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Abstract | Neutrophils have long been viewed as the final effector cells of an acute
inflammatory response, with a primary role in the clearance of extracellular pathogens.
However, more recent evidence has extended the functions of these cells. The newly
discovered repertoire of effector molecules in the neutrophil armamentariumincludes a
broad array of cytokines, extracellular traps and effector molecules of the humoral arm of
the innate immune system. In addition, neutrophils are involved in the activation, regulation
and effector functions of innate and adaptive immune cells. Accordingly, neutrophils have a
crucial role in the pathogenesis of a broad range of diseases, including infections caused by
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Neutrophils have long been viewed as short-lived effec-
tor cells of the innate immune system, possessing lim-
ited capacity for biosynthetic activity and with a primary
role in resistance against extracellular pathogens and in
acute inflammation. These cells are classically character-
ized by their ability to act as phagocytic cells, to release
lytic enzymes from their granules and to produce reactive
oxygen intermediates (ROI) with antimicrobial potential2
In the 1990s, however, this limited view was challenged
by the demonstration that neutrophils survive much
longer than first suggested® and can be induced to express
genes encoding key inflammatory mediators, including
complement components, Fc receptors, chemokines and
cytokines®. In addition, recent evidence suggests that
neutrophils can also produce anti-inflammatory mol-
ecules and factors that promote the resolution of inflam-
mation. The use of microarray-based approaches has
added a new dimension to our knowledge of neutrophil
biosynthetic potential that more broadly affects innate
immune processes’. Furthermore, the development of
new tools for the isolation of highly purified (>99.7%)
neutrophils® — as well as ‘on-chip’ processing of mRNA
and protein isolation for genomics and proteomics” —
have been instrumental in extending our understanding
to discriminate temporal transcriptional events of neu-
trophils within clinical settings. More recent evidence
highlights that de novo induction of microRNAs might
be part of the crucial regulatory circuits that control

intracellular pathogens, autoimmunity, chronic inflammation and cancer.

neutrophil gene expression®. Recent data have also
suggested that neutrophils can be polarized towards
distinct phenotypes in response to environmental sig-
nals’. Neutrophils have thus emerged as key components
of the effector and regulatory circuits of the innate and
adaptive immune systems?, and this has led to a renewed
interest in their biology.

It has also become apparent that neutrophils
are important mediators of the T helper 17 (T 17)-
controlled pathway of resistance to pathogens, as well
as of immunopathology. Accordingly, interleukin-17
(IL-17) and related cytokines secreted by T ;17 cells
induce mediators that promote granulopoiesis and con-
sequent neutrophil proliferation and accumulation'.
Moreover, T 17 cell-derived cytokines (such as IL-17,
CXC-chemokine ligand 8 (CXCLS; also known as IL-8),
interferon-y (IFNy), tumour necrosis factor (TNF) and
granulocyte-macrophage colony-stimulating factor
(GM-CSF)) favour recruitment, activation and pro-
longed survival of neutrophils at inflammatory sites®.
Therefore, T ;17 cells orchestrate and amplify neutrophil
function in resistance against extracellular bacteria™.

Here, we focus on how neutrophils are integrated in
the activation, regulation and effector mechanisms of
the innate and adaptive immune systems, and on their
function as major determinants of diverse pathologies,
beyond their long-known role in acute inflammatory
responses and resistance to extracellular pathogens.
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Granules

Neutrophils store an
assortment of molecules

in three types of granule
(primary, secondary and
tertiary). Primary granules
are characterized by the
accumulation of antimicrobial
proteins and proteases,
whereas secondary granules
and tertiary granules are
characterized by a high content
of lactoferrin and gelatinase,
respectively. In addition,
secretory vesicles contain

a reservoir of membrane-
associated proteins.

Reactive oxygen
intermediates

(ROI). In the context of this
Review, this term refers to
various reactive oxygen species,
including superoxide anions
produced by phagocytes via
the activation of the NADPH
oxidase enzymatic system, and
other compounds derived from
superoxide anion metabolism,
such as hydrogen peroxide and
hydroxyl radicals. ROl are
crucial for the antimicrobial
activity of neutrophils.

MicroRNAs

Single-stranded RNA
molecules of approximately
21-23 nucleotides in length
that are thought to regulate the
expression of other genes.

N-formyl peptides

Bacteria initiate protein
synthesis with
N-formylmethionine, a modified
form of the amino acid
methionine. The only eukaryotic
proteins that contain
N-formylmethionine, and are
therefore N-formylated, are
those encoded by
mitochondria.

Pattern recognition receptor
A germline-encoded receptor
that recognizes unique and
essential structures that are
present in microorganisms, but
absent from the host. In
vertebrates, signalling through
these receptors leads to the
production of pro-inflammatory
cytokines and chemokines and
to the expression of
co-stimulatory molecules by
antigen-presenting cells.

Role in innate immunity

Neutrophils are essential for innate immunity and resist-
ance to pathogens, as illustrated by the debilitating and
life-threatening conditions associated with congenital
or acquired abnormalities in neutrophil life cycle or
function. A comprehensive overview of the functions
of neutrophils in the innate immune system is beyond
the scope of this section and the reader is referred to
previous reviews for a background"*!". Therefore, we
focus here on new vistas that highlight the versatility
and sophistication of these cells.

Activation of neutrophils. It has long been known that
N-formyl peptides induce neutrophil chemotaxis and func-
tional activation via the seven-transmembrane G protein-
coupled receptor FPRI. The production of formylated
proteins is restricted to bacteria and mitochondria'?, and
therefore FPR1 fulfils the criteria of a pattern recognition
receptor (PRR) recognizing microbial moieties and tis-
sue damage. Indeed, mitochondria-derived formylated
peptides, when injected, induce neutrophil recruitment
to, and inflammation in, different tissues'? (such as the
lungs) and, in conjunction with intravascular CXCL2,
guide neutrophils to sites of sterile inflammation™.
Neutrophils express a vast repertoire of PRRs (in addi-
tion to FPR1), including all members of the Toll-like recep-
tor (TLR) family with the exception of TLR3 (REF. 14); the
C-type lectin receptors dectin 1 (also known as CLEC7A)*
and CLEC2 (also known as CLEC1B)'S; and cytoplas-
mic sensors of ribonucleic acids (RIG-I and MDAS5)V.
Of note, CLEC2 is not expressed by mouse neutrophils,

Box 1 | Neutrophil-derived cytokines

a finding that cautions against extrapolation across spe-
cies'®. In addition, neutrophils express nucleotide-binding
oligomerization domain protein 1 (NOD1)%, although
the expression and function of the NOD-like receptors
(NLRs) that are components of the inflammasome have not
been carefully studied. The sensing of pathogens and tis-
sue damage through these PRRs, together with lymphoid
cell-derived signals (see below), activates the effector
functions of neutrophils". These include the production
of ROI'*!, lytic enzymes and antimicrobial peptides, as
well as more recently described functions (see below).

