

Neutrophils are cytotoxic to tumor cells both in vitro and
in vivo (59, 60). It has been demonstrated that a colon
adenocarcinoma cell line, transfected with G-CSF, lost tumor
characteristics due to neutrophil accumulation at the tumor site.
Interesting thing, neutrophils could discriminate between G-
CSF-producing and G-CSF-non producing cells and selectively
inhibit only the G-CSF-producing tumor cells (61).

There are evidences that Reactive oxygen species (ROS),
myeloperoxidase (MPO), H2O2 and proteases produced by
neutrophils as antimicrobial agents, have also a potential
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antitumor activity. Recent investigations on animal models
and preliminary clinical studies, have highlighted the potential
antitumor role of polymorphonuclear neutrophils (PMNs).
PMNs from some healthy donors have been demonstrated to
exert a naturally potent cytotoxic activity against four human
cancer cell lines (62). The cytotoxic activity is specific for
cancer cells, since neutrophils are not cytotoxic to primary
normal epithelial cells or an immortalized breast epithelial cell
line. The transfection of the immortalized mammary cells with
plasmids expressing rat sarcoma viral oncogene homolog (Ras)
and teratocarcinoma oncogene 21 (TC21) oncogenes promotes
an aggressive phenotype in PMNs. Also, it has been shown that
neutrophils from healthy donors reduce growing of tumor and
increase mice survival, when administrated to tumor-bearing
animals (63).

Moreover, the proto-oncogene c-met (MET) is necessary for
neutrophil attraction. Indeed, its deletion in mouse neutrophils
elicits tumor growing and metastasis and reduces neutrophil
infiltration either in primary tumor and metastatic sites. It has
been demonstrated that MET, induced by tumor inflammatory
stimuli, promotes neutrophil migration across endothelium
and production of inducible nitric oxide synthase (NOS) after
c-met ligand Hepatocyte Growth Factor (HGF) stimulation.
Consequently, HGF/MET-dependent release of nitric oxide (NO)
by neutrophils promotes cancer cell killing, which highly reduces
tumor growth and metastasis (64).

N1 TANs are also able to exert antitumor activity by
eliciting antitumor immune responses. In fact, neutrophils
recruit and activate immune cells (9, 65–68) by producing
a variety of chemical factors such as cytokines, chemokines,
and proteases, able to stimulate T cells proliferation, NK and
dendritic cells maturation (69). Finally, even if neutrophils
help metastasis formation by preparing the metastatic niche,
N1 TANs can prevent metastases formation, by producing
cytotoxic substances.

In a mouse model of metastatic renal cell carcinoma (RCC),
it has been shown that neutrophils recruited to the lung built
an antimetastatic barrier with loss of neutrophil chemokines
in tumor cells, thus limiting lung metastatic seeding (70).
Similarly, in breast cancer, H2O2 produced by neutrophils is
able to inhibit metastases formation, by preventing breast tumor
cells seeding in the lung Neutrophils have been demonstrated
to cumulate in the lung prior to the arrival of metastatic
cells in mouse models of breast cancer (10). Moreover, high
infiltration of TANs has been shown in human CRC tissues,
higher TAN density being associated to a better prognosis.
A higher neutrophil density in stage III patients was also
shown to associate with high responsiveness to 5-FU (71).
Loffredo et al. showed that neutrophils from healthy donors
release the antiangiogenic isoform VEGF165b, and suggested that
VEGF165b could exert an antitumor activity in lung cancer (72).
Finally, in a murine sarcoma model, neutrophils have been
shown to be essential for the activation of an IFNγ-dependent
pathway of immune-resistance to 3-methylcholantrene-induced
primary carcinogenesis, associated to polarization of a subset
of CD4− CD8− unconventional αβ T cells. Moreover, in
undifferentiated pleomorphic sarcoma, neutrophil infiltration

associates with a type 1 immune response and a better clinical
outcome (73).

THE PRO-TUMOR ROLE OF
NEUTROPHILS

N2 TANs and Tumorigenesis
Recently the role of N2 polarized TANs in tumor development
has been widely investigated (74). It has been ascertained that
neutrophils produce and release genotoxic DNA substances,
that increase DNA instability. In fact, neutrophils are release
genotoxic ROS and NO in tumor microenvironment. Haqqani
and coworkers demonstrated that in a mouse model of
subcutaneous tumors, the number infiltrating neutrophils into
tissue tumor correlates with the number of mutations at the
hypoxanthine phosphoribosyltransferase (Hprt) locus (75). In
the same syngenic mouse model, inducible NOS (iNOS) was
detected mainly in neutrophils, while NOS was found in tumor
homogenates. iNOS and NOS contents, neutrophil infiltration
statistically correlates with frequency of mutations. To study
the increase of the number of infiltrating neutrophils, tumors
were \significant increase in neutrophil content was observed,
correlating with frequency of mutation. Due to the fact that
neutrophils are considered a source of genotoxic ROS or NOS,
these results strongly suggest that tumor-infiltrating cells may
be mutagenic and can contribute to the genetic abnormalities
associated with tumor progression, in the mutatect murine
tumor model (76).

Furthermore, it has been assessed that neutrophils recruited
to chronic inflammation sites may be tumorigenic through
multiple mechanisms. ROS released by neutrophils during
chronic inflammation, like hypochlorous acid (HOCl), formed
by MPO, cause DNA damage and are mutagenic in lung cells,
in vitro. HOCl is one of the major neutrophilic oxidant. It
has been ascertained that MPO catalyzed formation of HOCl
during lung inflammation is a significant source of neutrophil-
induced genotoxicity. Neutrophils can cause DNA damage
through release of ROS, and gene mutation in premalignant
epithelial cells, thus driving oncogenic transformation in lung
cancer (77, 78). Also, at physiological concentration, HOCl
induces mutations in the HPRT gene, determining three major
types of DNA lesion. Depletion of circulating neutrophils
highly reduced pulmonary MPO activity as well as 3-(2-deoxy-
beta-D-erythro-pentofuranosyl)pyrimido[1,2-alpha]purin-
10(3H)-one (M (1)dG) adducts to DNA, thus providing
a causal link between neutrophils/HOCl and pulmonary
genotoxicity, in vivo (79).

In an in vitro co-culture model mimicking intestinal
inflammation in ulcerative colitis, it has been demonstrated
that in the colon epithelial cells, neutrophils increase errors in
cell replication.

In chronic colon inflammation, “activated neutrophils cause
an accumulation of target cells in G2/M, consistent with the
installation of a DNA-damage checkpoint” (80).

A role of neutrophils has been also assessed in
hepatocarcinogenesis, in which chronic inflammation has been
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demonstrated to be the major etiological factor. In a transgenic
zebrafish model, the role of neutrophils has been investigated by
inducible expression of oncogenic k-ras (V12) in hepatocytes.
Upon induction of k-ras (V12), neutrophils recruitment to
the liver has been observed. Time-lapse video analysis showed
that neutrophils present a slow migratory pattern along the
tumor edge, whereas are relatively stationary upon entering
the k-ras (V12)-expressing liver. The fluorescence-activated cell
sorting of HCC cells and TANs showed a pro-inflammatory
microenvironment, with increased TGF-β1a expression in k-ras
(V12)-expressing hepatocytes and a loss of anti-tumor activities
in TANs (81) MPO.

Neutrophils can accelerate tumorigenesis. Coussens et al.
demonstrated that MMP-9, supplied by bone marrow–derived
cells, contributes to skin carcinogenesis (82). On the other hand,
in mammary tumors, systemic depletion of neutrophils was
demonstrated to prevent tumor formation. In a Helicobacter
hepaticus-infected mouse model it was shown that the systemic
depletion of neutrophils, by anti-Ly-6G antibody entirely
inhibited the mammary tumor development (83).

N2 TANs and Tumor Growth
Neutrophils produce and secrete many substances able to
stimulate cell proliferation, either in vitro and in vivo.

Neutrophil secreted PGE2 promotes non- small cell lung
cancer (NSCL) proliferation by direct cell-to-cell contact.
This interaction promotes inflammatory mediators release,
promoting, in turn, cell proliferation, which can be attenuated
by neutrophil elastase (NE) activity inhibition (84).

In lung, silica-induced pulmonary inflammation
causes silicosis, eventually leading to lung cancer. In
BLT1(-/-)K-ras(LA1) mice, crystalline-silica exposure induces
either production of LTB4 by mast cells and macrophages and
neutrophil recruitment (35).

In lung cancer, inflammatory tumor-associated cells influence
tumor growing and invasiveness, as demonstrated in an LSL-
K-ras-Elane (-/-) mice. “NE induces tumor cell proliferation
by NE insulin receptor substrate-1 (IRS-1) degradation. After
IRS-1 degradation, an increased interaction between PI3K and
PDGFR occurs, thereby skewing the PI3K axis toward tumor cell
proliferation. This relationship was also identified in human lung
adenocarcinomas” (85).

In mice, lung cancer promotion has been related to
inflammation, by the activation of the IL-8 pathway and
recruitment of neutrophils and release of NE (86).

Colon inflammation contributes to colorectal cancer
development, by modulating the expression in tumor lesions of
cytokines such as TNFα and IL6 and chemokines, i.e., CXCL1,
prostaglandins, COX-2, and Wnt5A (Wnt Family Member
5A). The elevation of these substance amount is suppressed
in prostaglandin EP2- (PGE2-EP2) deficient mice. PGE2-EP2
stimulation in cultured neutrophils increases TNFα, IL6,
CXCL1, COX-2, and other pro-inflammatory genes expression.
PGE2-EP2 expression in infiltrating neutrophils has been also
demonstrated in clinical specimen of colorectal cancer associated
ulcerative colitis (87).

It has been also demonstrated that after an acute wound,
like, for instance, a tumor biopsy, neutrophils are recruited and
participate in increasing tumor mass by PGE2 production (88).

In glioblastoma, neutrophils are recruited during anti-
VEGF therapy. Neutrophils promote an increased glioblastoma
cell proliferation rate, upregulated by augmented S100A4
gene expression. S100A4 downregulation in vitro and
in vivo blocks tumor progression. Moreover, S100A4
depletion increases the efficacy of anti-VEGF therapy
in glioma (89).

Also, infiltrating neutrophils are able to induce RCC
progression, by modulating androgen receptor/cMyc signals
and the expression of related cytokines (90). Neutrophils
promote follicular (FL) and diffuse large B cell lymphomas
growth. In this malignancy, neutrophils and stromal cells
cooperate to sustain FL B-cell growth, through the BAFF/APRIL
pathway. Moreover, neutrophils activate stromal cells in a NF-
κB-dependent manner, indirectly, promoting malignant B-cell
survival (91).

Finally, neutrophil α-defensins induced an increased
proliferation of A549 alveolar carcinoma cells in a MAP kinase-
dependent fashion. The induced proliferation was eliminated by
an anti-defensin neutralizing antibody (92).

