
N

C
a

b

a

A
R
R
A
A

K
N
C
I
A
I
T
I

C

r
L

m

V

h
1

Seminars in Immunology 28 (2016) 119–128

Contents lists available at ScienceDirect

Seminars  in  Immunology

j ourna l ho me  page: www.elsev ier .com/ locate /ysmim

eutrophil-derived  chemokines  on  the  road  to  immunity

ristina  Tecchioa,∗,  Marco  A.  Cassatellab,∗,1

Department of Medicine, Section of Hematology and Bone Marrow Transplant Unit, University of Verona, Verona, Italy
Department of Medicine, Section of General Pathology, University of Verona, Verona, Italy

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 23 March 2016
eceived in revised form 4 April 2016
ccepted 5 April 2016
vailable online 14 April 2016

eywords:
eutrophils
hemokines

nnate immunity
daptive immunity
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During  recent  years,  it has become  clear  that  polymorphonuclear  neutrophils  are remarkably  versatile
cells,  whose  functions  go  far  beyond  phagocytosis  and killing.  In fact,  besides  being  involved  in  pri-
mary  defense  against  infections–mainly  through  phagocytosis,  generation  of  toxic  molecules,  release
of  toxic  enzymes  and  formation  of extracellular  traps–neutrophils  have  been  shown  to play  a  role  in
finely  regulating  the  development  and  the  evolution  of  inflammatory  and immune  responses.  These  lat-
ter neutrophil-mediated  functions  occur  by a variety  of mechanisms,  including  the  production  of newly
manufactured  cytokines.

Herein,  we  provide  a general  overview  of the chemotactic  cytokines/chemokines  that  neutrophils  can
potentially  produce,  either  under  inflammatory/immune  reactions  or  during  their  activation  in  more
prolonged  processes,  such  as in  tumors.  We  highlight  recent  observations  generated  from  studying
nfections
umors
mmune-mediated diseases

human  or  rodent  neutrophils  in  vitro  and  in  vivo  models.  We  also  discuss  the  biological  significance  of
neutrophil-derived  chemokines  in  the  context  of infectious,  neoplastic  and  immune-mediated  diseases.
The picture  that  is  emerging  is  that,  given  their  capacity  to produce  and  release  chemokines,  neutrophils
exert  essential  functions  in  recruiting,  activating  and  modulating  the  activities  of  different  leukocyte
populations.

©  2016  Published  by  Elsevier  Ltd.
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1. Introduction
Chemokines are 8- to 12-kDa polypeptides, sharing 20–70%
homology in amino acid sequence, that are classified into four
families (XC, CC, CXC and CX3C families) based on the position-
ing of their initial cysteine residues [1]. CXC and CC chemokines
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epresent the two major and most studied groups, being the
XC chemokines further divided into two subfamilies, depend-

ng on the presence of the glutamate-leucine-arginine (ELR)
otif preceding the first two cysteins [2]. CXC ELR-expressing

hemokines are mostly chemotactic for neutrophils and include,
mong other members, CXCL8/IL-8, CXCL1/growth-related gene
roduct-� (GRO-�), CXCL2/macrophage inflammatory protein 2-
lpha (MIP-2�)/GRO�,  CXCL3/MIP-2�/GRO� and CXCL5/epithelial
ell-derived and neutrophil-activating 78-amino acid peptide
ENA-78) [1,3,4]. By contrast, CXCL members lacking the ELR motif,
uch as CXCL10/interferon (IFN)�-inducible protein of 10 kDa
IP-10), CXCL9/monokine induced by IFN� (MIG) and CXCL11/IFN�-
nducible T-cell � chemoattractant (I-TAC), act instead on natural
iller (NK) and activated T cells [1,5,6]. CXC chemokines contain-
ng the ELR motif also display a potent angiogenic activity, while
XC chemokines lacking the ELR motif are angiostatic [2]. The CC

amily includes chemokines such as CCL2/monocyte chemotactic
rotein/MCP-1, CCL3/macrophage inflammatory protein (MIP)-
�, CCL4/MIP-1�, CCL5/Regulated on Activation, Normal T cells
xpressed and Activated (RANTES), CCL7/MCP-3, CCL17/Thymus
nd activation regulated chemokine (TARC), CCL18/Pulmonary
nd activation regulated chemokine (PARC), CCL19/MIP-3�  and
CL20/MIP-3�,  that are mostly chemotactic and stimulatory

or monocytes, macrophages, dendritic cells (DCs), T cells, NK
ells, eosinophils and basophils [1,3,4,7]. Chemokines are mostly
ecreted into the extracellular space as soluble factors or bound
o the extracellular matrix, thus forming transient or stable con-
entration gradients, respectively [1]. They promote increased cell
otility and directional migration upon binding to their corre-

ponding cell-surface, seven transmembrane-spanning receptors
e.g., CXCRs and CCRs), that signal through G protein-mediated cas-
ades [8,9]. Based on the pattern of receptors expressed, discrete
ell populations are specifically recruited by different chemokines
1,10]. Usually a given leukocyte population has receptors for, and
esponds to, different chemokines [11]. Besides regulating leuko-
yte trafficking, and therefore coordinating immune responses,
hemokines play an important role also in regulating T and B
ell-development [12], modulating angiogenesis [13,14] and influ-
ncing tumor growth [15]. Although virtually all cell types may
elease chemokines, innate and adaptive immunity cells, includ-
ng polymorphonuclear neutrophils, represent the major source
f them [1,16], especially in inflammatory (infectious and/or non-
nfectious) [17,18] or tumor settings [17,19].