The expanding repertoire of neutrophil-derived
cytokines. BOX 1 summarizes the cytokine repertoire that
neutrophils can express. Here we focus on recent findings
and perspectives and refer the reader to previous reviews
for a background®".

Cytokine production by neutrophils is controlled
by regulatory mechanisms that act at different levels,
including mRNA transcription®, stability or translation
(for example, through microRNA-mediated targeting,
as in the case of mouse IFNy?), as well as protein secre-
tion. With regard to protein secretion, significant frac-
tions of B cell-activating factor (BAFF; also known as
BLYS), TNF-related apoptosis-inducing ligand (TRAIL),
CXCL8, CC-chemokine ligand 20 (CCL20) and IL-1
receptor antagonist (IL-1RA) are not directly released
following synthesis but are stored in intracellular
pools. These cytokines are rapidly secreted only when
neutrophils are acutely stimulated by secretagogue-like
molecules (reviewed in REF. 19).
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Neutrophils, either spontaneously or following
appropriate stimulation, have been shown to express
and/or produce numerous cytokines, chemokines and
angiogenic factors (see the figure). The expression
and/or production of these factors has been
validated not only by gene expression techniques,
but also by immunohistochemistry, enzyme-linked
immunosorbent assay (ELISA) or biological assays

for specific cytokines, performed on human and/or
mouse cells. For a more exhaustive description of the
experimental conditions that result in the production
of individual cytokines by neutrophils, as well as the
molecular regulation and potential biological
relevance of this process, the reader may refer to
specific reviews*!.

Neutrophil

*Refers to studies performed at the mRNA level only.
*Indicates that the data are controversial for human
neutrophils.

— | Amphiregulin, BDNF*, midkine, NGF*, NT4*,

CXC-chemokines
CXCL1, CXCL2, CXCL3, CXCL4, CXCL5, CXCLS6,
CXCL8, CXCL9, CXCL10, CXCL11

CC-chemokines
CCL2,CCL3,CCL4,CCL17,CCL18,CCL19,CCL20,CCL22

Pro-inflammatory cytokines
IL-1at, IL-1B, IL-6%, IL-7, IL-9%, IL-16%, IL-17A%,
IL-17F%, IL-18, MIF

Anti-inflammatory cytokines
IL-1RA, IL-4%, IL-10%, TGFB1, TGFB2

Immunoregulatory cytokines
IFNo*, IFNy#, IL-12, IL-23

Colony-stimulating factors
G-CSF, M-CSF*, GM-CSF*, IL-3% SCF**

Angiogenic and fibrogenic factors
HB-EGF, HGF, FGF2, TGFa, VEGF, prokineticin 2

TNF superfamily members
APRIL, BAFF, CD30L, CD95L, LIGHT*,
LTB*, RANKL, TNF, TRAIL

Other cytokines

oncostatin M, PBEF
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Inflammasome

A molecular complex of several
proteins — including members
of the NOD-like receptor family
— that upon assembly cleaves
pro-interleukin-14 (pro-IL-1p)
and pro-IL-18, thereby
producing the active cytokines.

Osteoclastogenesis

A process whereby
haematopoietic stem cells
differentiate into
multinucleated osteoclasts
with bone-resorbing activity.

Complement cascade

There are three independent
pathways that can lead to the
activation of the complement
cascade. The classical pathway
is activated via C1q binding

to immune complexes; the
alternative pathway is triggered
by direct C3 activation; and
the lectin pathway is initiated
by the interaction of mannose-
binding lectin with the surface
of microorganisms.

Recent studies have shown that human neutrophils
are a major source of cytokines that are crucial for the
survival, maturation and differentiation of B cells. These
molecules include BAFF" and a proliferation-inducing
ligand (APRIL; the most closely related molecule to
BAFF)*. Remarkably, neutrophils in the inflamed
synovial fluid of patients with rheumatoid arthritis*?, in
inflamed mucosa-associated lymphoid tissue (MALT)*
or in various B cell malignancies and solid tumours®
express and secrete high levels of APRIL. APRIL pro-
motes the survival and proliferation of normal and
malignant B cells. Therefore, neutrophil-derived APRIL
could sustain autoantibody production, as in rheuma-
toid arthritis, or malignant growth and progression, as
in B cell lymphoma*.

Neutrophil-derived cytokines are also involved in
bone resorption. Human and murine neutrophils have
been shown to upregulate the expression of functionally
active, membrane-bound RANKL (the ligand for receptor
activator of NF-kB (RANK)) following activation in vitro
and in vivo*. In addition, neutrophils from the synovial
fluid of patients with exacerbated rheumatoid arthri-
tis have been found to express high levels of RANKL*
and, following interaction with osteoclasts, these neu-
trophils were shown to activate osteoclastogenesis in a
RANKL-dependent manner?. Given the presence of
large numbers of neutrophils at sites of inflammatory
bone loss, as well as the expression by these neutrophils
of other regulatory factors involved in bone remodel-
ling, such as RANK and osteoprotegerin (also known as
TNEFRSF11B)*%, these cells might have the potential to
orchestrate bone resorption in rheumatoid arthritis.

Differences in the capacity to express cytokines have
been reported to occur between human and mouse
neutrophils. In particular, whether human neutrophils
can express IL-6, IL-17A, IL-17F and IFNy, like their
mouse counterparts, is the subject of conflicting
reports*©2*?’. The possible role of low numbers of con-
taminating monocytes in isolated neutrophil popula-
tions cautions against interpretation of some of these
findings®. In addition, there is not a consensus in the
literature as to whether human neutrophils produce
IL-10. Although previous studies reported negative
findings®, lipopolysaccharide (LPS) and serum amy-
loid A have been reported to induce high levels of
IL-10 by human neutrophils®. However, these findings
could not be reproduced in other laboratories (REF. 30
and M.A.C. and A.M., unpublished observations),
again highlighting the need for stringent purification
procedures to control for monocyte contamination®.
Interestingly, several studies have shown that mouse
neutrophils produce IL-10 during pneumonia®,
methicillin-resistant Staphylococcus aureus infection®?
and disseminated Candida albicans infection'. The
mechanisms underlying the differences between mouse
and human neutrophils remain to be defined.

Thus, in response to different signals neutrophils
express a vast and diverse repertoire of cytokines that
are crucial to the role of neutrophils in innate and adap-
tive immune responses and to their role in defence and
pathology.