N2 TANs and Tumor Metastasis
Neutrophils are also involved in cancer metastasis, as they
promote tumor cell migration, invasion and extracellular
matrix degradation (93). In particular, they participate to
the constitution of the metastatic niche (94) and to the
acquisition of metastatic phenotype in certain tumor cell type.
Tazawa et al. demonstrated, in a mouse model, that non-
metastatic fibrosarcoma cells acquire a metastatic phenotype,
when implanted subcutaneously in mice at once with sponge
determining inflammation. This phenomenon is associated to
neutrophils increase. Using a selective monoclonal antibody,
neutrophils depletion either in blood circulation and at the
local inflammation site occurred, and a significant reduction of
metastasis was observed (95).

Metastasis enhancement is often promoted in an indirect
way. In mice, bacterial lipopolysaccharide (LPS) recruits
neutrophils which, in turn, produce proteinases able to
facilitate lung metastases. Inflammation of the lung stimulates
recruitment of bone marrow-derived neutrophils, releasing
Ser proteases, elastase and cathepsin G. This results in
the proteolytic destruction of the antitumorigenic factor
thrombospondin-1 (Tsp-1). The ablation of these proteases
protects Tsp-1 from proteolysis and suppresses lung
metastasis (96).

In a coculture model, oncostatin M, released by GM-CSF
stimulated neutrophils, has been shown to increase breast
tumor cell detachment, to promote invasiveness of MDA-
MB-231 and T47D human cells and to induce breast cancer
progression (97).

Hyaluronan produced by tumor cells activates neutrophils
which promote tumor cell motility (98). MIF promotes
migration of human HNSCC cells. Neutrophil infiltration
is proportional to tumoral MIF levels (99). Neutrophils
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promoting androgen receptor (AR)/MMP-13 signals
are implicated in bladder cancer cell invasion (100).
VEGFa/hypoxia-inducible factor (HIF) 2α and estrogen receptor
β activation, induced by neutrophils, promote renal carcinoma
metastasis (101).

Moreover, neutrophils are able to determine epithelial to
mesenchymal transition, so to enhance tumor cell migration and
invasion ability (102–104).

Several studies have demonstrated a direct correlation
between the release of interleukin IL-8 by tumor cells in
vitro, and tumor growth and metastatic potential in mice
tumor models. It has been speculated that the cellular response
to IL-8 released by tumor cells enhances angiogenesis and
contributes to tumor growing and progression. The substances
released by the responding neutrophils could promote tumor
cell migration through the extracellular matrix, help them enter
vessels and reach metastatic sites. Moreover, ROS produced by
neutrophil oxidases to kill pathogens can interact with tumor
cells, attenuate apoptotic cascade and increase their mutational
rate (105).

In addition to metastasis promotion, neutrophils can carrier
tumor cells in order to promote extravasation and enhance tumor
metastasis in advanced malignancies (58, 106, 107).

In pancreatic ductal adenocarcinoma, it has been observed
that circulating tumor cells (CTCs) are surrounded by white
blood cells (WBC), thus hypothesizing a relationship between
WBCs and CTCs in metastasis formation (108).

A similar function has been hypothesized for circulating TANs
(cTANs). In 180 advanced cancer patients with various types
of cancer, cTANs have been analyzed by flow cytometry. Also,
a murine model mimicking advanced tumor was studied and
circulating neutrophils were analyzed by gene transcriptional
analysis. Either in patients and mice peripheral blood, cTANs
were increased and inhibited the activation of the peripheral
leukocytes. Authors propose that this abundance of cTANs
contributes to the CTC survival by the suppression of peripheral
leukocyte activation (109).

N2 TANs and Tumor Angiogenesis
Neutrophils play a pivotal role in activating angiogenesis
in a previously quiescent tissue during the early stages
of carcinogenesis.

The role of neutrophils in tumor angiogenesis was assessed
for the first time in human biopsies (110). In myxofibrosarcoma
patients, numerous neutrophils were observed in high malignant
tumors and a correlation does exist between a high number
of neutrophil and intra-tumor micro-vessel density (111). An
even stronger evidence was shown in animal models. In
subcutaneously injected nude mice neutrophil infiltration in
human Bowes melanoma cells, transfected to over-express
CXCL6, was 10 times higher than in controls, and an increase
of angiogenesis was observed (16).

Now, the function of neutrophils in tumor angiogenesis
has been deeply ascertained (112). Neutrophils are able to
release molecules that activate endothelial cells and promote
angiogenesis (110, 113), including Bv8, expressed in the bone
marrow, which promotes either angiogenesis and haematopoietic

cell mobilization. In a mouse model, the implantation of
CD11b+Gr1+ tumor myeloid cells, results in Bv8 up-regulation
“Anti-Bv8 antibodies” reduce “mobilization of CD11b+Gr1+
cells stimulated by G-CSF,” inhibit growing of several tumors in
mice and suppress tumor angiogenesis (114).

Neutrophils are plenty of MMP-9 and lack the endogenous
tissue inhibitor of metalloproteinases (TIMP). Using MMP-
9, neutrophils promote angiogenesis. Pro-MMP is even
more potent. In order to induce angiogenesis by neutrophil
proMMP-9, activation of TIMP-free zymogen and the catalytic
activity of the enzyme are needed. This is confirmed by the
fact that the generation and purification of stoichiometric
complexes of neutrophil proMMP-9 and TIMP-1 failed to
induce angiogenesis. So, neutrophil-derived MMP-9 can exert
pro-tumor activity (115).

MMP-9 is functionally involved in VEGF activation, chronic
angiogenesis induction, tumor growth at early stage. During
pancreatic carcinogenesis, neutrophils which express MMP-9
do infiltrate angiogenic islet dysplasia and tumors, whereas
macrophages expressing MMP-9- are situated at the edge of
the lesion. Depletion of neutrophils significantly suppresses the
association between VEGF and VEGF-receptor (29, 115, 116).
Moreover, it has been shown that primary tumors like high
aggressive human fibrosarcoma and prostate carcinoma recruit
infiltrating MMP-9-positive neutrophils, exhibiting enhanced
angiogenesis and intravasation. Specific neutralization of
neutrophils by IL-8, implies the reduction of angiogenesis
and intravasation, both of which are rescued by purified
neutrophil proMMP-9. It has also been demonstrated that
neutrophils TIMP-free MMP-9 regulate tumor angiogenesis and
intravasation (117).

N2 TANs and Tumor Immunosuppression
Immune response contributes to orchestrating tumor
progression. In tumor microenvironment numerous immune
cells actively interact with the tumor cells. At the beginning,
innate and adaptive immune cells cooperate to eradicate micro-
colonies of tumor cells (118). In advanced tumor mouse models,
TANs induce CD8 T-cell apoptosis via TNFα pathway and NO,
and so do participate to the immunosuppressive response. TANs
and granulocytic myeloid-derived suppressor cells (G-MDSCs)
suppress CD8 T-cell proliferation, influence their activation and
abolish the anti-tumor effect of CD8T cells (119). Neutrophils,
too, modulate this process. TANs are able to inhibit T cells
proliferation by releasing arginase 1 (ARG1) andmodulating PD-
L1/PD-1 signaling, in order to regulate an immunosuppressive
response. MDSCs producing arginase 1 are higher than
normal in RCC and NSCLC peripheral blood patients.
Therefore, these cells do play an important role in tumor escape
mechanism (120, 121).

PMN-MDSCs are key regulator cells of the immune response
in cancer, are produced in a great number in tumors and are
directly involved in promoting tumor progression. However,
their heterogeneity and the lack of specific markers frustrate
the complete comprehension of their biology and clinical
significance. This population of immune suppressive cells is
identified in mice by the expression of the surface markers
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CD11b and GR1 and the ability to inhibit T lymphocyte
activation. Peranzoni and co-workers identified in tumor mice
the immune suppressive “CD11b+/GR1+ MDSC” population
that includes at least two different subsets: the “granulocytic
(Ly6G+)” and “monocytic cells (Ly6C+),” possibly with different
immunosuppressive properties (122).

The interaction between neutrophils, TANs and PNM-
MDSCs during tumor progression is unclear, though PMN-
MDSCs have in common with N2 neutrophils some markers
and show similar immunosuppressive activities (14). Condamine
et al. recognized “the Lectin-type oxidized LDL receptor 1
(LOX1) as a marker for distinguishing PNM-MDSCs” from
neutrophils in blood samples from healthy donors and tumor
patients. They found that “low density PMN-MDSCs and HDNs
from the same cancer patients had a distinct gene profile” and
that unlike LOX-1−, LOX-1+ neutrophils in tumor tissues show
an effective “immune suppressive activity, up-regulation of ER
stress, and other biochemical characteristics of PMN-MDSCs”
(57). Anyway, much studies have to be performed on this
specific issue.

In tumors, hypoxia promotes a strong and selective pressure
leading to angiogenesis, metastatic niche formation, invasion,
and metastatic spread of tumor cells (123).

In primary lung cancer, hypoxia promotes the release of
cytokines and growth factors which can create a pre-metastatic
niche through the recruitment of CD11b+/Ly6Cmed/Ly6G+
myeloid cells. Also, hypoxia reduces the cytotoxic functions
of NK cells, as shown in mice injected “with cell-free
conditioned medium, derived from hypoxic mammary tumor
cells” (124). Moreover, it has been now well assessed that
immune cells promote the initial metastatic dissemination
of carcinoma cells. Neutrophils promote tumor cell survival
and extravasation at sites of metastatic dissemination, and, in
particular, CD11b(+)/Ly6G(+) neutrophils enhance metastasis
by inhibiting functions of NK cells, so significantly increasing the
intraluminal tumor cell survival. Thereafter, neutrophils facilitate
the extravasation of tumor cells, by the secretion of IL1β and
matrix metalloproteinases (125). In a breast cancer mouse model,
it has been demonstrated that invasive breast cancer cells are able
to reprogram myeloid cell differentiation in the bone marrow, so
generating immunosuppressive neutrophils by the stimulation of
a tumor-derived G-CSF (126).

A great number of neutrophils, expressing high levels of
immunosuppressive PD-L1, was found in 105 Gastric Cancer
(GC) patients. PD-L1+ expression was activated by tumor-
derived GM-CSF, “via Janus kinase (JAK) -signal, by the
activation of a signal transducer and activator of transcription 3
(STAT3) factor pathway.” The PD-L1+ neutrophils suppressed
normal immunity of T-cell in vitro and promoted. the
progression the progression of the disease, reducing GC
patient survival. By blocking PD-L1 on these neutrophils,
this effect could be reversed (127). Finally, PD-L1 expression
on neutrophils does contribute to the impaired immune
response in infectious disease. It has been also ascertained
that neutrophils do negatively modulate adaptive immunity via
PD-L1/PD1 signaling, in human HCC and hepatoma bearing
mice (128).

NEUTROPHILS AND TUMOR PROGNOSIS

A large body of evidence shows that neutrophil number in
blood stream and tumor tissues of cancer patients does correlate
with prognosis of the disease. Moreover, great neutrophil
density in tumors is regarded as an independent index of poor
prognosis (5). In many tumors, in fact, it has been assessed
such an association: a poor outcome has been observed in
RCC and a negative prognosis index of intra-tumor neutrophils
has been assessed in metastatic RCC. In localized clear cell
RCC (129), the presence of intra-tumor neutrophils strongly
indicates short recurrence-free survival (RFS), cancer-specific
and overall survival, and can be regarded as an independent
prognostic factor. In 121 patients subjected to nephrectomy
for localized RCC, intra-tumor CD66b+ neutrophils, CD8+,
CD57+ immune cells, and carbonic anhydrase IX [CA IX]) were
assessed by immunohistochemistry. The intra-tumor neutrophils
ranged from zero to 289 cells/mm2 tumor tissue. The presence of
intra-tumor neutrophils was associated to tumor size increasing,
low hemoglobin, high creatinine, and CA IX < or = 85%. In
a multivariate analysis, the presence of intra-tumor neutrophils
and low hemoglobin were prognosis indexes significantly
associated with short RFS (129).

