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Abstract

Introduction: It has been known for some time that neutrophils are present
in the tumour microenvironment, but only recently have their roles been
explored.

Sources of data: Comprehensive literature search of neutrophils and cancer
(PubMed, Google Scholar and CrossRef) for key articles (systematic
reviews, meta-analyses, primary research). References from these articles
cross-checked for additional relevant studies.

Areas of agreement: Neutrophils are a heterogeneous population with both
pro- and antitumour roles, and display plasticity. Several neutrophil subpo-
pulations have been identified, defined by a combination of features (dens-
ity, maturity, surface markers, morphology and anatomical site).

Areas of controversy: Limitations in translating murine tumour models to
human pathology and paucity of human data. Consensus in defining
human neutrophil subpopulations.

Growing points: Neutrophils as therapeutic targets and as possible play-
makers in the biological response to newer targeted cancer drugs.

Areas timely for developing research: Understanding the metabolic pro-
gramming of neutrophils in the tumour microenvironment.

Key words: neutrophil role, cancer, malignancy, tumourigenesis, tumour microenvironment, tumour-associated neu-
trophil, low-density neutrophil, myeloid-derived suppressor cells
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Introduction

The ability of malignant cells to establish them-
selves in a niche and subsequently metastasize is not
entirely dependent on their own intrinsic cellular
signalling pathways; complex interactions with a
myriad of immune cells in the tumour microenvir-
onment are a key." It has taken time for neutrophils
to be recognized as an active player (rather than
spectator) in the immune response to malignancy.”
This review will highlight the progress made to date
in understanding their role in cancer, emphasizing
areas where more work is needed.

The association between neutrophils
and cancer prognosis

Neutrophil-to-lymphocyte ratio

Peripheral blood neutrophil counts are increased in
patients with cancer. Tumours produce granulocyte
colony-stimulating factor (G-CSF) which skews the
neutrophil retention/release balance in bone mar-
row, leading to this increase in blood neutrophils.®
G-CSF downregulates chemokine receptor type 4
(CXCR4) expression in human myeloid lineage cells,
reducing their response to the bone marrow reten-
tion signal stromal cell-derived factor 1 (SDF-1).*

Many research groups have investigated whether
the number of neutrophils present in peripheral
blood correlates with patient outcome. Most have
done this using neutrophil-to-lymphocyte ratio
(NLR). A meta-analysis of 100 such studies by
Templeton et al. comprising over 40 000 patients,
showed NLR > 4 to be associated with worse over-
all survival, cancer-specific survival, progression-
free survival and disease-free survival.” This was
seen in all types and stage of cancer.

Intra-tumoural neutrophils

The association between peripheral blood neutro-
phils and survival does not however give any infor-
mation about what might be happening at the
tumour site itself i.e. whether tumour-associated
neutrophils (TANs) are associated with outcome.

A meta-analysis of nearly 4000 patients has shown
high levels of intra-tumoural neutrophils to be asso-
ciated with unfavourable survival.® In addition,
Gentles et al. used a computational approach to
analyse bulk tumour transcriptomes in order to
infer the frequency of different immune cell popula-
tions (including neutrophils) in over 3000 solid
tumours (14 cancer types). They found intra-
tumoural neutrophils to be the most adverse prog-

nostic cell population.”

Neutropaenia

In direct contrast, neutropaenia in patients undergo-
ing chemotherapy has been shown (by meta-analysis)
to be beneficial to survival.® This may of course just
be a reflection of adequate toxicity of the drug being
achieved to kill tumour cells, however the question
does arise as to whether the direct effect on neutro-
phils themselves is beneficial. This is clinically relevant,
as the use G-CSF in patients who are profoundly neu-
tropaenic post-chemotherapy (used with the aim to
prevent sepsis) could in fact be detrimental to longer
term clinical outcome. Indeed, it has been shown that
G-CSF may promote metastatic disease via neutro-
phils forming a pre-metastatic niche.”

What about neutrophil function, site and
regulation?

Measuring the number of neutrophils in the blood
and/or in the tumour of cancer patients and associ-
ating this with survival is of course quite a crude
measure and does not give any indication regarding
mechanism. It must also be remembered that blood
neutrophil levels increase under other conditions,
such as infection. Within the same patient, neutro-
phils may display varying roles at different sites.
Furthermore, appropriate inflammatory responses
are dependent upon a functioning balance of neu-
trophil production, release from bone marrow,
recruitment to the site of injury and clearance.
Dysregulation of this homeostatic process, for
example, by tumour-derived G-CSF, could perpetu-
ate malignancy.
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Neutrophil polarization at the tumour
site

Transforming growth factor beta and
interferon beta have opposite effects on
TAN polarization in mice

Fridlender was the first to suggest that TAN may be
polarized to N1 (antitumour) or N2 (pro-tumour)
phenotypes, in a similar manner to macrophages.
Using tumour-bearing mice, he demonstrated that
transforming growth factor beta (TGF-B) blockade
favoured the accumulation of N1 TAN that were
morphologically and functionally different to N2
TAN. N1 TAN had hypersegmented nuclei in con-
trast to the nuclei of N2 TAN that were circular.
N1 TANs were cytotoxic to tumour cells via an
oxygen radical-dependent mechanism and had
increased tumour necrosis factor alpha (TNF-a) and
intercellular adhesion molecule 1 (ICAM-1) expres-
sion, whereas N2 TAN expressed high levels of
arginase which is known to suppress T cell immun-
ity. Of key importance, TGF-p blockade promoted
a T cell antitumour response.'” Using IFN-p; '~
tumour-bearing mice, the Jablonska group have
shown interferon beta (IFN-B) to have the opposite
effect to TGF-p on TAN polarization, i.e. IFN-p
promotes antitumour N1 TAN."!