Neutrophils are not anymore viewed as simple “suicide” killer
ells at the bottom of the hierarchy of immune response [20,21].
he last two decades have, in fact, witnessed a new wave of
xciting studies about the capacity of neutrophils to express a
umber of genes whose products lie at the core of crucial bio-

ogical processes, including innate immune responses [21,22]. In
uch regard, neutrophils have been shown to express and produce

 variety of chemokines (Table 1) upon activation by microen-
ironmental stimuli such as microbial agents or their products,
ncluding ligands for Toll-like receptors (TLRs) or other pathogen-
ssociated molecular patterns (PAMPs), even in a timely- and
pecific stimulus-dependent manner [16,22,23]. In addition to
mplify their production of chemokines by autocrine loops [23–25],
eutrophils have been also shown to positively/negatively modu-

ate the effects of the chemokines present in the microenvironment
y releasing enzymes with proteolytic activities, either in asso-
iation with extracellular traps [26] or not [27]. Therefore, in the
ontext of an inflammatory reaction that has the ultimate goal to
ill and remove the invading pathogens, neutrophils may  recruit,

ia chemokine release, discrete innate and adaptive immunity cells
o optimally orchestrate the most efficacious immune response.
eutrophils themselves have been shown to migrate into the

nflammatory site in tightly regulated waves, which are medi-
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ated by chemoattractant/chemokine cascades released by activated
resident tissue cells and/or previously activated neutrophils or
macrophages [23,28,29].

In the following sections, we  will highlight recent literature con-
cerning the role of chemokines derived by human neutrophils in
shaping the innate and adaptive immune response, either towards
infections, or in the context of other pathological conditions such as
cancer or immune-mediated diseases. We  will also describe find-
ings generated in in vivo mouse models, which either extend, or
uncover, differences between species [10,22]. For a more broad
comprehension of the knowledge existing in the field, the read-
ers may refer to previously published, very exhaustive, reviews
[16,28,30].

2. Neutrophil-derived chemokines in immune responses
and infections

Most studies indicate that neutrophils upregulate chemokine-
encoding genes and/or release chemokines when appropriately
stimulated [30]. Hence, the pattern of chemokines released by
neutrophils is strictly dependent on the type of stimulus and/or
associated to a specific inflammatory/immunological context,
in vitro and in vivo. A large but non-exhaustive list of the
stimuli able to induce the production of chemokines by neu-
trophils has been previously reported [30], yet agonists triggering
neutrophil-derived chemokines are continuously identified, for
instance: granulocyte colony-stimulating factor (G-CSF), shown to
induce CXCL5 [31] and CXCL2/MIP-2�  [32]; Wnt5a, a ligand that
activates the non-canonical Wnt  signaling pathways (�-catenin-
independent pathways), shown to trigger the release of CXCL8 and
CCL2 [33]; organic dust, shown to trigger the release of CXCL8 and
CCL3 [25]; and an increasing number of microbial-derived prod-
ucts, as described in the following paragraphs.

2.1. Human neutrophils

In vitro studies have demonstrated that, upon stimulation
with microbial agents or their derivatives, neutrophils release
chemokines potentially able to recruit neutrophils themselves,
monocytes, macrophages, DCs and NK cells, as well as T cell sub-
sets (Fig. 1), suggesting that, by this function, they may  amplify
both the innate and the adaptive immune response [16]. For exam-
ple, neutrophils cultured with either Mycobacterium tuberculosis or
lipoarabinomann (its major cell wall component) have been shown
to release CXCL1 and CXCL8 [34], two  chemokines involved in
neutrophil recruitment. Similarly, neutrophils release CXCL8 when
exposed in vitro to Candida albicans [35], Helicobacter pylori water
soluble surface protein [36] and H. pylori neutrophil-activating
protein (HP-NAP) [37]. By contrast, phagocytosed Staphylococcus
aureus has been shown to reduce the production of CXCL8 by
neutrophils, concomitantly with suppressing phosphorylation of
nuclear factor-�B and accelerating cell death, in this manner favor-
ing its own survival and promoting disease [38].