REVIEWS

Neutrophil extracellular traps. In addition to produc-
ing classical effector molecules, such as ROI'*!! and
cytokines (BOX 1), neutrophils can extrude extracellu-
lar fibrillary networks termed neutrophil extracellular
traps (NETs)*® (BOX 2). These networks are composed
mainly of DNA, but also contain proteins from neutro-
phil granules. NETs act as a mesh that traps microor-
ganisms and, in turn, facilitates their interaction with
neutrophil-derived effector molecules. Importantly,
NETs also contain some neutrophil-derived pattern
recognition molecules (PRMs) with antibody-like
properties.

Neutrophils as a source of pattern recognition mol-
ecules. The innate immune system includes a cellu-
lar and a humoral arm*. The humoral arm includes
PRMs, such as collectins, ficolins and pentraxins®.
These soluble PRMs act as antibody-like molecules
that interact with conserved microbial structures
(such as mannose-containing glycosidic moieties in
the case of mannose-binding lectin) or with conserved
proteins (such as enterobacterial outer membrane
protein A, which is bound by pentraxin 3 (PTX3))*.
Neutrophils are a ready-made reservoir of some PRMs,
such as PTX3, peptidoglycan recognition protein short
(PGRP-S; also known as PGRP1) and M-ficolin (also
known as ficolin 1).

Mature neutrophils serve as a major reservoir of
preformed PTX3, which can be rapidly released and
partly localizes in NETs*. Neutrophil-associated PTX3
is essential for resistance against the fungal pathogen
Aspergillus fumigatus®. PTX3 interacts with Fcy recep-
tors (FcyRs)* and has opsonic activity and activates
the classical pathway of the complement cascade®*".
Leukocyte-derived PTX3 also has a regulatory function
during neutrophil recruitment and inflammation by
interacting with P-selectin, thereby inhibiting neutrophil
extravasation®.

PGRP-S and M-ficolin are stored in secondary and
tertiary granules, are released by activated neutrophils
and, at least in the case of PGRP-S, are localized in
NETs**'. PGRP-S binds to peptidoglycans, recognizes
selected microorganisms and exerts bacteriostatic and
bactericidal activities®. Ficolins, including M-ficolin,
have the ability to interact with microbial glycosidic
moieties, activate the lectin pathway of the comple-
ment cascade and exert opsonic activity**. However,
in contrast to PTX3 and PGRP-S, a specific role for
neutrophil-associated M-ficolin has not been defined.

Taken together, these observations indicate that,
following activation, neutrophils contribute to the
humoral arm of the innate immune response, by releas-
ing soluble PRMs that enhance phagocytosis, activate
complement (both the classical and lectin pathways)
and regulate inflammation. In more general terms, the
participation of these ‘unsung heroes™*” in mechanisms
of innate resistance goes beyond the production of
microorganism- and tissue-damaging molecules, to
include a diverse, highly regulated, customized produc-
tion of cytokines, together with the release of NETs and
antibody-like PRMs.
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NETosis

A form of cell death that differs
from classical apoptosis and
necrosis, and that occurs
during the formation of
neutrophil extracellular traps.

Box 2 | Neutrophil extracellular traps

Neutrophil extracellular traps (NETs) are composed of nuclear components (such as DNA and histones)** and are
decorated by proteins from primary granules (such as myeloperoxidase and neutrophil elastase*), secondary
granules (such as lactoferrin®® and pentraxin 3 (PTX3)*) and tertiary granules (such as matrix metalloproteinase 9
(MMP9)** and peptidoglycan recognition protein short (PGRP-S)***%). Mitochondria can also serve as a source of

DNA for NET formation'?*. NETs have been shown to trap microorganisms — such as Escherichia coli, Staphylococcus
aureus, Shigella flexneri, Salmonella enterica subspecies enterica serovar Typhimurium, Candida albicans and
Leishmania amazonensis — and promote the interaction of these pathogens with granule-derived proteins and their
subsequent disposal®*'?*. NET-localized molecules have a diverse repertoire of functions, including microbial
recognition (for example, by PGRP-S and PTX3), antimicrobial activity (for example, by cathelicidin antimicrobial
peptide (the uncleaved form of LL37) and bactericidal permeability-increasing protein) and tissue remodelling

(for example, by elastase and MMP9). NET formation is a rapid, active process (occurring in minutes) that has been
suggested to be mediated by a cell death-dependent process referred to as NETosis!? (see the figure). Microorganisms
have evolved strategies to escape NETs. For instance, M1 serotype strains of Streptococcus pyogenes and Streptococcus
pneumoniae — which are known to cause the invasive infections necrotizing fasciitis and community-acquired
pneumonia, respectively — express a DNase that impedes NET-mediated killing and promotes their virulence

in vivo'2®'?’. Thus, neutrophils produce ‘poisonous’ NETs to trap bacteria, whereas escape from NETs is an evolutionary

strategy adopted by bacteria.

In systemic lupus erythematosus (SLE), the presence of autoantibodies specific for ribonucleoproteins (RNPs)
and the antimicrobial peptide LL37 stimulates the release of NETs by neutrophils via CD32 (also known as FcyRIIB) and
surface-expressed LL37, respectively. Autoantibodies specific for the antimicrobial peptides present in NETs promote
the transport of DNA into plasmacytoid dendritic cells (pDCs) via CD32 and the production of interferon-a (IFNa) in
a Toll-like receptor 9 (TLR9)-dependent manner. IFNa, in turn, enhances LL37 surface expression on neutrophils and
amplifies the NET release that is induced by autoantibodies®’® (see the figure).

Neutrophil

Granule protein

NET formation is
associated with bacterial
clearance but also with
thrombosis, sepsis and SLE

. . o
Microorganism ©%°
o © NETosis
LPS, Cytokines and | e Chromatin
T chemokines decondensation
Platelet © Nuclear membrane
disintegration
SLE LL37
LL37-specific ) Uptake of

autoantibody self DNA

RNP-specific
autoantibody

IFNo

Cellular crosstalk

Once recruited into inflamed tissues (reviewed in
REFS 1,43) neutrophils may engage in complex bidirec-
tional interactions with macrophages, dendritic cells
(DCs), natural killer (NK) cells, lymphocytes and
mesenchymal stem cells (FIC. 1).

Control of neutrophil survival. Although neutrophils
do not proliferate and have an estimated half-life of
approximately 10-12 hours under in vitro culture
conditions, signals such as adhesion, transmigra-
tion, hypoxia, microbial products and cytokines® can
delay their programmed cell death and thus extend

their survival in vivo. A prolonged lifespan, combined
with an acquired ability to synthesize and release
immunoregulatory cytokines, is probably essential
for neutrophils to more efficiently eliminate damag-
ing agents, as well as for them to interact with other
cells. For example, macrophages can attract neutrophils
to the site of injury and produce cytokines to control
the lifespan and activity of the recruited cells (recently
reviewed in REF. 43). In addition, human mesenchymal
stem cells can affect the lifespan and activation of neu-
trophils***. TLR3- or TLR4-activated bone marrow-
derived mesenchymal stem cells are more efficient
than resting cells at mediating anti-apoptotic effects
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Ectosomes

Large membrane vesicles
(>100nm diameter) that
are secreted by budding or
shedding from the plasma
membrane.