Limitations of N1 vs N2 model

It should be noted that the work described above in
murine models is yet to be replicated in human
TAN. Furthermore, in a similar manner to M1 vs
M2 macrophage classification in malignancy, it may
be that a binary N1/N2 classification of neutrophils
is an oversimplification.'? It seems increasingly likely
that N1 and N2 represent laboratory extremes of a
biological continuum, with plasticity dependent upon
the local environment. Therefore rather than focus-
ing on N1/N2, we should possibly instead be defin-
ing neutrophils by the distinct functional phenotypes/
subpopulations that aid or abate the process of
tumourigenesis (e.g. proliferation, angiogenesis, inva-
sion, immunosuppression and metastatic seeding) in
the different microenvironments (i.e. primary tumour,
circulation, pre-metastatic and metastatic).

Neutrophil roles in aiding or abating
tumourigenesis

Tumour proliferation

Neutrophil elastase (NE) has been shown to promote
tumour proliferation. Houghton et al. showed that
NE is taken up by tumour cells, where it degrades
insulin receptor substrate-1 (IRS-1). Lower levels of
IRS-1 were associated with an increase in the inter-
action between phosphatidylinositol 3-kinase (PI3K)
and the potent mitogen platelet-derived growth fac-
tor receptor (PDGFR), which directed the PI3K axis
to favour tumour proliferation.'?

In contrast, neutrophils can also induce lysis of
tumour cells via hypochlorus acid produced from
reactive oxygen species (ROS).'* Of note, the MET
proto-oncogene is expressed in neutrophils and is
required for neutrophil chemoattraction and cyto-
toxicity towards tumour cells in response to its lig-
and hepatocyte growth factor.'® Neutrophils can kill
tumour cells via TNF-a expression.'! Furthermore,
neutrophils stimulated by interferons release tumour

necrosis ligand

16

factor-related apoptosis-inducing
(TRAIL) which induces tumour cell apoptosis.

Angiogenesis and invasion

The angiogenic and invasive mechanisms of matrix
metallopeptidase 9 (MMP-9), vascular endothelial
growth factor (VEGF) and Bv8 (prokineticin) have
been previously described.'”'® It is thought that
neutrophils may drive angiogenesis in malignancy
by providing a significant source of MMP-9 which
acts to release VEGF from the extracellular matrix
(ECM)."”° In addition to roles in angiogenesis,
MMP-9 is also postulated to aid the direct invasion
of tumour cells via degradation of ECM/basement
membrane.

Of note, it has been shown that neutrophil extracel-
lular traps (NETs), formed during neutrophil death,
and composing of chromatin, NE and myeloperoxidase,
have a role in angiogenesis, by stimulating vascular
endothelial cells to release proangiogenic cytokines.”!

Countering the above mechanisms, neutrophils
can also have an opposing function with regard to
angiogenesis; it has been reported that neutrophils
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can be conditioned ex vivo to release the antiangio-
genic isoform of VEGF (VEGF-A 4sp),% but it is yet
to be proven if this occurs in vivo.

Immunomodulation

As previously mentioned, neutrophils are known to
express arginase. Arginase degrades arginine, an
essential amino acid important in many cellular pro-
cesses, e.g. the proliferation of T cells. High arginase
levels can be found in the tumour microenvironment
and result in inhibition of T cell receptor expression
and antigen-specific responses, aiding tumour eva-
sion.”®> Neutrophils have been widely reported to
suppress T cell proliferation in ex vivo studies, with
Coffelt et al. demonstrating this is inducible nitric
oxide synthase (INOS)-dependent,”* but it must be
noted that recently concerns have arisen about the
accuracy of these assays when T cell activating
microbeads have been used.”® Neutrophils have also
been shown to induce the apoptosis of CD8 T cells in
a TNF-o- and nitric oxide (NO)-dependent manner.?®
In addition, neutrophils can suppress T cells via pro-
grammed death ligand 1 (PD-L1).>” Moreover, neutro-
phil depletion studies suggest that they may act to
reduce the effectiveness of PD1 immunotherapy.*®
Finally, neutrophils recruit regulatory T cells into
tumours via secretion of chemokine ligand 17
(CCL17), which may inhibit antitumour immunity.>’
Whilst there appears to be an ever-expanding list
of ways in which neutrophils immunosuppress in
the tumour microenvironment, nonetheless neutro-
phils can also be immunostimulatory and antitu-
mour. Neutrophils can have a role in antigen

presentation,®® can stimulate T cell proliferation®!
and suppress pro-tumoural IL-17 y8 T cells via

ROS.??