The overexpression of CXCL5 by itself or plus the presence of
intra-tumor neutrophils, is an independent prognostic indicator
of overall survival and cumulative recurrence, as suggested by
multivariate studies (27, 28).

CXCL5 promotes neutrophil infiltration and poor prognosis
in HCC. In HCC patients and in hepatoma-bearing mice,
neutrophils have been shown to infiltrate the peritumor tissue.
The neutrophil-to-lymphocyte ratio (NLR) was higher in
peritumor than in intratumor tissue. This negatively correlates
with the OS of HCC patients. A high percentage of the infiltrating
neutrophils is positive for PD-L1. In peritumor tissue the ratio of
PD-L1+neutrophils-to-PD-1+T cells was higher and associated
to the DFS. Indeed, the PD-L1+ neutrophils from HCC patients,
were able to suppress T cell proliferation and activation, being
these actions partially reversed by the blockade of PD-L1. Thus,
tumor microenvironment modulates antitumor immunity PD-
L1 expression, by infiltrating neutrophils (128).

The HGF, a pleiotropic cytokine produced by neutrophils
infiltrating bronchioloalveolar carcinoma (BAC) and activating
the proto-oncogene c-met, is an index of poor prognosis
in various tumors, including BAC. HGF promotes tumor
BAC cell spreading and worsens its prognosis. GM-CSF
and TGF-α present in the lung tumor microenvironment,
promote the release of HGF from intratumor neutrophils.
Immunoreactive HGF has been found in bronchoalveolar lavage
fluid (BALF) supernatants from 34 out of 36 patients, whereas
it was not detectable in BALF from healthy controls. “In
immunocytochemical studies of BALF cytospin preparations and
tumor specimens from the patients, neutrophils were always
HGF-positive” (130). In a retrospective study on HNSCC,
Trellakis and coworkers demonstrated that tumor tissue is
considerably infiltrated by PMN granulocytes, and that a high
infiltration of these cells do associate with low survival in
advanced disease. PMN granulocyte count, NLR and the levels
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in serum of IL-8, CCL4 (MIP-1β) and CCL5 (RANTES) have
been found significantly higher in the peripheral blood of
HNSCC patients than in that of controls (131). In primary
melanomas from 186 stage-I/II surgically resected melanoma
patients, infiltrating neutrophils as well as dendritic cells and T-
lymphocytes were studied by immunohistochemistry. Infiltration
by neutrophil and dendritic cells was independently associated
with poor prognosis (132). In lung carcinoma, it has been
shown that great number of preoperative circulating neutrophils,
CD44(+) lymphocytes and WBCs indicate low cumulative
survival. Moreover, high levels of CD44(+) lymphocytes and
neutrophils do correlate with distant metastasis and prognosis in
stage III/IV NSCLC patients, respectively (133).

In Colon-Rectal Cancer (CRC), increased intra-tumor
neutrophils have been demonstrated to be very important
for getting a malignant phenotype. The prognostic meaning
of intra-tumor CD66b+ neutrophil in CRC was investigated
by tissue microarray and immunohistochemistry. Numerous
intratumoral CD66b+ neutrophils were found in 104/229
(45.4%) CRCs and in 29/229 (12.7%) adjacent mucosal tissues. A
further analysis demonstrated that the presence of neutrophils
inside the tumor does correlate with pT status, pM status
and clinical stage. An univariate survival analysis, showed a
significant association between great number of intra-tumoral
neutrophils and shortened patients’ survival was ascertained
(134). Also, the presence of CD15+ neutrophils is considered
an independent and unfavorable prognostic factor, in gastric
carcinoma. The density of intra-tumoral CD15+ neutrophils,
assessed by immunohistochemistry, associates with lymph node
metastasis, metastasis and UICC (International Union Against
Cancer) staging. Multivariate Cox’s analysis demonstrated that
the density of CD15+ neutrophils is an independent prognostic
factor for OS. Kaplan-Meier analysis showed that patients with a
lower number of neutrophils had more favorable prognosis than
patients with more numerous TANs (135). Intra-tumor TAN
density in CRC was demonstrated to have a prognostic value
in Stage III 5-Fluoro Uracile treated patients. In fact, DFS in
these treated patients was longer compared to DFS in untreated
ones (71).

NEUTROPHIL TO LYMPHOCYTE RATIO
(NLR) AND PROGNOSTIC EVALUATION

Nowadays, NLR evaluation is regarded as a very reliable
prognostic index in cancer patients and many studies have been
accomplished on its clinical relevance in tumors. Moreover, NLR
does associate with an adverse OS in many solid tumors, so
its addition to other well consolidated prognostic scores can be
important for clinical decisions (136). Recently, a retrospective
study in patients with epithelial ovarian cancer demonstrated the
prognostic role and clinical utility of pretreatment neutrophilia
and NLR. Either pretreatment neutrophilia and high NLR were
independent poor prognostic indexes in these patients, being
NLR more accurate than neutrophil count in predicting patients
survival (137). NLR was examined also in 55 patients with
advanced metastatic cancers, enlisted in a phase 1 trial and

FIGURE 5 | Therapeutic strategies for cancer neutrophils targeting.

administered with anti-PD-1/PD-L1 agents. NLR was evaluated
at the beginning and after the second cycle of treatment. NLR
changes were demonstrated to correlate with PSF in these
patients (138). Similarly, the importance as prognostic factor of
NLR was evaluated in NSCLC patients treated with nivolumab.
The evaluation of NLR at 2 and 4 weeks after treatment
does correlate with response to treatment or PD in advanced
NSCLC patients treated with nivolumab (139). Recently, NLR
has been identified as prognostic factor for progression free
survival in Hodgkin Lymphoma patients independently from
tumor stage at diagnosis (140). In melanoma patients, it has
been shown that NLR is strongly and independently associated
with ipilimumab treated patients outcome (141). Finally, NLR
has been demonstrated to be the only significant parameter
in predicting post-surgical early complications in 188 patients
subjected to liver resection for colorectal metastasis, and, so far,
to improve their clinical outcome (142).

NEUTROPHILS AND CANCER
THERAPEUTIC STRATEGIES

The close relationship assessed between tumor
microenvironment cells and cancer growth and progression,
points out the possibility of novel therapeutic strategies, i.e.,
targeting the non-cancer-cell component of tumors (143). TANs,
as well, could represent a good target for cancer innovative
therapies and their use as targets for cancer therapy has been
suggested (Figure 5) (13).

New approaches for cancer treatment could be the
pharmacologically blocking of tumor derived factors that
recruit and polarize neutrophils and/or the selective interference
with the pro-tumor functions of neutrophils. These strategies
could be combined with conventional or new anticancer drugs,
to exert more active therapeutic effects (12).
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Alyssa D. Gregory and A. Mc Garry Houghton suggest
two different possible strategies: (a) targeting the “CXCL-
8/CXCR-1/CXCR-2 axis,” thereby entirely exhausting TANs or
(b) targeting specific PMN-derived substances able to induce
tumor growing (13).

Also, “reeducation” of TANs has been proposed, by
modulating the tumor microenvironment substances affecting
neutrophil plasticity. As previously discussed, TGF-β modulates
neutrophil N2 polarization. Condamine et al. have demonstrated
that the deletion of TGF-β in myeloid cells inhibits tumor
metastasis. On the contrary, the inhibited metastasis phenotype
can be restored by entering back TGF-β producing myeloid
cells in tumor-bearing mice. The effect is mediated by the
reduction of type II cytokines, TGF-β1, arginase 1, iNOS,
which promote IFN-γ expression plus the stimulation of
the systemic immunity (144). It has been also demonstrated
that priming of protumor neutrophils with IFN-γ and TNF-
α converts neutrophil function from tumor-promoting to
tumor-suppressing state, through NK cells activation, thus
suggesting that the administration of normal NK cells
could represent a potential therapeutic approach in tumor
therapy (145).

Preclinical Studies
Recently, have been developed cell mediated drug delivering
systems. For instance, neutrophils carrying paclitaxel (PTX)
containing liposomes, able to pass through the blood-brain
barrier and suppress the recurrence of glioma in mice, have been
engineered. In this system, inflammation factors released after
tumor resection, guide neutrophil movements and trigger the
release of liposomal PTX from the neutrophils, delivering it into
the remaining invading tumor cells. PTX has been demonstrated
to slow tumor growth recurrence, but not completely inhibit
tumor regrowth (146).

NE is the major effector of neutrophil antimicrobial function
(147), works on a broad variety of substrates, including
cytokines, cytokine receptors, integrins, and components of the
Extracellular Matrix, and promotes tumor growth, as already
discussed (85). For this reason, a therapeutic strategy has been
developed, using the synthetic Neutrophil Elastase inhibitor
ONO-5046. In tumor bearing mice, ONO-5046 reduces tumor
growth by 3-fold (85). Also, ONO-5046 inhibits, in vitro, the
proliferation of pancreatic carcinoma cells and the progression
of the tumor, whereas, in vivo, in a mouse model reduces human
lung cancer development (148, 149). In CRC, NE has been
demonstrated to be a biomarker either in patient sera or in
tumor tissues, and its value has been found higher in CRC
patients than in healthy people. A potential therapeutic strategy
using Sivelestat, a NE inhibitor, was proposed in CRC xenografts.
Sivelestat was able to inhibit tumor growth in this CRC model,
suggesting that NE can be considered a putative diagnostic
biomarker and a potential therapeutic target of CRC (150). NE
was also studied in esophageal cancer. In patients subjected to
esophagectomy, a rapid growing of occult cancer cells or tumor
recurrence can occur after surgery. NE induces cell growing
and invasion of five esophageal cell lines “(TE-1,−7,−8,−12

and−13).” NE stimulated “pro-transforming growth factor-
alpha (pro-TGF-alpha), platelet-derived growth factor-AA
(PDGF-AA), PDGF-BB” and VEGF release, phosphorylation
of EGFR and triggered the ERK signaling pathway. All these
factors affect cell growth. Sivelestat, significantly inhibited the
NE-induced signal. transduction pathway, cell proliferation
and cell invasion. Furthermore, in the medium in TE-13
esophageal carcinoma cells “Sivelestat significantly inhibited
NE-induced release of TGF-alpha, PDGF-AA, PDGF-BB and
VEGF. The authors postulated that postsurgical administration
of Sivelestat could be used as” a new molecule in -target cancer
therapy” (151).

In a similar way, NE promotes gastric cancer cell
proliferation by EGFR phosphorylation, triggering the
ERK1/2-mitogenic signaling pathway. Sivelestat inhibits
cell growth by reducing significantly NE-induced EGFR
phosphorylation and ERK1/2 activation (152). Finally, in a
mammary mouse tumor model, it has been assessed that by
inhibiting genetically or pharmacologically the leukotriene-
generating enzyme Arachidonate 5-lipoxygenase (Alox5) the
neutrophil pro-metastatic activity and lung metastasis could be
reduced (153).