Tissue damage

TLR3 or
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Figure 1| Neutrophils crosstalk with immune and non-immune cells in inflamed tissues and lymph nodes.
Circulating neutrophils are stimulated by systemic pathogens to crosstalk with platelets and endothelial cells, and this
triggers the coagulation cascade (not shown). In the presence of tissue damage, neutrophils leave the circulation and
crosstalk with both resident and recruited immune cells, including mesenchymal stem cells (MSCs), macrophages,
dendritic cells (DCs), natural killer (NK) cells and B and T cells. The figure shows the main outcome(s) of the effects that
MSCs exert on neutrophils and of neutrophil crosstalk with other cell types. Neutrophils can also migrate to the lymph
nodes either via the lymphatics (in a CC-chemokine receptor 7 (CCR7)-dependent manner, similarly to tissue DCs) or via
the circulation (similarly to monocytes). In the lymph nodes, neutrophils can interact with DCs to modulate antigen

presentation. TCR, T cell receptor; TLR, Toll-like receptor.

on human neutrophils, thereby preserving a significant
fraction of viable and functional neutrophils for up to
72 hours in vitro***. Such effects are mediated by IL-6,
IFNpB and GM-CSF produced by TLR3-activated mes-
enchymal stem cells, and mostly through GM-CSF in
the case of TLR4-activated mesenchymal stem cells*.
Whether mesenchymal stem cells contribute to the
modulation of neutrophil survival in vivo remains to
be determined.

Immune cell crosstalk. The first evidence that neu-
trophils can cooperate with DCs came from studies
showing that supernatant from cultures of mouse neu-
trophils stimulated with Toxoplasma gondii induces
the maturation of bone marrow-derived DCs in vitro,
as well as their production of IL-12 and TNF*. The
in vivo relevance of such crosstalk was proved by
observing that splenic DCs isolated from neutrophil-
depleted mice infected with T. gondii showed reduced
IL-12 and TNF production*. Human neutrophils
have also been shown, at least in vitro, to induce the
maturation of monocyte-derived DCs through contact-
dependent interactions. These interactions involve
CD18 and CEACAM1 (carcinoembryonic antigen-
related cell adhesion molecule 1)*~* on neutrophils,

and DC-SIGN (DC-specific ICAM3-grabbing non-
integrin) on monocyte-derived DCs***. As a result,
monocyte-derived DCs that are matured by neutro-
phils acquire the potential to induce T cell proliferation
and polarization towards a T ;1 cell phenotype**’. In
addition, neutrophils were found to frequently contact
DC-SIGN* DCs in colonic mucosa from patients with
Crohn’s disease®.

Interestingly, the crosstalk between human neutro-
phils and DCs does not always result in DC activation.
For instance, neutrophil-derived elastase has been
shown to decrease the allostimulatory ability of human
monocyte-derived DCs®. Similarly, ectosomes released
by human neutrophils — either following stimulation
in vitro or at the site of inflammation in vivo® — inhibit
the maturation of both monocyte-derived DCs* and
monocyte-derived macrophages™, possibly by increas-
ing their production of the immunosuppressive
cytokine transforming growth factor-1 (TGFp1)*>*.
Indeed, ectosome-treated monocyte-derived DCs were
shown to develop a tolerogenic phenotype, character-
ized by reduced phagocytic activity and expression of
cell surface markers, as well as by an impaired capacity
to produce cytokines and to induce T cell proliferation
following LPS stimulation®.
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SLAN

(6-sulpho LacNAc).

A carbohydrate modification of
P-selectin glycoprotein ligand 1
(PSGLT1). SLAN is expressed by
a subset of dendritic cells
found in human blood and is
recognized by the monoclonal
antibody MDC8.

Neutrophil

SLAN*DC

The relevance of these in vitro studies on the cross-
talk between neutrophils and DCs requires in vivo
validation, for instance by direct imaging and stronger
functional studies. It has recently been demonstrated
that, in mice treated with LPS or Gram-negative
bacteria, peripheral monocytes migrate to lymph
nodes, where they differentiate into DCs to become
the predominant antigen-presenting cells®* (FIG. 1).
Given that neutrophils can also migrate to and localize
in lymph nodes (see below), one could envisage that
monocyte-derived DCs and neutrophils interact in
lymphoid organs as well as in the tissues.

Human neutrophils can also modulate the activation
status of NK cells, either by themselves or in cooperation
with other cell types. In the steady state, neutrophils are
required for the maturation and function of NK cells,
both in humans and mice (B. N. Jaeger, C. Cognet, S.
Ugolini and E. Vivier, personal communications), which
opens new perspectives on our understanding of the NK
cell deficiency observed in patients with neutropenia-
associated diseases. In vitro, neutrophils can modulate
NK cell survival, proliferation, cytotoxic activity and
IFNy production via the generation of ROI and pros-
taglandins and/or the release of granule components
(recently reviewed in REF. 55). By contrast, when inter-
acting with DCs, human neutrophils specifically potenti-
ate the release of IFNy by NK cells, but do not regulate
the cytotoxic activity of these cells™.

Subset-specific differences in peripheral blood DCs
affect the cooperation between neutrophils and NK
cells®® (FIC. 2). In humans, peripheral blood DCs can
be divided in plasmacytoid DCs (pDCs) and myeloid
DCs, which can be further divided into three sub-
sets”’, namely CD1c* DCs, CD141* DCs and CD16" or
6-sulpho LacNAc (SLAN)* DCs™. It has been shown
that, for some reasons yet to be determined, neutrophils
potently enhance the release of IFNy by NK cells cultured
with SLAN* DCs, but not with CD1c¢* DCs or pDCs*.
An in vitro tripartite network has been described, in
which neutrophils promote the release of IL-12p70 by

LPS IL-15 and IL-18 LPS

|y poe | I

CD11d

IFNy IFNy

Figure 2 | Crosstalk between neutrophils, NK cells and SLAN* DCs. When
neutrophils, 6-sulpho LacNAc (SLAN)* dendritic cells (DCs) and natural killer (NK) cells
localize in tissues during inflammation, cell-cell interactions between these cells may
occur. This results in crosstalk between activated neutrophils and SLAN* DCs (mediated
by CD18 and intercellular adhesion molecule 1 (ICAM1)) and increased release of
interleukin-12 p70 (IL-12p70) by SLAN* DCs. IL-12p70, in turn, enhances the production
of interferon-y (IFNy) by activated NK cells. Concurrently, activated neutrophils directly
stimulate the production of IFNy by NK cells, probably through the engagement of
CD11d-CD18 on NK cells by ICAM3. As a result, positive amplification loops for
IL-12p70 and IFNy production are created. LPS, lipopolysaccharide.