Extravasation and metastatic seeding

NETs have been shown to sequester circulating
tumour cells at distant sites and promote metastasis.”>
Extravasation into tissues is aided by interactions
between P, integrin on neutrophils and ICAM-1 on
tumour cells, promoting anchoring to the vascular
endothelium.>* Tumour-derived G-CSF can initiate
a pre-metastatic environment in distant organs,

mobilizing neutrophils from the bone marrow to
swarm at the metastatic site before tumour cells
arrive.®’

Conversely, Granot et al. showed that tumour-
entrained neutrophils (i.e. stimulated by the primary
tumour) can inhibit metastatic seeding via hydrogen
peroxide (H,O,) killing of disseminated tumour
cells.?® It has recently been shown that H,O, from
neutrophils kills tumour cells by triggering a lethal
influx of calcium via transient receptor potential
cation channel subfamily M member 2 (TRPM2),
an H;0,-dependent calcium-permeable channel
expressed on cancer cells.®”

Defining neutrophil subpopulations by
phenotypic features: density, maturity,
surface markers, morphology and
anatomical site

It is clear from earlier sections in this review that
neutrophils display heterogeneity and plasticity of
function in malignancy. But what other features
define these neutrophils that are pro- or antitumour?
Eruslanov and Fridlender groups have carried out
seminal work in the last few years where functional
neutrophil subpopulations have been distinguished

surface markers,
30,31,38-40

further by density, maturity,

morphology and anatomical site (Fig. 1).

Peripheral blood neutrophils

Ex vivo, neutrophils are commonly isolated from
the blood by discontinuous density gradient. This
results in the formation of a red cell pellet, a
normal-density (sometimes referred to as ‘high
density’ in the literature) layer of cells and a low-
density layer of cells. Neutrophils are usually the
predominant cell type in the normal-density layer
(normal-density neutrophils, NDNs) and peripheral
blood mononuclear cells (PBMCs) are found in
the low-density layer.*' In malignancy, there is an
expanded population of neutrophils in the low-density
layer (low-density neutrophils, LDNs), which can be
further defined by maturity/morphology. LDNs are
large and are either immature with a banded/ring
nuclei, or mature with segmented nuclei. All LDNs are
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Fig. 1 Neutrophil subpopulations defined by density, maturity, surface markers, morphology and anatomical
site. At present, it is unclear whether there is any crossover between LDN, N2 TAN and G-MDSC populations.
LDN, low-density neutrophils; NDN, normal (high)-density neutrophils; TAN, tumour-associated neutrophils;

G-MDSCs, granulocytic myeloid-derived suppressor cells.

pro-tumour, displaying immunosuppressive properties.
NDN:s are small and mature with segmented nuclei
and are antitumour. Of note, neutrophils from
patients with malignancy resist apoptosis compared
with healthy donor neutrophils. Finally, murine
models showed LDN to originate from the bone
morrow, but of interest TGF-p could also mediate
the transition of HDN to LDN

plasticity).>%*

(displaying

Tumour-associated neutrophil

The features of TAN in murine models have already
been described. In humans, TANs in early-stage
cancer are mature with segmented nuclei and are
antitumour, activating T cell responses. Study of
TAN from more advanced malignancies is proving
more difficult, due to lack of availability of tissue to

study (patients with advanced cancer do not typic-

ally undergo surgical resection).??>!-3

Neutrophil surface marker immunotyping
(human)

To date, it has proven difficult to distinguish between
the neutrophil subpopulations described above, by
surface marker immunotyping. Furthermore, there
have been difficulties when attempting to compare
neutrophil subpopulations found in murine models
with those found in humans.** However, most
groups use CD11b"CD15"CD66b*CD14~ to iden-
tify neutrophils in humans. In addition, CD10 is
proving to be a key marker for the maturation and
suppressive potential of neutrophils. Indeed, going
forward CD10 may reduce the need to use density

gradients to define neutrophil populations.*?
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Myeloid-derived suppressor cells

The name myeloid-derived suppressor cells (MDSCs)
was originally coined over 10 years ago to describe a
group of myeloid cells with immunoregulatory activ-
ity, i.e. suppressed antitumour T cell functions (via
arginase and ROS). Broadly speaking, they compose
two phenotypical/morphological groups of cells:
those similar to neutrophils (granulocytic/poly-
morphonuclear MDSCs or G-MDSCs/PMN-MDSCs)
and those similar to monocytes (M-MDSCs). It is
thought that during chronic inflammatory processes,
such as malignancy, there is a persistent signal to
recruit neutrophils and monocytes from the bone
marrow (e.g. GM-CSF, G-CSF, M-CSF). As time goes
on, the rate of demand on the bone marrow is such
that these recruited cells are increasingly immature
and have aberrant function. These cells are MDSC,
and as cancers progress they form a greater propor-
tion of circulating cells. In humans as G-MDSCs and
neutrophils can both be defined by the surface mar-
kers CD11b*CD14'CD15%(or CD66b™)CD33™, it has
been difficult to distinguish between them. However,
it is known that G-MDSCs are found in the low-
density fraction of peripheral blood. Furthermore, G-
MDSCs express lectin-type oxidized LDL receptor 1
(LOX-1) and so this marker may be used to distin-
guish them from neutrophils, without the need for a
density gradient.***

There is debate as to how closely neutrophils and
G-MDSCs are related.*® It seems increasingly likely
that in humans, immature peripheral blood LDN
and G-MDSCs are one and the same. However,
mature peripheral blood LDN appear to be different
to G-MDSCs. Furthermore, within tumours them-
selves the relationship between G-MDSCs and TAN

is entirely unknown.*”

Discussion

Areas of agreement

Neutrophils are no longer seen as a simple first
responder cell; they have complex multifaceted roles
in all stages of malignancy with both pro- and antitu-
mour roles. In cancer, neutrophils are a heterogeneous
population and display plasticity. Several neutrophil

subpopulations have been identified and are currently
defined by a combination of features; density, matur-
ity, surface markers, morphology and anatomical site.