Clinical Studies
Some clinical studies have been conducted trying to target
microenvironment cells and TANs in tumor patients. Interferons
can be used as potent clinical anti-tumor agents. Now,
it is well established that type I IFNs modify neutrophil
phenotype into 1 antitumor TAN 1, either in mouse models
and humans. In the absence of IFN-β, pro-tumor properties
dominate in neutrophils in primary lesion and pre-metastatic
lung. In melanoma patients undergoing type I IFN therapy,
neutrophil activation changes have been shown. Andzinski and
coworkers recently found that adjuvant type I IFN therapy
influences ICAM1 expression levels, without modifying the
cytotoxic capacity of neutrophils. In fact, in these patients,
increase of neutrophil ICAM1 expression was observed,
neutrophil anti-tumor ability was potentiated, spontaneous
apoptosis of isolated neutrophils was increased and immature
neutrophils were uncovered in patient blood compared to
controls (154).

New clinical strategies aimed to inhibit neutrophil
recruitment through the inhibition of CXC receptors type
1 and 2 that are associated with the recruitment of neutrophils
into tumors, have been explored (155). The phase I clinical
trial (Study NCT02001974) on Triple-Negative metastatic
breast cancer patients, successfully evaluated drug safety
and pharmacokinetics of orally administered Reparixin,
an orally available inhibitor of CXCR1 and CXCR2 in
combination with paclitaxel (156). The current phase II
study (Study NCT02370238) does evaluate the Progression Free
Survival of newly diagnosed TNBC patients (newly diagnosed
metastatic or relapsed following (neo)adjuvant chemotherapy)
treated with Reparixin in combination with paclitaxel vs.
paclitaxel alone, is ongoing and final results have not yet
been published.
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CONCLUDING REMARKS AND
DISCUSSION

The role in pathogenesis of cancer of tumor associated
neutrophils (TANs) has been partly elucidated, and has become
an area of intense research. After recruitment from blood
stream, they are polarized in anti-tumor (N1) or pro- tumor
(N2) TANs, according with tumor or microenvironment cell
stimulating substances.

The evaluation of TANs as prognosis index in many tumors
has been clearly assessed: high TANs number and/or elevated
Neutrophil-to-Lymphocyte Ratio (NLR) do correlate a poor
outcome of the patient. Due to TANs critical role in progression
andmetastasis, therapeutic targeting of TANs has been suggested,
and many preclinical studies have been accomplished. On the
contrary, a few clinical trials have been carried up to now, due to
difficulty in suppressing their action for the role they have in the
defense against infections and the risk of immunosuppression.
Therefore, it will be necessary in the future to focus scientific
efforts on these very important items.

Many of the studies presented in this review have been carried
in mice, arising doubts about the validity in humans of the
results assessed in mice models. Indeed, human tumors evolve
very slowly and the heterogeneous tumor cell population is
subjected to a broad range of selective pressures, including to

escape the immunological control. Conversely, in tumor bearing
mice, the xenografted cells are more genetically homogeneous
and less subjected to selective pressure. Furthermore, most of the
experimental studied on neutrophil functions in tumor patients,
are performed on human circulating neutrophils, assuming that
they are similar to the intra-tumoral ones. So, it is to be hoped
that future studies will address these critical points.

AUTHOR CONTRIBUTIONS

MTMandMC: conception of the work and critical revision of the
work. MTM andMM: extensive literature search and manuscript
drafting. MC: final version approval.

FUNDING

Institutional Funds from the National Cancer Institute
Fondazione G. Pascale (IRCCS) will cover the expenses for
the publication of the manuscript.

ACKNOWLEDGMENTS

The authors deeply appreciated the technical assistance of
Gioconda Di Carluccio for creating the cartoons included in
this review.

REFERENCES

1. Borregaard N. Neutrophils, from marrow to microbes. Immunity. (2010)
33:657–70. doi: 10.1016/j.immuni.2010.11.011

2. Fioretti F, Fradelizi D, Stoppacciaro A, Ramponi S, Ruco L, Minty
A, et al. Reduced tumorigenicity and augmented leukocyte infiltration
after monocyte chemotactic protein-3 (MCP-3) gene transfer: perivascular
accumulation of dendritic cells in peritumoral tissue and neutrophil
recruitment within the tumor. J Immunol. (1998) 161:342–6.

3. 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. doi: 10.1016/j.ccr.2009.06.017

4. Fridlender ZG, Albelda SM. Tumor-associated neutrophils: friend or foe?
Carcinogenesis. (2012) 33:949–55. doi: 10.1093/carcin/bgs123

5. Shen M, Hu P, Donskov F, Wang G, Liu Q, Du J. Tumor-
associated neutrophils as a new prognostic factor in cancer: a
systematic review and meta-analysis. PLoS ONE. (2014) 9:e98259.
doi: 10.1371/journal.pone.0098259

6. Uribe-Querol E, Rosales C. Neutrophils in cancer: two sides of the same coin.
J Immunol Res. (2015) 2015:983698. doi: 10.1155/2015/983698

7. Swierczak A, Mouchemore KA, Hamilton JA, Anderson RL. Neutrophils:
important contributors to tumor progression and metastasis. Cancer

Metastasis Rev. (2015) 34:735–51. doi: 10.1007/s10555-015-9594-9
8. Mantovani A. The yin-yang of tumor-associated neutrophils. Cancer Cell.

(2009) 16:173–4. doi: 10.1016/j.ccr.2009.08.014
9. Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in

the activation and regulation of innate and adaptive immunity. Nat Rev
Immunol. (2011) 11:519–31. doi: 10.1038/nri3024

10. 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. doi: 10.1016/j.ccr.2011.08.012

11. Piccard H, Muschel RJ, Opdenakker G. On the dual roles and polarized
phenotypes of neutrophils in tumor development and progression. Crit
Rev Oncol Hematol. (2012) 82:296–309. doi: 10.1016/j.critrevonc.2011.
06.004

12. Zhang X, Zhang W, Yuan X, Fu M, Qian H, Xu W. Neutrophils in
cancer development and progression: roles, mechanisms, and implications
(Review). Int J Oncol. (2016) 49:857–67. doi: 10.3892/ijo.2016.3616

13. Gregory AD, Houghton AM. Tumor-associated neutrophils:
new targets for cancer therapy. Cancer Res. (2011) 71:2411–6.
doi: 10.1158/0008-5472.CAN-10-2583

14. Eruslanov EB, Singhal S, Albelda SM. Mouse versus human neutrophilsin
cancer: a major knowledge gap. Trends Cancer. (2017) 3:149–160.
doi: 10.1016/j.trecan.2016.12.006

15. Hirose K, Hakozaki M, Nyunoya Y, Kobayashi Y, Matsushita K, Takenouchi
T, et al. Chemokine gene transfection into tumour cells reduced
tumorigenicity in nude mice in association with neutrophilic infiltration. Br
J Cancer. (1995) 72:708–14. doi: 10.1038/bjc.1995.398

16. Van Coillie E, Van Aelst I, Wuyts A, Vercauteren R, Devos R, De Wolf-
Peeters C, et al. Tumor angiogenesis induced by granulocyte chemotactic
protein-2 as a countercurrent principle. Am J Pathol. (2001) 159:1405–14.
doi: 10.1016/S0002-9440(10)62527-8

17. Loukinova E, Dong G, Enamorado-Ayalya I, Thomas GR, Chen Z, Schreiber
H, et al. Growth regulated oncogene-alpha expression by murine squamous
cell carcinoma promotes tumor growth, metastasis, leukocyte infiltration and
angiogenesis by a host CXC receptor-2 dependent mechanism. Oncogene.
(2000) 19:3477–86. doi: 10.1038/sj.onc.1203687

18. Opdenakker G, Van Damme J. The countercurrent principle in invasion and
metastasis of cancer cells. Recent insights on the roles of chemokines. Int J
Dev Biol. (2004) 48:519–27. doi: 10.1387/ijdb.041796go

19. Schaider H, Oka M, Bogenrieder T, Nesbit M, Satyamoorthy K, Berking
C, et al. Differential response of primary and metastatic melanomas
to neutrophils attracted by IL-8. Int J Cancer. (2003) 103:335–43.
doi: 10.1002/ijc.10775

20. Lee LF, Hellendall RP, Wang Y, Haskill JS, Mukaida N, Matsushima
K, et al. IL-8 reduced tumorigenicity of human ovarian cancer in

vivo due to neutrophil infiltration. J Immunol. (2000) 164:2769–75.
doi: 10.4049/jimmunol.164.5.2769

21. Bellocq A, Antoine M, Flahault A, Philippe C, Crestani B, Bernaudin JF,
et al. Neutrophil alveolitis in bronchioloalveolar carcinoma: induction by

Frontiers in Oncology | www.frontiersin.org 12 November 2019 | Volume 9 | Article 1146

https://doi.org/10.1016/j.immuni.2010.11.011
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1093/carcin/bgs123
https://doi.org/10.1371/journal.pone.0098259
https://doi.org/10.1155/2015/983698
https://doi.org/10.1007/s10555-015-9594-9
https://doi.org/10.1016/j.ccr.2009.08.014
https://doi.org/10.1038/nri3024
https://doi.org/10.1016/j.ccr.2011.08.012
https://doi.org/10.1016/j.critrevonc.2011.06.004
https://doi.org/10.3892/ijo.2016.3616
https://doi.org/10.1158/0008-5472.CAN-10-2583
https://doi.org/10.1016/j.trecan.2016.12.006
https://doi.org/10.1038/bjc.1995.398
https://doi.org/10.1016/S0002-9440(10)62527-8
https://doi.org/10.1038/sj.onc.1203687
https://doi.org/10.1387/ijdb.041796go
https://doi.org/10.1002/ijc.10775
https://doi.org/10.4049/jimmunol.164.5.2769
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Masucci et al. Tumor Associated Neutrophils and Tumor

tumor-derived interleukin-8 and relation to clinical outcome. Am J Pathol.
(1998) 152:83–92.