SLAN* DCs via a CD18-ICAMI (intercellular adhesion
molecule 1) interaction, and this IL-12p70 stimulates
NK cells to produce IFNy. The IFNy, in turn, poten-
tiates the interaction between neutrophils and SLAN*
DCs and the release of SLAN* DC-derived IL-12p70,
thus creating a positive feedback loop*. In addition, neu-
trophils can directly stimulate the production of IFNy
by NK cells; this is mediated through ICAM3 expressed
by neutrophils and, probably, the CD18-CD11d com-
plex expressed by NK cells*** (FIC. 2). Importantly, the
crosstalk between human neutrophils and NK cells is
reciprocal, as culture of neutrophils with NK cells® or
NK cell-derived soluble factors (such as GM-CSF and
IFNy®!) promotes neutrophil survival, expression of
activation markers, priming of ROI production and
cytokine synthesis (as recently reviewed*). The poten-
tial pathophysiological relevance of a neutrophil-NK
cell-SLAN* DC cellular network has been highlighted
by immunohistochemistry studies, which have revealed
the colocalization of neutrophils, NK cells and SLAN*
DCs at the sites of several chronic inflammatory pathol-
ogies, including in the colonic mucosa of patients with
Crohn’s disease and in the skin lesions of patients
with psoriasis®. Colocalization of neutrophils and
NK cells has been also observed in the dermis of patients
with acute febrile neutrophilic dermatosis (also known
as Sweet’s syndrome)™.

Human neutrophils can also crosstalk with B cells
(as discussed above) and with T cells (FIG. 3). A first
level of interaction between T cells and neutrophils
is related to the ability of these cells to modulate each
other’s recruitment to inflamed tissues. It has been
recently shown that activated neutrophils can attract
T,1 and T 17 cells to sites of inflammation via the
release of CCL2, CXCL9 and CXCL10 or CCL2 and
CCL20, respectively®. In addition, activated T cells can
recruit neutrophils, although the mechanism used by
individual T cell subsets differs. For example, activated
regulatory T (TReg) or T 17 cells, but not T, 1 cells, can
release CXCL8, which potently attracts neutrophils®®.
By contrast, y§ T cells promote the release of CXCL8
in culture with neutrophils, and this may amplify their
own recruitment®. Also, human THI cells, following
stimulation in vitro, can potently recruit neutrophils®,
but the responsible mediator (or mediators) involved
has not yet been identified.

A second level of interaction between neutrophils
and T cells is related to the ability of these cells to mod-
ulate each other’s functions (FIG. 3). Indeed, activated
CD4" and CD8* T cells, including TH17 cells, produce
cytokines (such as IFNy, GM-CSF and TNF) that mod-
ulate neutrophil survival and expression of activation
markers in in vitro culture systems®*>%*. Similarly, yd
T cells strongly promote neutrophil survival and acti-
vation, as determined by upregulation of CD64 and
HLA-DR expression (M. Davey and M. Eberl, per-
sonal communication). In addition, both IL-17A and
IL-17F released by T, 17 cells stimulate epithelial cells
to secrete granulopoietic factors (such as G-CSF and
stem cell factor), as well as neutrophil chemoattractants
(such as CXCL1, CXCL2, CXCL5 and CXCLS8), which
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Figure 3 | Interplay between neutrophils and T cells. Human neutrophils (when
appropriately activated) release chemokines that mediate the recruitment of T helper 1 (T 1)
and T 17 cells. In the case of T |1 cells, the chemokines involved are CC-chemokine ligand 2
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Reg

cells, can attract neutrophils via the release of CXCL8 or as yet unidentified chemokines.
Co-culture of y8 T cells and neutrophils results in the production of CXCL8, which amplifies
neutrophil recruitment. In addition, the activation of the various T cell populations results
in the release of interferon-y (IFNy), granulocyte-macrophage colony-stimulating factor

(GM-CSF) and, in some cases,

tumour necrosis factor (TNF). These factors, in turn,

promote the survival of neutrophils and their increased expression of CD11b.

Resolvins

Lipid mediators that are
induced in the resolution phase
following acute inflammation.
They are synthesized from the
essential omega-3 fatty acids
eicosapentaenoic acid and
docosahexaenoic acid.

thus amplify neutrophil recruitment and activation.
Furthermore, it has been recently demonstrated that
mouse neutrophils can be induced by T cells to express
MHC class II molecules in vitro and consequently to
promote the differentiation of antigen-specific T,,1 and
T, 17 cells*. Moreover, human and mouse neutrophils
were shown to cross-present exogenous antigens in vitro,
and injection of mice with antigen-pulsed neutrophils
promoted the differentiation of naive CD8" T cells into
cytotoxic T cells®.

Together, these data suggest that neutrophils are not
just isolated players that quickly perform their actions
before being substituted by more specialized cells. They
also guide and support the innate and adaptive immune
response throughout its development, through crosstalk
with most, if not all, of the cellular mediators.

Regulation of adaptive immunity. Contrary to previ-
ously commonly held views that neutrophils become
rapidly exhausted at peripheral sites, recent evidence
suggests that neutrophils can migrate to lymph nodes
following antigen capture at the periphery®* in a
CC-chemokine receptor 7 (CCR7)-dependent man-
ner, similar to DCs®® (FIG. 1). The functional relevance
of neutrophils that have migrated to lymph nodes
was assessed in mice using three different antigenic
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proteins. In such a model, neutrophils were found to
suppress the B cell and CD4* T cell responses, but
not the CD8* T cell response, to all three antigens®.
However, neutrophil-derived ROI, nitric oxide and
IL-10 were not involved in this suppression. In addi-
tion, neutrophils were found to interfere with the abil-
ity of DCs and macrophages to present antigen shortly
after their migration into the lymph node, presumably
by competing with the antigen-presenting cells for the
available antigen® (FIC. 1). Moreover, subcutaneously
injected antigen-pulsed neutrophils were shown to
cross-prime naive CD8" T cells, suggesting an inter-
action between injected neutrophils and CD8" T cells
in the draining lymph nodes®.