Summary of what is known (Fig. 2)

Our summary figure (Fig. 2) aims to define neutro-
phils by the distinct functional subpopulations that
aid or abate the process of tumourigenesis, reflecting
a biological continuum/spectrum rather than focus-
ing on N1/N2 laboratory extremes. Akin to the
‘macrophage wheel” used by Qian and Pollard."?

Areas of controversy

A recent review article by the Eruslanov group
highlights the ongoing areas of controversy regard-
ing the role of neutrophils in cancer.** These mainly
relate to (i) the limitations of translating murine
tumour models to human pathology and (ii) the
lack/quality of human data.

The most common form of murine model is
transplantable tumours, i.e. immortal cell lines that
have undergone years of selective pressure and are
chosen based on their ability to grow quickly when
injected into the mouse. These tumours by defin-
ition have a very different natural history to the
gradual evolution of a natural tumour and therefore
really only represent the later stages of malignancy.
There are no shared neutrophil cellular markers
between mouse and man. We do not know if imma-
ture LDN, G-MDSCs and N2 are the same cell
population or not. N1/N2 polarization has not
been shown in human TAN, and it seems more
likely that in fact there will be a continuum of
behaviour rather than these two extremes. Are N2
neutrophils just immature cells recruited as a conse-
quence of cancer and not a contributing cause?

There is a lack of human tissue available from
the later stages of cancer, as patients do not rou-
tinely have surgery. Furthermore, whilst peripheral
blood may be more easily available from these
patients (than solid tumour samples), the behaviour
of blood neutrophils may be completely different to
that of TANs. When tumour samples are obtained,
it must be noted that neutrophil function can be
changed by the process of disaggregation used to
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Fig. 2 Mechanisms through which neutrophil subpopulations aid or abate tumourigenesis. The proportion of pro- and antitumour
neutrophils at any one time is influx, with a degree of plasticity and a spectrum of activity. However, for cancers to progress this

balance must begin to favour immature pro-tumour neutrophils.

extract the neutrophils. Finally, in human studies, a
lot has been attributed to ex vivo T cell responses
which may not reflect true physiology. For example,
as previously described there are concerns about
artefact that may be created by the methodologies
used for ex vivo T cell proliferation studies.

Overall, there needs to be an unpicking of the
various neutrophil subpopulations, and a better
understanding of their evolving roles as cancers

progress, at both primary and metastatic sites.

Growing points: neutrophils as therapeutic
targets and as possible playmakers in the
biological response to both established and
newer targeted cancer therapy

In terms of established therapies, neutrophils have
been shown to be important players in the

beneficial immune response to antibody-based
cancer therapy,*® photodynamic cancer therapy*’
and Bacillus Calmette—Guerin immunotherapy.’®
However, a growing area of research is consider-
ing neutrophils as a therapeutic target themselves.
Whilst the short-lived nature of neutrophils and
their essential role in host defence against infec-
tion will need to be considered, nevertheless, tar-
geted therapies relating to neutrophil recruitment,
function and polarization (targeting the pathways
mentioned in this review) may be an attractive
add-on therapy to conventional treatments (i.e.
chemotherapy/radiotherapy) and newer immuno-
therapies. For example, in terms of neutrophil
recruitment, there is an interest in targeting the
CXCR2 pathway.’' Relating to neutrophil polar-
ization, there have been trials of TGF- inhibitors

as a cancer therapy.’” With regard to direct
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there has been

3

neutrophil-tumour interaction,
interest in the use of NE inhibitors.’
Finally, an expanding area of interest is under-
standing how neutrophils respond to newer targeted
cancer therapies. Inhibitors of the receptor tyrosine
kinase c-MET have been shown to inhibit neutrophil
recruitment to tumours, with some concerned this
may be detrimental,'” but others hopeful of bene-
fit>* As previously mentioned, neutrophils have
been shown to express PD-L1, and therefore immune
checkpoint inhibitors may have a role in reducing
neutrophil suppression of T cell responses.

Areas timely for developing research:
metabolic programming of neutrophils in
the tumour microenvironment

It has been shown that during tumour progression,
TAN distribution is more within the tumour, and
TANs develop pro-tumourigenic properties.” It is
known that the tumour microenvironment has altered
oxygen and metabolite availability. Oxygen-sensing
pathways and metabolic flux regulate neutrophil
function and survival responses.’®°” There is litera-
ture regarding metabolic reprogramming of tumour-
associated macrophages.”® Of note, MDSCs, which
have infiltrated tumours, increase fatty acid uptake,
and inhibition of fatty acid oxidation blocks their
immunosuppressive function.** Whilst there is exten-
sive literature regarding the role of MDSCs in hyp-
oxia, whether metabolite availability or hypoxia in the
tumour microenvironment plays a role in the func-
tional polarization of neutrophils is yet to be explored.

Authors’ biography

Robert Grecian holds the position of Edinburgh Clinical
Academic Track Clinical Research Fellow and Respiratory
Medicine Registrar. He is currently undertaking a PhD in
Respiratory Medicine, exploring the role that neutrophils
play in advanced non-small-cell lung cancer. His work is
funded by Cancer Research UK.