22. Yao C, Lin Y, Ye C, Bi J, Zhu Y, Wang S. Role of interleukin-8 in the
progression of estrogen receptor-negative breast cancer. Chin Med J. (2007)
120:1766–72. doi: 10.1097/00029330-200710020-00007

23. Gijsbers K, Gouwy M, Struyf S, Wuyts A, Proost P, Opdenakker
G, et al. GCP-2/CXCL6 synergizes with other endothelial cell-
derived chemokines in neutrophil mobilization and is associated with
angiogenesis in gastrointestinal tumors. Exp Cell Res. (2005) 303:331–42.
doi: 10.1016/j.yexcr.2004.09.027

24. Sparmann A, Bar-Sagi D. Ras-induced interleukin-8 expression plays a
critical role in tumor growth and angiogenesis. Cancer Cell. (2004) 6:447–58.
doi: 10.1016/j.ccr.2004.09.028

25. Ji H, Houghton AM, Mariani TJ, Perera S, Kim CB, Padera R, et al. K-ras
activation generates an inflammatory response in lung tumors. Oncogene.
(2006) 25:2105–12. doi: 10.1038/sj.onc.1209237

26. Di Carlo E, Forni G, Musiani P. Neutrophils in the antitumoral
immune response. Chem Immunol Allergy. (2003) 83182–203.
doi: 10.1159/000071561

27. Zhou S-L, Dai Z, Zhou Z-J, Wang X-Y, Yang G-H, Wang Z, et al.
Overexpression of CXCL5 mediates neutrophil infiltration and indicates
poor prognosis for hepatocellular carcinoma.Hepatology. (2012) 56:2242–54.
doi: 10.1002/hep.25907

28. Zhou S-L, Dai Z, Zhou Z-J, Chen Q, Wang Z, Xiao Y-S, et al.
CXCL5 contributes to tumor metastasis and recurrence of intrahepatic
cholangiocarcinoma by recruiting infiltrative intratumoral neutrophils.
Carcinogenesis. (2014) 35:597–605. doi: 10.1093/carcin/bgt397

29. Deryugina EI, Zajac E, Juncker-Jensen A, Kupriyanova TA,Welter L, Quigley
JP. Tissue-infiltrating neutrophils constitute the major in vivo source of
angiogenesis-inducing MMP-9 in the tumor microenvironment. Neoplasia.
(2014) 16:771–88. doi: 10.1016/j.neo.2014.08.013

30. Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau C-S,
et al. IL-17-producing γδ T cells and neutrophils conspire to promote breast
cancer metastasis. Nature. (2015) 522:345–8. doi: 10.1038/nature14282

31. Benevides L, da Fonseca DM, Donate PB, Tiezzi DG, De Carvalho
DD, de Andrade JM, et al. IL17 promotes mammary tumor
progression by changing the behavior of tumor cells and eliciting
tumorigenic neutrophils recruitment. Cancer Res. (2015) 75:3788–99.
doi: 10.1158/0008-5472.CAN-15-0054

32. Kuang D-M, Zhao Q, Wu Y, Peng C, Wang J, Xu Z, et al. Peritumoral
neutrophils link inflammatory response to disease progression by fostering
angiogenesis in hepatocellular carcinoma. J Hepatol. (2011) 54:948–55.
doi: 10.1016/j.jhep.2010.08.041

33. Cortez-RetamozoV, EtzrodtM,NewtonA, Rauch PJ, Chudnovskiy A, Berger
C, et al. Origins of tumor-associated macrophages and neutrophils. Proc Natl
Acad Sci USA. (2012) 109:2491–6. doi: 10.1073/pnas.1113744109

34. Bald T, Quast T, Landsberg J, Rogava M, Glodde N, Lopez-Ramos
D, et al. Ultraviolet-radiation-induced inflammation promotes
angiotropism and metastasis in melanoma. Nature. (2014) 507:109–13.
doi: 10.1038/nature13111

35. Satpathy SR, Jala VR, Bodduluri SR, Krishnan E, Hegde B, Hoyle
GW, et al. Crystalline silica-induced leukotriene B4-dependent
inflammation promotes lung tumour growth. Nat Commun. (2015)
6:7064. doi: 10.1038/ncomms8064

36. Trellakis S, Farjah H, Bruderek K, Dumitru CA, Hoffmann TK, Lang S,
et al. Peripheral blood neutrophil granulocytes from patients with head and
neck squamous cell carcinoma functionally differ from their counterparts
in healthy donors. Int J Immunopathol Pharmacol. (2011) 24:683–93.
doi: 10.1177/039463201102400314

37. Boya P, Reggiori F, Codogno P. Emerging regulation and functions of
autophagy. Nat Cell Biol. (2013) 15:713–20. doi: 10.1038/ncb2788

38. Kroemer G, Mariño G, Levine B. Autophagy and the integrated
stress response. Mol Cell. (2010) 40:280–93. doi: 10.1016/j.molcel.2010.
09.023

39. Degenhardt K, Mathew R, Beaudoin B, Bray K, Anderson D, Chen G,
et al. Autophagy promotes tumor cell survival and restricts necrosis,
inflammation, and tumorigenesis. Cancer Cell. (2006) 10:51–64.
doi: 10.1016/j.ccr.2006.06.001

40. Sun W-L, Chen J, Wang Y-P, Zheng H. Autophagy protects breast cancer
cells from epirubicin-induced apoptosis and facilitates epirubicin-resistance
development. Autophagy. (2011) 7:1035–44. doi: 10.4161/auto.7.9.16521

41. Li X-F, Chen D-P, Ouyang F-Z, Chen M-M, Wu Y, Kuang D-M, et al.
Increased autophagy sustains the survival and pro-tumourigenic effects of
neutrophils in human hepatocellular carcinoma. J Hepatol. (2015) 62:131–9.
doi: 10.1016/j.jhep.2014.08.023

42. Andzinski L, Wu C-F, Lienenklaus S, Kröger A,Weiss S, Jablonska J. Delayed
apoptosis of tumor associated neutrophils in the absence of endogenous
IFN-β. Int J Cancer. (2015) 136:572–83. doi: 10.1002/ijc.28957

43. Jablonska J, Wu C-F, Andzinski L, Leschner S, Weiss S. CXCR2-mediated
tumor-associated neutrophil recruitment is regulated by IFN-β. Int J Cancer.
(2014) 134:1346–58. doi: 10.1002/ijc.28551

44. Galdiero MR, Varricchi G, Loffredo S, Bellevicine C, Lansione T, Ferrara AL,
et al. Potential involvement of neutrophils in human thyroid cancer. PLoS
ONE. (2018) 13:e0199740. doi: 10.1371/journal.pone.0199740

45. Bodey B, Bodey B, Siegel SE, Luck JV, Kaiser HE. Immunophenotypic
characterization of human primary and metastatic melanoma infiltrating
leukocytes. Anticancer Res. (1996) 16:3439–46.

46. Caruso RA, Bellocco R, Pagano M, Bertoli G, Rigoli L, Inferrera C.
Prognostic value of intratumoral neutrophils in advanced gastric carcinoma
in a high-risk area in northern Italy. Mod Pathol. (2002) 15:831–7.
doi: 10.1097/01.MP.0000020391.98998.6B

47. Bodey B, Bodey B, Siegel SE, Kaiser HE. Immunocytochemical detection
of leukocyte-associated and apoptosis-related antigen expression in
childhood brain tumors. Crit Rev Oncol Hematol. (2001) 39:3–16.
doi: 10.1016/S1040-8428(01)00119-6

48. Galli SJ, Borregaard N, Wynn TA. Phenotypic and functional plasticity of
cells of innate immunity: macrophages, mast cells and neutrophils. Nat
Immunol. (2011) 12:1035–44. doi: 10.1038/ni.2109

49. Gabrilovich DI, Ostrand-Rosenberg S, Bronte V. Coordinated regulation
of myeloid cells by tumours. Nat Rev Immunol. (2012) 12:253–68.
doi: 10.1038/nri3175

50. Flavell RA, Sanjabi S, Wrzesinski SH, Licona-Limón P. The polarization of
immune cells in the tumour environment by TGFbeta. Nat Rev Immunol.
(2010) 10:554–67. doi: 10.1038/nri2808

51. Fridlender ZG, Sun J, Mishalian I, Singhal S, Cheng G, Kapoor V,
et al. Transcriptomic analysis comparing tumor-associated neutrophils with
granulocytic myeloid-derived suppressor cells and normal neutrophils. PLoS
ONE. (2012) 7:e31524. doi: 10.1371/journal.pone.0031524

52. Kim R, Emi M, Tanabe K, Arihiro K. Tumor-driven evolution of
immunosuppressive networks during malignant progression. Cancer Res.
(2006) 66:5527–36. doi: 10.1158/0008-5472.CAN-05-4128

53. Zhu Q, Zhang X, Zhang L, Li W, Wu H, Yuan X, et al. The IL-6-STAT3 axis
mediates a reciprocal crosstalk between cancer-derived mesenchymal stem
cells and neutrophils to synergistically prompt gastric cancer progression.
Cell Death Dis. (2014) 5:e1295. doi: 10.1038/cddis.2014.263

54. Hu X, Zhou Y, Dong K, Sun Z, Zhao D, Wang W, et al. Programming of
the development of tumor-promoting neutrophils by mesenchymal stromal
cells. Cell Physiol Biochem. (2014) 33:1802–14. doi: 10.1159/000362959

55. Mishalian I, Bayuh R, Levy L, Zolotarov L, Michaeli J, Fridlender ZG.
Tumor-associated neutrophils (TAN) develop pro-tumorigenic properties
during tumor progression. Cancer Immunol Immunother. (2013) 62:1745–
56. doi: 10.1007/s00262-013-1476-9

56. Sagiv JY, Michaeli J, Assi S, Mishalian I, Kisos H, Levy L, et al. Phenotypic
diversity and plasticity in circulating neutrophil subpopulations in cancer.
Cell Rep. (2015) 10:562–73. doi: 10.1016/j.celrep.2014.12.039

57. Condamine T, Dominguez GA, Youn JI, Kossenkov AV, Mony S, Alicea-
Torres K, et al. Lectin-type oxidized LDL receptor-1 distinguishes population
of human polymorphonuclear myeloid-derived suppressor cells in cancer
patients. Sci Immunol. (2016) 1:aaf8943. doi: 10.1126/sciimmunol.aaf8943

58. Wu QD, Wang JH, Condron C, Bouchier-Hayes D, Redmond HP. Human
neutrophils facilitate tumor cell transendothelial migration.Am J Physiol Cell

Physiol. (2001) 280:C814–822. doi: 10.1152/ajpcell.2001.280.4.C814
59. Gerrard TL, Cohen DJ, Kaplan AM. Human neutrophil-mediated

cytotoxicity to tumor cells. J Natl Cancer Inst. (1981) 66:483–8.
60. Katano M, Torisu M. Neutrophil-mediated tumor cell destruction in cancer

ascites. Cancer. (1982) 50:62–8.

Frontiers in Oncology | www.frontiersin.org 13 November 2019 | Volume 9 | Article 1146

https://doi.org/10.1097/00029330-200710020-00007
https://doi.org/10.1016/j.yexcr.2004.09.027
https://doi.org/10.1016/j.ccr.2004.09.028
https://doi.org/10.1038/sj.onc.1209237
https://doi.org/10.1159/000071561
https://doi.org/10.1002/hep.25907
https://doi.org/10.1093/carcin/bgt397
https://doi.org/10.1016/j.neo.2014.08.013
https://doi.org/10.1038/nature14282
https://doi.org/10.1158/0008-5472.CAN-15-0054
https://doi.org/10.1016/j.jhep.2010.08.041
https://doi.org/10.1073/pnas.1113744109
https://doi.org/10.1038/nature13111
https://doi.org/10.1038/ncomms8064
https://doi.org/10.1177/039463201102400314
https://doi.org/10.1038/ncb2788
https://doi.org/10.1016/j.molcel.2010.09.023
https://doi.org/10.1016/j.ccr.2006.06.001
https://doi.org/10.4161/auto.7.9.16521
https://doi.org/10.1016/j.jhep.2014.08.023
https://doi.org/10.1002/ijc.28957
https://doi.org/10.1002/ijc.28551
https://doi.org/10.1371/journal.pone.0199740
https://doi.org/10.1097/01.MP.0000020391.98998.6B
https://doi.org/10.1016/S1040-8428(01)00119-6
https://doi.org/10.1038/ni.2109
https://doi.org/10.1038/nri3175
https://doi.org/10.1038/nri2808
https://doi.org/10.1371/journal.pone.0031524
https://doi.org/10.1158/0008-5472.CAN-05-4128
https://doi.org/10.1038/cddis.2014.263
https://doi.org/10.1159/000362959
https://doi.org/10.1007/s00262-013-1476-9
https://doi.org/10.1016/j.celrep.2014.12.039
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1152/ajpcell.2001.280.4.C814
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Masucci et al. Tumor Associated Neutrophils and Tumor

61. Colombo MP, Lombardi L, Stoppacciaro A, Melani C, Parenza M, Bottazzi
B, et al. Granulocyte colony-stimulating factor (G-CSF) gene transduction
in murine adenocarcinoma drives neutrophil-mediated tumor inhibition
in vivo. Neutrophils discriminate between G-CSF-producing and G-CSF-
nonproducing tumor cells. J Immunol. (1992) 149:113–9.