Collectively, data from both in vitro culture systems
and in vivo models highlight the complexity of the func-
tion of neutrophils in terms of the cells they interact with
and their sites of action. On the one hand, neutrophils
can influence the maturation of DCs and, in turn, the
proliferation and polarization of T cells, and they can
directly prime antigen-specific T,,1 and T, 17 cells
in vitro®. On the other hand, neutrophils appear to exert
an immunoregulatory role in vivo at both peripheral
sites and lymph nodes.

Role in resolution of inflammation. Neutrophils are
generally considered to be passive components of the
resolution of inflammation, whose fate is death fol-
lowed by rapid and silent elimination. However, recent
evidence suggests that they are involved in the active
induction of resolution through the production of pro-
resolving lipid mediators”. During the late, final phases
of acute inflammatory responses, neutrophils switch
their eicosanoid biosynthesis from leukotriene B4 (LTB4)
to lipoxin A4 (LXA4), which can inhibit neutrophil
recruitment through its interaction with its G protein-
coupled receptor LXA4R (also known as FPR2)7.
Neutrophils can also contribute to the biosynthesis of
resolvins (such as resolvin E1, resolvin E2, resolvin D1
and resolvin D2) and protectin D1, which are derived
from omega-3 essential polyunsaturated fatty acids’™.
These pro-resolving lipid mediators and the recently
described macrophage-derived compound maresin 1
inhibit neutrophil transendothelial migration and tis-
sue infiltration”"* (FIC. 4). For instance, resolvin E1
interacts with the LTB4 receptor BLT1 (also known as
LTB4R1) on neutrophils and blocks stimulation by LTB4
(REF. 74). Accordingly, in a mouse model of peritonitis,
the anti-inflammatory effects of resolvin E1 were lost in
BLT1-deficient mice™.

The contribution of neutrophils to the resolution
of inflammation also includes blocking and scaveng-
ing of chemokines and cytokines. Pro-resolving lipid
mediators (such as LXA4, resolvin E1 and protectin D1)
increase the expression of CCR5 by apoptotic neutro-
phils, which can then act as functional decoys and scav-
engers for CCL3 and CCLS5 (REF. 75) (FIC. 4). Neutrophils
have also been reported to express CC-chemokine
receptor D6, a decoy receptor and scavenger for virtu-
ally all inflammatory CC-chemokines’. The type 2 IL-1
decoy receptor (IL-1R2) is expressed at high levels by
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Figure 4| The role of neutrophils in the resolution of inflammation. Neutrophils orchestrate the resolution phase

of inflammation via different mechanisms, including chemokine and/or cytokine scavenging and the formation of
pro-resolving lipid mediators (such as lipoxins, resolvins and protectins). The pro-resolving lipid mediators stop neutrophil
infiltration and increase the uptake of apoptotic neutrophils by macrophages. They also amplify the expression of
CC-chemokine receptor 5 (CCR5) by apoptotic neutrophils, and this, in turn, promotes the sequestration and clearance
of CC-chemokine ligand 3 (CCL3) and CCL5. Neutrophil-derived interleukin-1 receptor antagonist (IL-1RA; which binds
to and blocks IL-1R1) and the decoy receptor IL-1R2 (which traps IL-1) provide additional mechanisms to limit the

pleiotropic pro-inflammatory effects of IL-1.

neutrophils and its expression is further augmented by
anti-inflammatory signals, such as glucocorticoid hor-
mones””. This decoy receptor (in both membrane-bound
and released forms) binds IL-1 and prevents its inter-
action with the signal-transducing receptor IL-1R1
(REF. 77) (FIG. 4). Neutrophils — particularly those that
have been stimulated with the anti-inflammatory
cytokine IL-10 — are also a major source of IL-1RA, a
soluble molecule that binds to IL-1R1 without inducing
any intracellular signals™ (FIG. 4). So, the production and
expression of these decoy receptors and cytokines help
to limit the pro-inflammatory effects of IL-1.

Finally, disposal of apoptotic neutrophils is an impor-
tant step in the resolution of inflammation” that is finely
regulated by the expression of eat-me signals, which trig-
ger an anti-inflammatory programme in the engulfing
phagocyte®. Indeed, the recognition and ingestion of
apoptotic neutrophils shapes the functional phenotype
of macrophages™. Phagocytosis of apoptotic neutro-
phils stimulates the engulfing phagocyte to develop
an IL-10MIL-12"" M2-like phenotype® (FIG. 4), and this
negatively regulates inflammation and promotes tissue
repair>®,

Thus, neutrophils, acting at multiple levels, are part
of the cellular network that orchestrates the resolution
of inflammation.

The role of neutrophils in pathology

Given the broad functions of neutrophils that have
recently been uncovered, it is not surprising that
neutrophils have emerged as important players in the
pathogenesis of numerous disorders, including infec-
tion caused by intracellular pathogens, autoimmunity,
chronic inflammation and cancer.

Infection and chronic inflammation. Although it was
traditionally believed that the main role for neutrophils
was in the efficient elimination of extracellular patho-
gens, several results point to the participation of neu-
trophils also in the elimination of intracellular bacterial
pathogens, such as Mycobacterium tuberculosis*. Such
a characteristic may be due to several factors, includ-
ing the enhanced microbicidal activity of neutrophils
compared to macrophages* and the known difference
in intraphagosomal pH between these phagocytes®.
Consistent with the notion that neutrophils can also
contribute to the host response towards intracellular
pathogens, Berry et al.* identified a genetic signature
involving 86 genes in blood neutrophils from patients
infected with M. tuberculosis. This signature specifically
consisted of transcripts that are induced by type I and
type II IFNs, and it was associated with active tuber-
culosis disease®. Such an IFN-inducible signature is
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Chronic obstructive
pulmonary disease

(COPD). A group of diseases
characterized by the
pathological limitation of
airflow in the airway, including
chronic obstructive bronchitis
and emphysema. It is most
often caused by tobacco
smoking, but can also be
caused by other airborne
irritants (such as coal dust)
and occasionally by genetic
abnormalities, such as
al-antitrypsin deficiency.

Antinuclear antibodies
(ANAs). Heterogeneous
autoantibodies specific for one
or more antigens present in the
nucleus, including chromatin,
nucleosomes and ribonuclear
proteins. ANAs are found in
association with many different
autoimmune diseases.

K/BxN transgenic mouse
A mouse strain formed by
crossing NOD/Lt mice with
C57BL/6 KRN T cell receptor-
transgenic mice in which T cells
recognize a peptide from the
autoantigen glucose-6-
phosphate isomerase (GPI).
These mice develop a form
of arthritis that is mediated,
and can be transferred,

by circulating antibody
specific for GPI.

not present in neutrophils from patients with group A
Streptococcus or Staphylococcus spp. infection or Still’s
disease, indicating a specific involvement of neutrophils
in the immune response to M. tuberculosis. Interestingly,
in a mouse model of M. tuberculosis infection, neutro-
phils were required for the production of early, innate
immune-derived IFNy (probably by NK cells)*. Thus,
mouse and human studies suggest a crucial role for neu-
trophils in immunity against the prototypical intracellular
pathogen M. tuberculosis.