Moira Whyte is the Head of the College of Medicine
and Veterinary Medicine, and is the Sir John Crofton
Professor of Respiratory Medicine, at the University of
Edinburgh. Her research interests have focused on the
molecular mechanisms of innate immune cell apoptosis in
the context of chronic inflammatory lung disease.

Sarah Walmsley holds the position of Wellcome Senior
Clinical Fellow, University of Edinburgh; Professor of Respira-
tory Medicine and Honorary Consultant in Respiratory Medi-
cine. Her research focuses on defining how oxygen sensing and
metabolic regulation influence key neutrophil functions and
survival responses. She aims to validate the therapeutic poten-
tial of selective manipulation of these pathways, in patients
with chronic inflammatory lung diseases.

Acknowledgements

The authors acknowledge the funders: the Wellcome Trust,
Cancer Research UK and the Medical Research Council.

Conflict of interest statement

The authors have no potential conflicts of interest.

References

1. Joyce JA, Pollard JW. Microenvironmental regulation
of metastasis. Nat Rev Cancer 2009;9:239-52. 10.
1038/nrc2618.

2. Coffelt SB, Wellenstein MD, de Visser KE. Neutrophils
in cancer: neutral no more. Nat Rev Cancer 2016;16:
431-46. 10.1038/nrc.2016.52.

3. Jablonska J, Lang S, Sionov RV, et al. The regulation of
pre-metastatic niche formation by neutrophils. Oncotarget
2017;8:112132-44. 10.18632/oncotarget.v8i67.

4. Kim HK, De La Luz Sierra M, Williams CK, et al. G-CSF
down-regulation of CXCR4 expression identified as a
mechanism for mobilization of myeloid cells. Blood 2006;
108:812-20. 10.1182/blood-2005-10-4162.

5. Templeton AJ, McNamara MG, Seruga B, et al.
Prognostic role of neutrophil-to-lymphocyte ratio in
solid tumors: a systematic review and meta-analysis.
J Natl Cancer Inst 2014;106:djul24. 10.1093/jnci/
dju124.

6. Shen M, Hu P, Donskov F, et al. Tumor-associated neu-
trophils as a new prognostic factor in cancer: a system-
atic review and meta-analysis. PLoS One 2014;9:
€98259. 10.1371/journal.pone.0098259.

7. Gentles AJ, Newman AM, Liu CL, et al. The prognostic
landscape of genes and infiltrating immune cells across
human cancers. Nat Med 2015;21:938-45. 10.1038/
nm.3909.

8. Shitara K, Matsuo K, Oze I, et al. Meta-analysis of neu-
tropenia or leukopenia as a prognostic factor in patients
with malignant disease undergoing chemotherapy.
Cancer Chemother Pharmacol 2011;68:301-7. 10.
1007/s00280-010-1487-6.


http://dx.doi.org/10.1038/nrc2618
http://dx.doi.org/10.1038/nrc2618
http://dx.doi.org/10.1038/nrc.2016.52
http://dx.doi.org/10.18632/oncotarget.v8i67
http://dx.doi.org/10.1182/blood-2005-10-4162
http://dx.doi.org/10.1093/jnci/dju124
http://dx.doi.org/10.1093/jnci/dju124
http://dx.doi.org/10.1371/journal.pone.0098259
http://dx.doi.org/10.1038/nm.3909
http://dx.doi.org/10.1038/nm.3909
http://dx.doi.org/10.1007/s00280-010-1487-6
http://dx.doi.org/10.1007/s00280-010-1487-6

The role of neutrophils in cancer, 2018, Vol. 128

13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mouchemore KA, Anderson RL, Hamilton JA.
Neutrophils, G-CSF and their contribution to breast
cancer metastasis. FEBS | 2018;285:665-79. 10.1111/
febs.2018.285.issue-4.

Fridlender ZG, Sun J, Kim S, et al. Polarization of
tumor-associated neutrophil phenotype by TGF-f:
“N1” versus “N2” TAN. Cancer Cell 2009;16:183-94.
10.1016/j.ccr.2009.06.017.

Andzinski L, Kasnitz N, Stahnke S, et al. Type IIFNs
induce anti-tumor polarization of tumor associated neu-
trophils in mice and human: TANs in tumorigenesis. Int
J Cancer 2016;138:1982-93. 10.1002/ijc.v138.8.

Qian B-Z, Pollard JW. Macrophage diversity enhances
tumor progression and metastasis. Cell 2010;141:
39-51.10.1016/j.cell.2010.03.014.

Houghton AM, Rzymkiewicz DM, Ji H, et al
Neutrophil elastase-mediated degradation of IRS-1
accelerates lung tumor growth. Nat Med 2010;16:
219-23.10.1038/nm.2084.

Dallegri F, Ottonello L, Ballestrero A, et al. Tumor cell
lysis by activated human neutrophils: analysis of
neutrophil-delivered oxidative attack and role of leuko-
cyte function-associated antigen 1. Inflammation 1991;
15:15-30. 10.1007/BF00917906.

Finisguerra V, Di Conza G, Di Matteo M, et al. MET is
required for the recruitment of anti-tumoural neutro-
phils. Nature 2015;522:349-53. 10.1038/nature14407.
Tecchio C, Huber V, Scapini P, et al. IFN-stimulated neu-
trophils and monocytes release a soluble form of TNF-
related apoptosis-inducing ligand (TRAIL/Apo-2 ligand)
displaying apoptotic activity on leukemic cells. Blood
2004;103:3837-44. 10.1182/blood-2003-08-2806.
Bergers G, Benjamin LE. Tumorigenesis and the angio-
genic switch: angiogenesis. Nat Rev Cancer 2003;3:
401-10. 10.1038/nrc1093.