62. Yan J, Kloecker G, Fleming C, Bousamra M, Hansen R, Hu X,
et al. Human polymorphonuclear neutrophils specifically recognize
and kill cancerous cells. Oncoimmunology. (2014) 3:e950163.
doi: 10.4161/15384101.2014.950163

63. Jaganjac M, Poljak-Blazi M, Kirac I, Borovic S, Joerg Schaur
R, Zarkovic N. Granulocytes as effective anticancer agent in
experimental solid tumor models. Immunobiology. (2010) 215:1015–20.
doi: 10.1016/j.imbio.2010.01.002

64. Finisguerra V, Di Conza G, Di Matteo M, Serneels J, Costa S, Thompson
AAR, et al. MET is required for the recruitment of anti-tumoural
neutrophils. Nature. (2015) 522:349–53. doi: 10.1038/nature14407

65. Mayadas TN, Cullere X, Lowell CA. The multifaceted
functions of neutrophils. Annu Rev Pathol. (2014) 9:181–218.
doi: 10.1146/annurev-pathol-020712-164023

66. Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil
function: from mechanisms to disease. Annu Rev Immunol. (2012) 30:459–
89. doi: 10.1146/annurev-immunol-020711-074942

67. Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health
and inflammation.Nat Rev Immunol. (2013) 13:159–75. doi: 10.1038/nri3399

68. Scapini P, Cassatella MA. Social networking of human
neutrophils within the immune system. Blood. (2014) 124:710–9.
doi: 10.1182/blood-2014-03-453217

69. Riise RE, Bernson E, Aurelius J, Martner A, Pesce S, Della Chiesa M,
et al. TLR-stimulated neutrophils instruct NK cells To trigger dendritic
cell maturation and promote adaptive T cell responses. J Immunol. (2015)
195:1121–8. doi: 10.4049/jimmunol.1500709

70. López-Lago MA, Posner S, Thodima VJ, Molina AM, Motzer RJ, Chaganti
RSK. Neutrophil chemokines secreted by tumor cells mount a lung
antimetastatic response during renal cell carcinoma progression. Oncogene.
(2013) 32:1752–60. doi: 10.1038/onc.2012.201

71. Galdiero MR, Bianchi P, Grizzi F, Di Caro G, Basso G, Ponzetta A, et al.
Occurrence and significance of tumor-associated neutrophils in patients with
colorectal cancer. Int J Cancer. (2016) 139:446–56. doi: 10.1002/ijc.30076

72. Loffredo S, Borriello F, Iannone R, Ferrara AL, Galdiero MR, Gigantino
V, et al. Group V secreted phospholipase A2 induces the release of
proangiogenic and antiangiogenic factors by human neutrophils. Front

Immunol. (2017) 8:443. doi: 10.3389/fimmu.2017.00443
73. Ponzetta A, Carriero R, Carnevale S, Barbagallo M, Molgora M, Perucchini

C, et al. Neutrophils driving unconventional T cells mediate resistance
against murine sarcomas and selected human tumors. Cell. (2019) 2:346–
360.e24. doi: 10.1016/j.cell.2019.05.047

74. Powell DR, Huttenlocher A. Neutrophils in the tumor microenvironment.
Trends Immunol. (2016) 37:41–52. doi: 10.1016/j.it.2015.11.008

75. Haqqani AS, Sandhu JK, Birnboim HC. Expression of interleukin-8
promotes neutrophil infiltration and genetic instability in mutatect tumors.
Neoplasia. (2000) 2:561–8. doi: 10.1038/sj.neo.7900110

76. Sandhu JK, Privora HF, Wenckebach G, Birnboim HC. Neutrophils, nitric
oxide synthase, and mutations in the mutatect murine tumor model. Am J

Pathol. (2000) 156:509–18. doi: 10.1016/S0002-9440(10)64755-4
77. Knaapen AM, Schins RPF, Polat D, Becker A, Borm PJA. Mechanisms

of neutrophil-induced DNA damage in respiratory tract epithelial cells.
Mol Cell Biochem. (2002) 234–235:143–51. doi: 10.1023/A:1015997
001657

78. Knaapen AM, Güngör N, Schins RPF, Borm PJA, Van Schooten FJ.
Neutrophils and respiratory tract DNA damage and mutagenesis: a review.
Mutagenesis. (2006) 21:225–36. doi: 10.1093/mutage/gel032

79. Güngör N, Knaapen AM, Munnia A, Peluso M, Haenen GR, Chiu RK, et al.
Genotoxic effects of neutrophils and hypochlorous acid.Mutagenesis. (2010)
25:149–54. doi: 10.1093/mutage/gep053

80. Campregher C, Luciani MG, Gasche C. Activated neutrophils induce
an hMSH2-dependent G2/M checkpoint arrest and replication errors
at a (CA)13-repeat in colon epithelial cells. Gut. (2008) 57:780–7.
doi: 10.1136/gut.2007.141556

81. Yan C, Huo X,Wang S, Feng Y, Gong Z. Stimulation of hepatocarcinogenesis
by neutrophils upon induction of oncogenic kras expression in transgenic
zebrafish. J Hepatol. (2015) 63:420–8. doi: 10.1016/j.jhep.2015.03.024

82. 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. doi: 10.1016/S0092-8674(00)00139-2

83. Lakritz JR, Poutahidis T, Mirabal S, Varian BJ, Levkovich T, Ibrahim YM,
et al. Gut bacteria require neutrophils to promote mammary tumorigenesis.
Oncotarget. (2015) 6:9387–96. doi: 10.18632/oncotarget.3328

84. Hattar K, Franz K, Ludwig M, Sibelius U, Wilhelm J, Lohmeyer
J, et al. Interactions between neutrophils and non-small cell lung
cancer cells: enhancement of tumor proliferation and inflammatory
mediator synthesis. Cancer Immunol Immunother. (2014) 63:1297–306.
doi: 10.1007/s00262-014-1606-z

85. 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. doi: 10.1038/nm.2084

86. Gong L, Cumpian AM, Caetano MS, Ochoa CE, De la Garza MM,
Lapid DJ, et al. Promoting effect of neutrophils on lung tumorigenesis is
mediated by CXCR2 and neutrophil elastase. Mol Cancer. (2013) 12:154.
doi: 10.1186/1476-4598-12-154

87. Ma X, Aoki T, Tsuruyama T, Narumiya S. Definition of prostaglandin
E2-EP2 signals in the colon tumor microenvironment that amplify
inflammation and tumor growth. Cancer Res. (2015) 75:2822–32.
doi: 10.1158/0008-5472.CAN-15-0125

88. Antonio N, Bønnelykke-Behrndtz ML, Ward LC, Collin J, Christensen IJ,
Steiniche T, et al. The wound inflammatory response exacerbates growth of
pre-neoplastic cells and progression to cancer. EMBO J. (2015) 34:2219–36.
doi: 10.15252/embj.201490147

89. 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. doi: 10.1158/1078-0432.CCR-13-1279

90. Song W, Li L, He D, Xie H, Chen J, Yeh C-R, et al. Infiltrating neutrophils
promote renal cell carcinoma (RCC) proliferation via modulating androgen
receptor (AR) → c-Myc signals. Cancer Lett. (2015) 368:71–8.
doi: 10.1016/j.canlet.2015.07.027

91. Grégoire M, Guilloton F, Pangault C, Mourcin F, Sok P, Latour M, et al.
Neutrophils trigger a NF-κB dependent polarization of tumor-supportive
stromal cells in germinal center B-cell lymphomas. Oncotarget. (2015)
6:16471–87. doi: 10.18632/oncotarget.4106

92. Aarbiou J, Ertmann M, van Wetering S, van Noort P, Rook D, Rabe KF, et al.
Human neutrophil defensins induce lung epithelial cell proliferation in vitro.
J Leukoc Biol. (2002) 72:167–74. doi: 10.1189/jlb.72.1.167

93. Liang W, Ferrara N. The complex role of neutrophils in tumor
angiogenesis and metastasis. Cancer Immunol Res. (2016) 4:83–91.
doi: 10.1158/2326-6066.CIR-15-0313

94. Psaila B, Lyden D. The metastatic niche: adapting the foreign soil. Nat Rev
Cancer. (2009) 9:285–93. doi: 10.1038/nrc2621

95. Tazawa H, Okada F, Kobayashi T, Tada M, Mori Y, Une Y, et al. Infiltration
of neutrophils is required for acquisition of metastatic phenotype of
benign murine fibrosarcoma cells: implication of inflammation-associated
carcinogenesis and tumor progression. Am J Pathol. (2003) 163:2221–32.
doi: 10.1016/S0002-9440(10)63580-8

96. El Rayes T, Catena R, Lee S, Stawowczyk M, Joshi N, Fischbach C,
et al. Lung inflammation promotes metastasis through neutrophil protease-
mediated degradation of Tsp-1. Proc Natl Acad Sci USA. (2015) 112:16000–5.
doi: 10.1073/pnas.1507294112

97. 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.
doi: 10.1158/0008-5472.CAN-05-1734

98. Wu Y, Zhao Q, Peng C, Sun L, Li X-F, Kuang D-M. Neutrophils promote
motility of cancer cells via a hyaluronan-mediated TLR4/PI3K activation
loop. J Pathol. (2011) 225:438–47. doi: 10.1002/path.2947

99. Dumitru CA, Gholaman H, Trellakis S, Bruderek K, Dominas N, Gu X,
et al. Tumor-derived macrophage migration inhibitory factor modulates the
biology of head and neck cancer cells via neutrophil activation. Int J Cancer.
(2011) 129:859–69. doi: 10.1002/ijc.25991