In addition to their functions during M. tuberculosis
infection, neutrophils have emerged as important
determinants of chronic inflammation. The tripep-
tide proline-glycine-proline (PGP) is a selective neu-
trophil chemoattractant that has been implicated in
the persistence of chronic obstructive pulmonary disease
(COPD)*. PGP is normally degraded in the lungs by
the aminopeptidase activity of leukotriene A4 hydro-
lase (LTA4H), which is also responsible for the syn-
thesis of the chemotactic molecule LTB4 (REF. 89).
However, in the presence of cigarette smoke (the major
risk factor for COPD), the aminopeptidase (but not
the hydrolase) activity of LTA4H is inhibited, thereby
resulting in PGP accumulation®. Under these condi-
tions, the combined actions of LTB4 and PGP strongly
promote neutrophil recruitment and chronic lung
inflammation®. A similar mechanism may be at work
in cystic fibrosis, which is characterized by a chronic
neutrophilic inflammation®.

New perspectives have also been obtained on the
function and regulation of neutrophils in sepsis. IL-33,
a member of the IL-1 family, has been shown to regulate
neutrophil function during systemic inflammation. In
a mouse model of polymicrobial sepsis, administration
of IL-33 protected mice by reducing systemic inflam-
mation®. IL-33 — via inhibition of G protein-coupled
receptor kinase 2 (GRK2; also known as ADRBK1) — pre-
vented the downregulation of CXC-chemokine receptor 2
(CXCR2) on circulating neutrophils and thus increased
neutrophil migration to inflamed tissues and promoted
bacterial clearance®. In addition, TLR4-activated plate-
lets have been shown to bind to adherent neutrophils
during sepsis and promote NET formation, which may
lead to bacterial trapping but also to endothelial and tissue
damage in vitro and in vivo®™** (BOX 2).

Moreover, following vessel injury and during sys-
temic Escherichia coli infection, platelets induce NET
formation, which promotes the coagulation cascade®.
By promoting intravascular coagulation in liver sinu-
soids, neutrophil-promoted fibrin deposition was shown
to prevent pathogen dissemination®?. Neutrophils also
have an important role in vascular pathology, including
in atherosclerosis and thrombosis®***. Thus, neutrophils
can cooperate with platelets and endothelial cells to pre-
vent pathogen dissemination via the vasculature but can
also promote vascular inflammation and thrombosis.

Autoimmunity. In systemic lupus erythematosus (SLE)
— a multiorgan autoimmune disease characterized by
an IFN and granulopoiesis signature, as well as abnor-
mal B and T cell function” — the degradation of NETs
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by DNase I, which is normally found in healthy human
serum, is impaired in a subset (36.1%) of patients”
(BOX 2). This defect is correlated with high levels of anti-
nuclear antibodies (a hallmark of disease development),
with the presence of NET-specific autoantibodies and
with more frequent development of lupus nephritis®.
Therefore, a defect in NET clearance could lead to a
source of autoantigens and damage-associated molecu-
lar patterns (such as proteases) that are known to trig-
ger and promote inflammation®. Accordingly, serum
from patients with SLE was shown to contain immune
complexes composed of autoantibodies specific for
ribonucleoproteins, self DNA and antimicrobial pep-
tides (such as cathelicidin antimicrobial peptide (the
uncleaved form of LL37) and human neutrophil peptides
(HNPs; also known as neutrophil defensins))®”%, and all
of these components are associated with NETs. These
immune complexes block the degradation of self DNA
and promote its uptake by pDCs through interactions
between the autoantibodies and CD32 (also known as
FcyRIIB)?"%. Following uptake, self DNA triggers TLR9
activation and the release of IFNa, which, in turn, induces
further NET production by neutrophils’* (BOX 2).

In small-vessel vasculitis (SVV), the presence of
anti-neutrophil cytoplasmic antibodies (ANCAs) is
a hallmark of the pathologies collectively known as
ANCA-associated vasculitis, including Wegener’s
granulomatosis, microscopic polyangiitis and Churg—
Strauss syndrome®. Interestingly, NETs are produced
by ANCA-stimulated neutrophils and were found in
glomeruli and in the interstitium of kidney biopsies
from patients with SVV, where they may be involved
in the damage to glomerular capillaries'®. In addition,
the production of NETS results in elevated levels of the
autoantigens proteinase 3 (also known as myeloblastin)
and myeloperoxidase, which are contained in the NETs,
thereby providing additional autoantigens to further the
autoimmune response'®.

In the K/BxN transgenic mouse model of inflamma-
tory arthritis, neutrophil recruitment into the joints
has been shown to be promoted by the chemotactic
lipid LTB4 through its receptor BLT1, both of which are
expressed by neutrophils'”. Neutrophil activation by
immune complexes in the joints promotes IL-1p produc-
tion, which in turn stimulates synovial cells to produce
chemokines, and this amplifies neutrophil recruitment
into the joints''. Furthermore, CXCR2-dependent
neutrophil activation and consequent induction of
inflammation have been demonstrated in two mouse
models of multiple sclerosis'*'%.

Cancer. Inflammatory cells are an essential compo-
nent of the tumour microenvironment and play a role
in tumour progression'**'®, Neutrophil infiltration
of tumours is generally not prominent, with tumour-
associated macrophages (TAMs) being a major com-
ponent of the infiltrate!®. However, there is mounting
evidence that the presence, functional characteristics
and significance of tumour-associated neutrophils
(TANs) may have been underestimated and therefore
need careful reappraisal.
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macrophages promote neutrophil recruitment into tumours. Neutrophils may promote genetic instability (possibly
through reactive oxygen intermediate (ROI) production) and stimulate angiogenesis (through the production of matrix
metalloproteinase 9 (MMP9) and vascular endothelial growth factor (VEGF)). Neutrophils are driven by transforming
growth factor-f (TGFf) to acquire a polarized, pro-tumoural N2 phenotype (characterized by high levels of arginase
expression). By contrast, inhibition of TGF promotes a reprogramming of neutrophils to an N1 phenotype. This is

associated with higher cytotoxic activity, higher capacity to

generate hydrogen peroxide, higher expression of tumour

necrosis factor (TNF) and intercellular adhesion molecule 1 (ICAM1), and lower expression of arginase. In the presence
of N1 neutrophils, CD8" T cell activation increases, and this results in effective antitumour activity®.