Shojaei F, Wu X, Zhong C, et al. Bv8 regulates
myeloid-cell-dependent tumour angiogenesis. Nature
2007;450:825-31. 10.1038/nature06348.

Deryugina EI, Zajac E, Juncker-Jensen A, et al. Tissue-
infiltrating neutrophils constitute the major in vivo
source of angiogenesis-inducing MMP-9 in the tumor
microenvironment. Neoplasia 2014;16:771-88. 10.
1016/j.ne0.2014.08.013.

Nozawa H, Chiu C, Hanahan D. Infiltrating neutro-
phils mediate the initial angiogenic switch in a mouse
model of multistage carcinogenesis. Proceedings of the
National Academy of Sciences 2006;103:12493-98. 10.
1073/pnas.0601807103.

Aldabbous L, Abdul-Salam V, McKinnon T, et al.
Neutrophil extracellular traps promote angiogenesis: evi-
dence from vascular pathology in pulmonary hypertension.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Arterioscler Thromb Vasc Biol 2016;36:2078-87. 10.1161/
ATVBAHA.116.307634.

Loffredo S, Borriello F, Iannone R, et al. Group V secreted
phospholipase A2 induces the release of proangiogenic
and antiangiogenic factors by human neutrophils. Front
Immunol 2017;8:443. 10.3389/fimmu.2017.00443.
Rodriguez PC, Quiceno DG, Zabaleta ], et al. Arginase
I production in the tumor microenvironment by mature
myeloid cells inhibits T-cell receptor expression and
antigen-specific T-cell responses. Cancer Res 2004;64:
5839-49. 10.1158/0008-5472.CAN-04-0465.

Coffelt SB, Kersten K, Doornebal CW, et al. IL-17-
producing y8 T cells and neutrophils conspire to pro-
mote breast cancer metastasis. Nature 2015;522:345-8.
10.1038/nature14282.

Negorev D, Beier UH, Zhang T, et al. Human neutro-
phils can mimic myeloid-derived suppressor cells (PMN-
MDSC) and suppress microbead or lectin-induced T cell
proliferation through artefactual mechanisms. Sci Rep
2018;8:3135. 10.1038/s41598-018-21450-6.

Michaeli J, Shaul ME, Mishalian I, et al. Tumor-
associated neutrophils induce apoptosis of non-
activated CD8 T-cells in a TNFa and NO-dependent
mechanism, promoting a tumor-supportive environ-
ment. Oncoimmunology 2017;6:¢1356965. 10.1080/
2162402X.2017.1356965.

Wang T., Zhao Y, Peng L, et al. Tumour-activated neu-
trophils in gastric cancer foster immune suppression and
disease progression through GM-CSF-PD-L1 pathway.
Gut 2017;66:1900-11. 10.1136/gutjnl-2016-313075.
Faget ], Groeneveld S, Boivin G, et al. Neutrophils and
snail orchestrate the establishment of a pro-tumor
microenvironment in lung cancer. Cell Reports 2017;
21:3190-204. 10.1016/j.celrep.2017.11.052.

Mishalian I, Bayuh R, Eruslanov E, et al. Neutrophils
recruit regulatory T-cells into tumorsviasecretion of
CCL17-A new mechanism of impaired antitumor
immunity: neutrophils recruit regulatory T-cells into
tumorsviaCCL17. Int | Cancer 2014;135:1178-86. 10.
1002/jjc.v13S.5.

Singhal S, Bhojnagarwala PS, O’Brien S, et al. Origin
and role of a subset of tumor-associated neutrophils
with antigen-presenting cell features in early-stage
human lung cancer. Cancer Cell 2016;30:120-35. 10.
1016/j.ccell.2016.06.001.

Eruslanov EB, Bhojnagarwala PS, Quatromoni ]G,
et al. Tumor-associated neutrophils stimulate T cell
responses in early-stage human lung cancer. | Clin
Invest 2014;124:5466-80. 10.1172/JCI77053.
Mensurado S, Rei M, Langa T, et al. Tumor-associated
neutrophils suppress pro-tumoral IL-17+ y& T cells


http://dx.doi.org/10.1111/febs.2018.285.issue-4
http://dx.doi.org/10.1111/febs.2018.285.issue-4
http://dx.doi.org/10.1016/j.ccr.2009.06.017
http://dx.doi.org/10.1002/ijc.v138.8
http://dx.doi.org/10.1016/j.cell.2010.03.014
http://dx.doi.org/10.1038/nm.2084
http://dx.doi.org/10.1007/BF00917906
http://dx.doi.org/10.1038/nature14407
http://dx.doi.org/10.1182/blood-2003-08-2806
http://dx.doi.org/10.1038/nrc1093
http://dx.doi.org/10.1038/nature06348
http://dx.doi.org/10.1016/j.neo.2014.08.013
http://dx.doi.org/10.1016/j.neo.2014.08.013
http://dx.doi.org/10.1073/pnas.0601807103
http://dx.doi.org/10.1073/pnas.0601807103
http://dx.doi.org/10.1161/ATVBAHA.116.307634
http://dx.doi.org/10.1161/ATVBAHA.116.307634
http://dx.doi.org/10.3389/fimmu.2017.00443
http://dx.doi.org/10.1158/0008-5472.CAN-04-0465
http://dx.doi.org/10.1038/nature14282
http://dx.doi.org/10.1038/s41598-018-21450-6
http://dx.doi.org/10.1080/2162402X.2017.1356965
http://dx.doi.org/10.1080/2162402X.2017.1356965
http://dx.doi.org/10.1136/gutjnl-2016-313075
http://dx.doi.org/10.1016/j.celrep.2017.11.052
http://dx.doi.org/10.1002/ijc.v135.5
http://dx.doi.org/10.1002/ijc.v135.5
http://dx.doi.org/10.1016/j.ccell.2016.06.001
http://dx.doi.org/10.1016/j.ccell.2016.06.001
http://dx.doi.org/10.1172/JCI77053