Frontiers in Oncology | www.frontiersin.org 14 November 2019 | Volume 9 | Article 1146

https://doi.org/10.4161/15384101.2014.950163
https://doi.org/10.1016/j.imbio.2010.01.002
https://doi.org/10.1038/nature14407
https://doi.org/10.1146/annurev-pathol-020712-164023
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1038/nri3399
https://doi.org/10.1182/blood-2014-03-453217
https://doi.org/10.4049/jimmunol.1500709
https://doi.org/10.1038/onc.2012.201
https://doi.org/10.1002/ijc.30076
https://doi.org/10.3389/fimmu.2017.00443
https://doi.org/10.1016/j.cell.2019.05.047
https://doi.org/10.1016/j.it.2015.11.008
https://doi.org/10.1038/sj.neo.7900110
https://doi.org/10.1016/S0002-9440(10)64755-4
https://doi.org/10.1023/A:1015997001657
https://doi.org/10.1093/mutage/gel032
https://doi.org/10.1093/mutage/gep053
https://doi.org/10.1136/gut.2007.141556
https://doi.org/10.1016/j.jhep.2015.03.024
https://doi.org/10.1016/S0092-8674(00)00139-2
https://doi.org/10.18632/oncotarget.3328
https://doi.org/10.1007/s00262-014-1606-z
https://doi.org/10.1038/nm.2084
https://doi.org/10.1186/1476-4598-12-154
https://doi.org/10.1158/0008-5472.CAN-15-0125
https://doi.org/10.15252/embj.201490147
https://doi.org/10.1158/1078-0432.CCR-13-1279
https://doi.org/10.1016/j.canlet.2015.07.027
https://doi.org/10.18632/oncotarget.4106
https://doi.org/10.1189/jlb.72.1.167
https://doi.org/10.1158/2326-6066.CIR-15-0313
https://doi.org/10.1038/nrc2621
https://doi.org/10.1016/S0002-9440(10)63580-8
https://doi.org/10.1073/pnas.1507294112
https://doi.org/10.1158/0008-5472.CAN-05-1734
https://doi.org/10.1002/path.2947
https://doi.org/10.1002/ijc.25991
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Masucci et al. Tumor Associated Neutrophils and Tumor

100. Lin C, Lin W, Yeh S, Li L, Chang C. Infiltrating neutrophils increase bladder
cancer cell invasion via modulation of androgen receptor (AR)/MMP13
signals. Oncotarget. (2015) 6:43081–9. doi: 10.18632/oncotarget.5638

101. Song W, Yeh C-R, He D, Wang Y, Xie H, Pang S-T, et al. Infiltrating
neutrophils promote renal cell carcinoma progression via VEGFa/HIF2α
and estrogen receptor β signals. Oncotarget. (2015) 6:19290–304.
doi: 10.18632/oncotarget.4478

102. Grosse-Steffen T, Giese T, Giese N, Longerich T, Schirmacher P, Hänsch
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.
doi: 10.1155/2012/720768

103. Freisinger CM,Huttenlocher A. Live imaging and gene expression analysis in
zebrafish identifies a link between neutrophils and epithelial to mesenchymal
transition. PLoS ONE. (2014) 9:e112183. doi: 10.1371/journal.pone.0112183

104. Hu P, Shen M, Zhang P, Zheng C, Pang Z, Zhu L, Du J. Intratumoral
neutrophil granulocytes contribute to epithelial-mesenchymal transition
in lung adenocarcinoma cells. Tumour Biol. (2015) 36:7789–96.
doi: 10.1007/s13277-015-3484-1

105. De Larco JE, Wuertz BRK, Furcht LT. The potential role of neutrophils in
promoting the metastatic phenotype of tumors releasing interleukin-8. Clin
Cancer Res. (2004) 10:4895–900. doi: 10.1158/1078-0432.CCR-03-0760

106. Strell C, Lang K, Niggemann B, Zaenker KS, Entschladen F. Neutrophil
granulocytes promote the migratory activity of MDA-MB-468 human
breast carcinoma cells via ICAM-1. Exp Cell Res. (2010) 316:138–48.
doi: 10.1016/j.yexcr.2009.09.003

107. 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.
doi: 10.1158/0008-5472.CAN-09-4442

108. Tao L, Zhang L, Peng Y, Tao M, Li L, Xiu D, Yuan C, Ma Z,
Jiang B. Neutrophils assist the metastasis of circulating tumor cells
in pancreatic ductal adenocarcinoma: A new hypothesis and a new
predictor for distant metastasis. Medicine (Baltimore). (2016) 95:e4932.
doi: 10.1097/MD.0000000000004932

109. Zhang J, Qiao X, Shi H, Han X, Liu W, Tian X, et al. Circulating
tumor-associated neutrophils (cTAN) contribute to circulating tumor cell
survival by suppressing peripheral leukocyte activation. Tumour Biol. (2016)
37:5397–404. doi: 10.1007/s13277-015-4349-3

110. Tazzyman S, Lewis CE, Murdoch C. Neutrophils: key mediators
of tumour angiogenesis. Int J Exp Pathol. (2009) 90:222–231.
doi: 10.1111/j.1365-2613.2009.00641.x

111. 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 Arch.
(2001) 438:13–22. doi: 10.1007/s004280000327

112. Albini A, Bruno A, Noonan DM, Mortara L. Contribution to tumor
angiogenesis from innate immune cells within the tumormicroenvironment:
implications for immunotherapy. Front Immunol. (2018) 9:527.
doi: 10.3389/fimmu.2018.00527

113. Tazzyman S, Niaz H, Murdoch C. Neutrophil-mediated tumour
angiogenesis: subversion of immune responses to promote tumour growth.
Semin Cancer Biol. (2013) 23:149–58. doi: 10.1016/j.semcancer.2013.02.003

114. Shojaei F, Wu X, Zhong C, Yu L, Liang X-H, Yao J, et al. Bv8 regulates
myeloid-cell-dependent tumour angiogenesis. Nature. (2007) 450:825–31.
doi: 10.1038/nature06348

115. 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 USA. (2007) 104:20262–7.
doi: 10.1073/pnas.0706438104

116. Nozawa H, Chiu C, Hanahan D. Infiltrating neutrophils mediate the initial
angiogenic switch in a mouse model of multistage carcinogenesis. Proc Natl
Acad Sci USA. (2006) 103:12493–8. doi: 10.1073/pnas.0601807103

117. Bekes EM, Schweighofer B, Kupriyanova TA, Zajac E, Ardi VC, Quigley
JP, et al. Tumor-recruited neutrophils and neutrophil TIMP-free MMP-
9 regulate coordinately the levels of tumor angiogenesis and efficiency
of malignant cell intravasation. Am J Pathol. (2011) 179:1455–70.
doi: 10.1016/j.ajpath.2011.05.031

118. Calì B, Molon B, Viola A. Tuning cancer fate: the unremitting role of host
immunity. Open Biol. (2017) 7:170006. doi: 10.1098/rsob.170006

119. Michaeli J, Shaul ME, Mishalian I, Hovav A-H, Levy L, Zolotriov L,
et al. Tumor-associated neutrophils induce apoptosis of non-activated
CD8 T-cells in a TNFα and NO-dependent mechanism, promoting
a tumor-supportive environment. Oncoimmunology. (2017) 6:e1356965.
doi: 10.1080/2162402X.2017.1356965

120. Rodriguez PC, Ernstoff MS, Hernandez C, Atkins M, Zabaleta J, Sierra R,
et al. Arginase I-producing myeloid-derived suppressor cells in renal cell
carcinoma are a subpopulation of activated granulocytes. Cancer Res. (2009)
69:1553–60. doi: 10.1158/0008-5472.CAN-08-1921

121. Rotondo R, Barisione G, Mastracci L, Grossi F, Orengo AM, Costa R, et al.
IL-8 induces exocytosis of arginase 1 by neutrophil polymorphonuclears
in nonsmall cell lung cancer. Int J Cancer. (2009) 125:887–93.
doi: 10.1002/ijc.24448

122. Peranzoni E, Zilio S, Marigo I, Dolcetti L, Zanovello P. Myeloid-derived
suppressor cell heterogeneity and subset definition. Curr. Opin. Immunol.

(2010) 22: 238–44. doi: 10.1016/j.coi.2010.01.021
123. Ingangi V, Minopoli M, Ragone C, Motti ML, Carriero MV. Role of

microenvironment on the fate of disseminating cancer stem cells. Front
Oncol. (2019) 9:82. doi: 10.3389/fonc.2019.00082

124. Sceneay J, Chow MT, Chen A, Halse HM, Wong CSF, Andrews DM,
et al. Primary tumor hypoxia recruits CD11b+/Ly6Cmed/Ly6G+ immune
suppressor cells and compromises NK cell cytotoxicity in the premetastatic
niche. Cancer Res. (2012) 72:3906–11. doi: 10.1158/0008-5472.CAN-11-3873

125. Spiegel A, BrooksMW,Houshyar S, Reinhardt F, ArdolinoM, Fessler E, et al.
Neutrophils suppress intraluminal NK cell-mediated tumor cell clearance
and enhance extravasation of disseminated carcinoma cells. Cancer Discov.
(2016) 6:630–49. doi: 10.1158/2159-8290.CD-15-1157

126. Casbon A-J, 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 USA. (2015)
112:E566–575. doi: 10.1073/pnas.1424927112

127. Wang T-T, Zhao Y-L, Peng L-S, Chen N, Chen W, Lv Y-P, et al. Tumour-
activated neutrophils in gastric cancer foster immune suppression and
disease progression through GM-CSF-PD-L1 pathway. Gut. (2017) 66:1900–
11. doi: 10.1136/gutjnl-2016-313075

128. He G, Zhang H, Zhou J, Wang B, Chen Y, Kong Y, et al. Peritumoural
neutrophils negatively regulate adaptive immunity via the PD-L1/PD-1
signalling pathway in hepatocellular carcinoma. J Exp Clin Cancer Res. (2015)
34:141. doi: 10.1186/s13046-015-0256-0

129. Jensen HK, Donskov F, Marcussen N, Nordsmark M, Lundbeck F, von der
Maase H. Presence of intratumoral neutrophils is an independent prognostic
factor in localized renal cell carcinoma. J Clin Oncol. (2009) 27:4709–17.
doi: 10.1200/JCO.2008.18.9498

130. Wislez M, Rabbe N, Marchal J, Milleron B, Crestani B, Mayaud C,
et al. Hepatocyte growth factor production by neutrophils infiltrating
bronchioloalveolar subtype pulmonary adenocarcinoma: role in tumor
progression and death. Cancer Res. (2003) 63:1405–12.