Tumour cells often constitutively produce several
inflammatory chemokines, including neutrophil-
attracting CXC-chemokines'” (FIC. 5). Indeed, activation
of members of different classes of oncogenes results in
the production of CXCL8 and related chemokines'®1%".
The relationship between TAN infiltration and progno-
sis in human cancer has not been systematically investi-
gated'®, although there is suggestive evidence for a role
for TANSs in enhanced disease progression in specific
human tumours'®®'?. For instance, TNF-driven tumour
progression in ovarian cancer involves TH17 cells, which
promote neutrophil recruitment!°.

In a seminal study, Hans Schreiber and colleagues'"!
found that neutrophil depletion resulted in inhibition
of sarcoma growth. Since then, the involvement of neu-
trophils in the promotion and progression of cancer
has been observed in various studies. The mechanisms
described in these studies were diverse and included the
release of granule-stored hepatocyte growth factor and
the production of oncostatin M'"2. Surprisingly, elastase
released from neutrophil primary granules is taken up
into specific endosomal compartments of adjacent epi-
thelial tumour cells, where it hydrolyses insulin receptor
substrate 1 (IRS1). IRS1 binds to a subunit of phospho-
inositide 3-kinase (PI3K) and blocks its interaction with
the platelet-derived growth factor receptor (PDGFR)'".
Therefore, in this setting, neutrophil-derived elastase
unleashes the tumour-promoting activity of the
PDGFR-PI3K pathway.

Type I IFNs have a crucial role in host antitumour
immune responses, in particular in cancer immunoed-
iting, and they are used for the treatment of several
cancers. In tumour transplant models, enhancement
of tumour growth, angiogenesis and metastasis were

observed in IFN-deficient mice compared with control
mice'*. Interestingly, the number of TANs was increased
in these mice, and the depletion of TANs reduced the
tumour growth'"*. These results suggest that reduc-
ing the pro-tumour function of TANSs is an important
component of the anticancer activity of IFN.

TAMs and TANs are also potent drivers of tumour
angiogenesis. Neutrophil-attracting CXC-chemokines
are frequently present in tumours and promote angio-
genesis'”. Indeed, CXCL1 has been shown to have
in vivo angiogenic activity that is mediated by neu-
trophil-derived vascular endothelial growth factor A
(VEGEF-A)"®. In a genetically engineered mouse model
of cancer (the RIP1-Tag2 mouse model of pancreatic
islet tumorigenesis), expression of matrix metallopro-
teinase 9 (MMP9) — which catalyses tumour angiogen-
esis by inducing VEGF expression within the neoplastic
pancreatic tissue — was exclusively found in neutro-
phils, and neutrophil depletion inhibited the angio-
genic switch'". A correlation was also found in human
hepatocellular carcinoma between MMP9, neutrophils
and angiogenesis'®. Moreover, in a tumour xenograft
model, G-CSF-induced neutrophil upregulation of BV8
(also known as prokineticin 2) was shown to promote
tumour angiogenesis'*®.

The process of myelopoiesis is profoundly modi-
fied during inflammation and cancer, and this leads
to the appearance of altered mature myelocytes and of
myeloid-derived suppressor cells (MDSCs)"'>'. In general,
although mature human neutrophils are not a major
component of the MDSC activity, increased numbers
of mature myelocytes have been shown to account for
immune suppression in patients with renal cell car-
cinoma'’*'?°, Moreover, in human melanoma, serum
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amyloid Al protein (SAA1)-induced production of
IL-10by neutrophils was reported to suppress antigen-
specific proliferation of CD8" T cells*. However, the
finding of IL-10 production by activated human neu-
trophils could not be reproduced in other laboratories
(REF. 30 and M.A.C. and A.M., unpublished observations)
and thus requires further investigation.

Cancer has provided indications that neutrophils can
exhibit considerable plasticity in response to environmen-
tal signals (FIC. 5). In a rat mammary adenocarcinoma
model, co-injection of cancer cells with neutrophils from
tumour-bearing rats, but not with neutrophils from nor-
mal rats, markedly increased metastasis'?'. This finding
suggests that the tumour microenvironment profoundly
shapes the functional status of neutrophils, a view
confirmed by recent reports™.

TGEFp acts as a promoter or suppressor of tumour
initiation, progression and metastasis, depending on the
context and stage of the tumour, and is also a regulator
of neutrophil functions. In lung adenocarcinoma and
mesothelioma models, inhibition of TGFp enhanced
the infiltration of TANS, as well as their tumour cyto-
toxicity and immunostimulatory profile (that is, higher
expression of TNE CCL3 and ICAM1 and lower expres-
sion of arginase 1)°. Interestingly, in tumour-bearing
animals, depletion of neutrophils (including TANs)
led to an increase in CD8* T cell activation, whereas,
following TGEFp inhibition, depletion of neutrophils
had the opposite effect’. Therefore, similarly to M1 and
M2 macrophages®, neutrophils have been proposed
to polarize to N1 and N2 phenotypes. TGFp promotes
the polarization of TANSs to a pro-tumoural N2 phe-
notype, whereas a shift towards an N1 phenotype with
antitumoural properties occurs following TGEp inhi-
bition’. Thus, these results demonstrate that blocking
TGF in tumours unleashes a CD8" T cell-dependent
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antitumoural response that involves the activation of
neutrophils with antitumour properties. Accordingly,
earlier studies indicated that neutrophils can exert
antitumour activity in vitro and in vivo'*2. Thus, like
macrophages, neutrophils can have opposing effects
on tumour growth depending on environmental signals
(such as TGFp).

Conclusion and perspectives
Neutrophils have emerged as an important component
of effector and regulatory circuits in the innate and
adaptive immune systems. In contrast to the traditional
view of these cells as short-lived effectors, evidence now
indicates that they have diverse functions. By respond-
ing to tissue- and immune cell-derived signals and by
undergoing polarization’, neutrophils are reminiscent
of macrophages®?. Neutrophils engage in bidirectional
interactions with different components of both the
innate and adaptive immune systems and can differen-
tially influence the response depending on the context.
Recent studies have also provided new insights on
neutrophil effector functions. These gladiators of innate
immunity can throw poisonous NETs and produce
components of the humoral arm of the innate immune
response. These new insights also raise new questions.
Such unknowns include the degree of neutrophil diver-
sity and plasticity, the molecular basis of this plastic-
ity, and its relevance in the activation, expression and
regulation of adaptive immune responses. Better tools
(both genetic and antibody-based) are needed to dissect
the function of neutrophils in vivo. The new perspec-
tives opened by recent findings call for a reappraisal of
the role of neutrophils in human pathology, especially
in cancer. Finally, it is now time to reconsider neutro-
phils as a valuable therapeutic target in inflammatory
pathology and cancer.
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