14

R. Grecian et al., 2018, Vol. 128

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

through induction of oxidative stress. PLoS Biol 2018;
16:¢2004990, 10.1371/journal.pbio.2004990.

McDonald B, et al.
Neutrophil extracellular traps sequester circulating

Cools-Lartigue ], Spicer ],
tumor cells and promote metastasis. | Clin Invest 2013;
123:3446-58. 10.1172/JCl67484.

Huh SJ, Liang S, Sharma A, et al. Transiently entrapped
circulating tumor cells interact with neutrophils to
facilitate lung metastasis development. Cancer Research
2010;70:6071-82. 10.1158/0008-5472.CAN-09-4442.
Kowanetz M, Wu X, Lee ], et al. Granulocyte-colony
stimulating factor promotes lung metastasis through
mobilization of Ly6G+Ly6C+ granulocytes. Proceedings
of the National Academy of Sciences 2010;107:21248-55.
10.1073/pnas.1015855107.

Granot Z, Henke E, Comen EA, et al. Tumor entrained
neutrophils inhibit seeding in the premetastatic lung.
Cancer Cell 2011;20:300-14. 10.1016/j.ccr.2011.08.012.
Gershkovitz M, Caspi Y, Fainsod-Levi T, et al. TRPM2
mediates neutrophil killing of disseminated tumor cells.
Cancer Res 2018;78:2680-90. 10.1158/0008-5472.
CAN-17-3614.

Eruslanov EB. Phenotype and function of tumor-
associated neutrophils and their subsets in early-stage
human lung cancer. Cancer Immunol Immunother
2017;66:997-1006. 10.1007/s00262-017-1976-0.

Sagiv JY, Michaeli J, Assi S, et al. Phenotypic diversity
and plasticity in circulating neutrophil subpopulations
in cancer. Cell Reports 2015;10:562-73. 10.1016/.
celrep.2014.12.039.

Mishalian I, Granot Z, Fridlender ZG. The diversity of
circulating neutrophils in cancer. Immunobiology 2017
222:82-8.10.1016/j.imbi0.2016.02.001.

Galdiero MR, Varricchi G, Loffredo S, et al. Roles of
neutrophils in cancer growth and progression. | Leukoc
Biol 2018;103:457-64. 10.1002/j1b.2018.103.issue-3.
Eruslanov EB, Singhal S, Albelda SM. Mouse versus human
neutrophils in cancer: a major knowledge gap. Trends in
Cancer 2017;3:149-60. 10.1016/j.trecan.2016.12.006.
Marini O, Costa S, Bevilacqua D, et al. Mature CD10*
and immature CD10™ neutrophils present in G-CSF-
treated donors display opposite effects on T cells. Blood
2017;129:1343-56. 10.1182/blood-2016-04-713206.
Veglia F, Perego M, Gabrilovich D. Myeloid-derived
suppressor cells coming of age. Nat Immunol 2018;19:
108-19. 10.1038/s41590-017-0022-x.

Condamine T, Dominguez GA, Youn JI, et al. Lectin-
type oxidized LDL receptor-1 distinguishes population
of human polymorphonuclear myeloid-derived suppres-
sor cells in cancer patients. Sci Immunol 2016;1:
aaf8943, 10.1126/sciimmunol.aaf8943.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

6.

57.

58.

Brandau S, Moses K, Lang S. The kinship of neutrophils
and granulocytic myeloid-derived suppressor cells in can-
cer: cousins, siblings or twins. Seminars in Cancer Biology
2013;23:171-82. 10.1016/j.semcancer.2013.02.007.
Moses K, Brandau S. Human neutrophils: their role in
cancer and relation to myeloid-derived suppressor cells.
Seminars in Immunology 2016;28:187-96. 10.1016/.
smim.2016.03.018.

van Egmond M, Bakema JE. Neutrophils as effector
cells for antibody-based immunotherapy of cancer.
Seminars in Cancer Biology 2013;23:190-9. 10.1016/.
semcancer.2012.12.002.

Kousis PC, Henderson BW, Maier PG, et al. Photodynamic
therapy enhancement of antitumor immunity is regulated
by neutrophils. Cancer Research 2007;67:10501-10. 10.
1158/0008-5472.CAN-07-1778.