131. Trellakis S, Bruderek K, Dumitru CA, Gholaman H, Gu X, Bankfalvi A, et al.
Polymorphonuclear granulocytes in human head and neck cancer: enhanced
inflammatory activity, modulation by cancer cells and expansion in advanced
disease. Int J Cancer. (2011) 129:2183–93. doi: 10.1002/ijc.25892

132. Jensen TO, Schmidt H, Møller HJ, Donskov F, Høyer M, Sjoegren P, et al.
Intratumoral neutrophils and plasmacytoid dendritic cells indicate poor
prognosis and are associated with pSTAT3 expression in AJCC stage I/II
melanoma. Cancer. (2012) 118:2476–85. doi: 10.1002/cncr.26511

133. Yang S-Z, Ji W-H, Mao W-M, Ling Z-Q. Elevated levels of preoperative
circulating CD44+ lymphocytes and neutrophils predict poor survival for
non-small cell lung cancer patients. Clin Chim Acta. (2015) 439:172–7.
doi: 10.1016/j.cca.2014.10.012

134. Rao H-L, Chen J-W, Li M, Xiao Y-B, Fu J, Zeng Y-X, et al. Increased
intratumoral neutrophil in colorectal carcinomas correlates closely with
malignant phenotype and predicts patients’ adverse prognosis. PLoS ONE.
(2012) 7:e30806. doi: 10.1371/journal.pone.0030806

135. Zhao J, Pan K, Wang W, Chen J, Wu Y, Lv L, et al. The prognostic value
of tumor-infiltrating neutrophils in gastric adenocarcinoma after resection.
PLoS ONE. (2012) 7:e33655. doi: 10.1371/journal.pone.0033655

Frontiers in Oncology | www.frontiersin.org 15 November 2019 | Volume 9 | Article 1146

https://doi.org/10.18632/oncotarget.5638
https://doi.org/10.18632/oncotarget.4478
https://doi.org/10.1155/2012/720768
https://doi.org/10.1371/journal.pone.0112183
https://doi.org/10.1007/s13277-015-3484-1
https://doi.org/10.1158/1078-0432.CCR-03-0760
https://doi.org/10.1016/j.yexcr.2009.09.003
https://doi.org/10.1158/0008-5472.CAN-09-4442
https://doi.org/10.1097/MD.0000000000004932
https://doi.org/10.1007/s13277-015-4349-3
https://doi.org/10.1111/j.1365-2613.2009.00641.x
https://doi.org/10.1007/s004280000327
https://doi.org/10.3389/fimmu.2018.00527
https://doi.org/10.1016/j.semcancer.2013.02.003
https://doi.org/10.1038/nature06348
https://doi.org/10.1073/pnas.0706438104
https://doi.org/10.1073/pnas.0601807103
https://doi.org/10.1016/j.ajpath.2011.05.031
https://doi.org/10.1098/rsob.170006
https://doi.org/10.1080/2162402X.2017.1356965
https://doi.org/10.1158/0008-5472.CAN-08-1921
https://doi.org/10.1002/ijc.24448
https://doi.org/10.1016/j.coi.2010.01.021
https://doi.org/10.3389/fonc.2019.00082
https://doi.org/10.1158/0008-5472.CAN-11-3873
https://doi.org/10.1158/2159-8290.CD-15-1157
https://doi.org/10.1073/pnas.1424927112
https://doi.org/10.1136/gutjnl-2016-313075
https://doi.org/10.1186/s13046-015-0256-0
https://doi.org/10.1200/JCO.2008.18.9498
https://doi.org/10.1002/ijc.25892
https://doi.org/10.1002/cncr.26511
https://doi.org/10.1016/j.cca.2014.10.012
https://doi.org/10.1371/journal.pone.0030806
https://doi.org/10.1371/journal.pone.0033655
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Masucci et al. Tumor Associated Neutrophils and Tumor

136. Templeton AJ, McNamara MG, Šeruga B, Vera-Badillo FE, Aneja P, Ocaña
A, et al. Prognostic role of neutrophil-to-lymphocyte ratio in solid tumors: a
systematic review and meta-analysis. J Natl Cancer Inst. (2014) 106:dju124.
doi: 10.1093/jnci/dju124

137. Komura N, Mabuchi S, Yokoi E, Kozasa K, Kuroda H, Sasano T, et al.
Comparison of clinical utility between neutrophil count and neutrophil-
lymphocyte ratio in patients with ovarian cancer: a single institutional
experience and a literature review. Int J Clin Oncol. (2018) 23:104–13.
doi: 10.1007/s10147-017-1180-4

138. Moschetta M, Uccello M, Kasenda B, Mak G, McClelland A, Boussios S,
et al. Dynamics of neutrophils-to-lymphocyte ratio predict outcomes
of PD-1/PD-L1 blockade. Biomed Res Int. (2017) 2017:1506824.
doi: 10.1155/2017/1506824

139. Nakaya A, Kurata T, Yoshioka H, Takeyasu Y, Niki M, Kibata K, et al.
Neutrophil-to-lymphocyte ratio as an early marker of outcomes in patients
with advanced non-small-cell lung cancer treated with nivolumab. Int J Clin
Oncol. (2018) 23:634–40. doi: 10.1007/s10147-018-1250-2

140. Romano A, Parrinello NL, Vetro C, Chiarenza A, Cerchione C, Ippolito
M, et al. Prognostic meaning of neutrophil to lymphocyte ratio (NLR)
and lymphocyte to monocyte ration (LMR) in newly diagnosed Hodgkin
lymphoma patients treated upfront with a PET-2 based strategy. Ann

Hematol. (2018) 97:1009–18. doi: 10.1007/s00277-018-3276-y
141. Ferrucci PF, Gandini S, Battaglia A, Alfieri S, Di Giacomo AM, Giannarelli

D, et al. Baseline neutrophil-to-lymphocyte ratio is associated with outcome
of ipilimumab-treated metastatic melanoma patients. Br J Cancer. (2015)
112:1904–10. doi: 10.1038/bjc.2015.180

142. McCluney SJ, Giakoustidis A, Segler A, Bissel J, Valente R, Hutchins RR,
et al. Neutrophil: Lymphocyte ratio as a method of predicting complications
following hepatic resection for colorectal liver metastasis. J Surg Oncol.
(2018) 117:1058–65. doi: 10.1002/jso.24996

143. Quail DF, Joyce JA. Microenvironmental regulation of tumor progression
and metastasis. Nat Med. (2013) 19:1423–37. doi: 10.1038/nm.3394

144. Pang Y, Gara SK, Achyut BR, Li Z, Yan HH, Day C-P, et al. TGF-β signaling
in myeloid cells is required for tumor metastasis. Cancer Discov. (2013)
3:936–951. doi: 10.1158/2159-8290.CD-12-0527

145. Sun R, Luo J, Li D, Shu Y, Luo C, Wang S-S, et al. Neutrophils with
protumor potential could efficiently suppress tumor growth after cytokine
priming and in presence of normal NK cells. Oncotarget. (2014) 5:12621–34.
doi: 10.18632/oncotarget.2181

146. Xue J, Zhao Z, Zhang L, Xue L, Shen S, Wen Y, et al. Neutrophil-
mediated anticancer drug delivery for suppression of postoperative
malignant glioma recurrence. Nat Nanotechnol. (2017) 12:692–700.
doi: 10.1038/nnano.2017.54

147. Belaaouaj A, McCarthy R, Baumann M, Gao Z, Ley TJ, Abraham SN, et al.
Mice lacking neutrophil elastase reveal impaired host defense against gram
negative bacterial sepsis.Nat Med. (1998) 4:615–8. doi: 10.1038/nm0598-615

148. Kamohara H, Sakamoto K, Mita S, An XY, Ogawa M. Neutrophil
elastase inhibitor (ONO-5046.Na) suppresses the proliferation, motility and
chemotaxis of a pancreatic carcinoma cell line, Capan-1. Res Commun Mol

Pathol Pharmacol. (1997) 98:103–8.
149. Inada M, Yamashita J, Ogawa M. Neutrophil elastase inhibitor (ONO-5046-

Na) inhibits the growth of human lung cancer cell lines transplanted into
severe combined immunodeficiency (scid) mice. Res Commun Mol Pathol

Pharmacol. (1997) 97:229–32.
150. Ho A-S, Chen C-H, Cheng C-C, Wang C-C, Lin H-C, Luo

T-Y, et al. Neutrophil elastase as a diagnostic marker and
therapeutic target in colorectal cancers. Oncotarget. (2014) 5:473–80.
doi: 10.18632/oncotarget.1631

151. Wada Y, Yoshida K, Tsutani Y, Shigematsu H, Oeda M, Sanada Y, et al.
Neutrophil elastase induces cell proliferation and migration by the release
of TGF-alpha, PDGF and VEGF in esophageal cell lines. Oncol Rep.
(2007) 17:161–7. doi: 10.3892/or.17.1.161

152. Wada Y, Yoshida K, Hihara J, Konishi K, Tanabe K, Ukon K, et al. Sivelestat,
a specific neutrophil elastase inhibitor, suppresses the growth of gastric
carcinoma cells by preventing the release of transforming growth factor-
alpha. Cancer Sci. (2006) 97:1037–43. doi: 10.1111/j.1349-7006.2006.00278.x

153. Wculek SK, Malanchi I. Neutrophils support lung colonization of
metastasis-initiating breast cancer cells. Nature. (2015) 528:413–7.
doi: 10.1038/nature16140

154. Andzinski L, Kasnitz N, Stahnke S, Wu C-F, Gereke M, von Köckritz-
Blickwede M, et al. Type I IFNs induce anti-tumor polarization of tumor
associated neutrophils in mice and human. Int J Cancer. (2016) 138:1982–93.
doi: 10.1002/ijc.29945

155. Ocana A, Nieto-Jiménez C, Pandiella A, Templeton AJ. Neutrophils in
cancer: prognostic role and therapeutic strategies.Mol Cancer. (2017) 16:137.
doi: 10.1186/s12943-017-0707-7

156. Schott AF, Goldstein LJ, Cristofanilli M, Ruffini PA, McCanna S, Reuben
JM, et al. Phase Ib pilot study to evaluate reparixin in combination with
weekly paclitaxel in patients with HER-2-negative metastatic breast cancer.
Clin Cancer Res. (2017) 23:5358–65. doi: 10.1158/1078-0432.CCR-16-2748

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Masucci, Minopoli and Carriero. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 16 November 2019 | Volume 9 | Article 1146

https://doi.org/10.1093/jnci/dju124
https://doi.org/10.1007/s10147-017-1180-4
https://doi.org/10.1155/2017/1506824
https://doi.org/10.1007/s10147-018-1250-2
https://doi.org/10.1007/s00277-018-3276-y
https://doi.org/10.1038/bjc.2015.180
https://doi.org/10.1002/jso.24996
https://doi.org/10.1038/nm.3394
https://doi.org/10.1158/2159-8290.CD-12-0527
https://doi.org/10.18632/oncotarget.2181
https://doi.org/10.1038/nnano.2017.54
https://doi.org/10.1038/nm0598-615
https://doi.org/10.18632/oncotarget.1631
https://doi.org/10.3892/or.17.1.161
https://doi.org/10.1111/j.1349-7006.2006.00278.x
https://doi.org/10.1038/nature16140
https://doi.org/10.1002/ijc.29945
https://doi.org/10.1186/s12943-017-0707-7
https://doi.org/10.1158/1078-0432.CCR-16-2748
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis and Therapy
	Introduction
	Neutrophil Recruitment in Tumors
	Neutrophil Polarization in Tumor Tissues
	The Anti-Tumor Role of Neutrophils
	The Pro-Tumor Role of Neutrophils
	N2 TANs and Tumorigenesis
	N2 TANs and Tumor Growth
	N2 TANs and Tumor Metastasis
	N2 TANs and Tumor Angiogenesis
	N2 TANs and Tumor Immunosuppression

	Neutrophils and Tumor Prognosis
	Neutrophil to Lymphocyte Ratio (Nlr) And Prognostic Evaluation
	Neutrophils and Cancer Therapeutic Strategies
	Preclinical Studies
	Clinical Studies

	Concluding Remarks and Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