Suttmann H, Riemensberger J, Bentien G, et al.
Neutrophil granulocytes are required for effective
Bacillus Calmette-Guérin immunotherapy of bladder can-
cer and orchestrate local immune responses. Cancer Res
2006;66:8250-7. 10.1158/0008-5472.CAN-06-1416.
Steele CW, Karim SA, Leach JDG, et al. CXCR2 inhib-
ition profoundly suppresses metastases and augments
immunotherapy in pancreatic ductal adenocarcinoma.
Cancer Cell 2016;29:832-45. 10.1016/j.ccell.2016.04.014.
Colak S, Ten Dijke P. Targeting TGF-p signaling in can-
cer. Trends in Cancer 2017;3:56-71. 10.1016/).trecan.
2016.11.008.

Ho A-S, Chen CH, Cheng CC, et al. Neutrophil elastase
as a diagnostic marker and therapeutic target in colorec-
Oncotarget 2014;5:473-80. 10.18632/
oncotarget.1631.

Glodde N, Bald T, van den Boorn-Konijnenberg D, et al.

Reactive neutrophil responses dependent on the receptor tyro-

tal cancers.

sine kinase ¢-MET limit cancer immunotherapy. Immunity
2017;47:789-802.€9. 10.1016/j.immuni.2017.09.012.
Mishalian I, Bayuh R, Levy L, et al. Tumor-associated
neutrophils (TAN) develop pro-tumorigenic properties
during tumor progression. Cancer Immunol Immunother
2013;62:1745-56. 10.1007/s00262-013-1476-9.
Walmsley SR, Print C, Farahi N, et al. Hypoxia-
induced neutrophil survival is mediated by HIF-la-
dependent NF-xB activity. | Exp Med 2005;201:
105-15. 10.1084/jem.20040624.

Sadiku P, Willson JA, Dickinson RS, et al. Prolyl hydroxy-
lase 2 inactivation enhances glycogen storage and pro-
motes excessive neutrophilic responses. Journal of Clinical
Investigation 2017;127:3407-20. 10.1172/JCI90848.
Henze A-T, Mazzone M. The impact of hypoxia on
tumor-associated macrophages. Journal of Clinical
Investigation 2016;126:3672-9. 10.1172/JCI184427.


http://dx.doi.org/10.1371/journal.pbio.2004990
http://dx.doi.org/10.1172/JCI67484
http://dx.doi.org/10.1158/0008-5472.CAN-09-4442
http://dx.doi.org/10.1073/pnas.1015855107
http://dx.doi.org/10.1016/j.ccr.2011.08.012
http://dx.doi.org/10.1158/0008-5472.CAN-17-3614
http://dx.doi.org/10.1158/0008-5472.CAN-17-3614
http://dx.doi.org/10.1007/s00262-017-1976-0
http://dx.doi.org/10.1016/j.celrep.2014.12.039
http://dx.doi.org/10.1016/j.celrep.2014.12.039
http://dx.doi.org/10.1016/j.imbio.2016.02.001
http://dx.doi.org/10.1002/jlb.2018.103.issue-3
http://dx.doi.org/10.1016/j.trecan.2016.12.006
http://dx.doi.org/10.1182/blood-2016-04-713206
http://dx.doi.org/10.1038/s41590-017-0022-x
http://dx.doi.org/10.1126/sciimmunol.aaf8943
http://dx.doi.org/10.1016/j.semcancer.2013.02.007
http://dx.doi.org/10.1016/j.smim.2016.03.018
http://dx.doi.org/10.1016/j.smim.2016.03.018
http://dx.doi.org/10.1016/j.semcancer.2012.12.002
http://dx.doi.org/10.1016/j.semcancer.2012.12.002
http://dx.doi.org/10.1158/0008-5472.CAN-07-1778
http://dx.doi.org/10.1158/0008-5472.CAN-07-1778
http://dx.doi.org/10.1158/0008-5472.CAN-06-1416
http://dx.doi.org/10.1016/j.ccell.2016.04.014
http://dx.doi.org/10.1016/j.trecan.2016.11.008
http://dx.doi.org/10.1016/j.trecan.2016.11.008
http://dx.doi.org/10.18632/oncotarget.1631
http://dx.doi.org/10.18632/oncotarget.1631
http://dx.doi.org/10.1016/j.immuni.2017.09.012
http://dx.doi.org/10.1007/s00262-013-1476-9
http://dx.doi.org/10.1084/jem.20040624
http://dx.doi.org/10.1172/JCI90848
http://dx.doi.org/10.1172/JCI84427

	The role of neutrophils in cancer
	Introduction
	The association between neutrophils and cancer prognosis
	Neutrophil-to-lymphocyte ratio
	Intra-tumoural neutrophils
	Neutropaenia
	What about neutrophil function, site and regulation?

	Neutrophil polarization at the tumour site
	Transforming growth factor beta and interferon beta have opposite effects on TAN polarization in mice
	Limitations of N1 vs N2 model

	Neutrophil roles in aiding or abating tumourigenesis
	Tumour proliferation
	Angiogenesis and invasion
	Immunomodulation
	Extravasation and metastatic seeding

	Defining neutrophil subpopulations by phenotypic features: density, maturity, surface markers, morphology and anatomical site
	Peripheral blood neutrophils
	Tumour-associated neutrophil
	Neutrophil surface marker immunotyping (human)
	Myeloid-derived suppressor cells

	Discussion
	Areas of agreement
	Summary of what is known (Fig. 2)
	Areas of controversy
	Growing points: neutrophils as therapeutic targets and as possible playmakers in the biological response to both establishe...
	Areas timely for developing research: metabolic programming of neutrophils in the tumour microenvironment

	Authors' biography
	Acknowledgements
	Conflict of interest statement
	References