Further evidence of the role of neutrophil-derived chemokines
in amplifying local innate responses has been provided by the
capacity of neutrophils to upregulate the expression of CXCL1,
CXCL2 and, mostly, CXCL3 when in vitro exposed to Fusobac-
terium nucleatum [39]. In other studies, neutrophils incubated
with LPS- or tumor necrosis factor-� (TNF�) [40], as well as in
the presence of Gram-positive or Gram-negative bacteria [41],
were shown to sequentially express and release biologically active

CCL20 and CCL19 [40], as revealed by experiments in which
neutrophil-derived supernatants induced chemotaxis of immature
and mature DCs, respectively. These data have been further sup-
ported by subsequent findings showing that both IFN� and the

om ClinicalKey.com by Elsevier on March 24, 2021.
021. Elsevier Inc. All rights reserved.
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Table  1
Chemokines that human and murine neutrophils can potentially express and/or produce.

CHEMOKINE HUMAN REFERENCES MOUSE/RAT REFERENCES

CXCL1 + [34,39,105] + [79]a, [95,98,108]
CXCL2/MIP−2�b + [39,46] + [79]a, [32,47,69,95,110]
CXCL3 + [39] ND
CXCL4c + [22] + [22]
CXCL5 + [31] ND
CXCL6  + [22] ND
CXCL8d + [25,33–38,44,45,54,58,59,61,66,67,82–86,92,93,101,106] ND
CXCL9  + [48,52,62,67,105] + [95,109]
CXCL10 + [48,49,52–54,57,63] + [79]a, [76,77,95,109]
CXCL11 + [48] + [79]a

CXCL12 +c [22] + [78]
CXCL13c + [22] + [95]
CXCL16 +c unpublished observation +c [95]
CCL2 + [33,43,44,54,57,64,82,89,90,92,93] + [79]a, [74,75,90,95]
CCL3 + [25,37,44–46,59,92,103] + [47,69,70,72–74,95,108]
CCL4 + [37,45,46,60,66–68,85,87,88] + [79]a, [47,72,73,108]
CCL5 ND + [72]
CCL7 ND +c [79]a, [95]
CCL9 ND +c [79]a

CCL12 ND +c [79]a

CCL17 + [90,91] + [90,91,95]
CCL18 + [103] ND
CCL19  + [40,41] + (?) [22]
CCL20 + [40–42,54,57,67,104] + [72]
CCL22 ND +c [79]a

Expression and/or production of the listed chemokines have been detected in human and mouse neutrophils by gene expression techniques, IHC, enzyme-linked immunoad-
sorbent  assays (ELISAs) or biological assays.
(?): It indicates controversial data.
ND: Not reported in the literature.

a Detected in rat.
b Mouse only.
c It refers to studies performed at the mRNA level only.
d Human only.

Fig. 1. Chemokines produced/expressed by neutrophils experimentally shown to chemoattract the innate (green background) and adaptive (violet-purple background)
immunity cells displayed in the figure.
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acterial-derived chemoattractant known as formyl-methionyl-
eucyl-phenylalanine (fMLF) significantly increase the production
f neutrophil-derived CCL20 in response to LPS, through entirely
nrelated molecular mechanisms [42]. In the case of neutrophils

ncubated with IFN� plus LPS, which also maintain very elevated
he production of CCL2 [43], a potent antiapoptotic effect exerted
y IFN� likely sustains chemokine expression [43].

As mentioned, neutrophil-derived chemokines may  also orches-
rate more sophisticated responses involving adaptive immune
ells. For example, neutrophils isolated from pulmonary tuberculo-
is patients were shown to display augmented levels of CXCL8, CCL2
nd CCL3, which further increased upon infection with mycobac-
erial strains in vitro [44]. Consistently, it has been demonstrated
hat neutrophils exposed to Mycobacterium bovis Bacillus Calmette-
uerin (BCG) [45], or incubated with HP-NAP [37], produce not
nly CXCL8, but also CCL3 and CCL4, two chemokines recruiting
onocytes, DCs and T cells to the site of infections. In support

f this notion, supernatants from BCG-conditioned neutrophils
ere found to induce, in vitro, the chemotaxis of monocytes

nd, indirectly (via monocytes), of T cells [45]. Neutrophil-derived
hemokines have been also involved in regulating the migration
f monocytes/macrophages, T cells and neutrophils, which entrap
chistosoma japonicum eggs and ultimately form the typical inflam-
atory granulomas [46]. Accordingly, human neutrophils exposed

n vitro to S. japonicum eggs were found to upregulate the transcripts
ncoding CCL3, CCL4 and CXCL2 [46], consistent with a previous
tudy from the same group evidencing the presence of CCL3-, CCL4-
nd CXCL2/MIP-2�-positive neutrophils within the neutrophil-rich
ore of S. japonicum-granulomas in infected mice [47].

Human neutrophils have been found to synergistically express
nd release also CXCL9, CXCL10 and express CXCL11 after incu-
ation with IFN� in combination with either LPS or TNF� [48].
he molecular mechanisms underlying such synergistic effects
ere subsequently uncovered [49]. Moreover, neutrophil-derived
XCL9 and CXCL10 were found biologically active in vitro, as super-
atants harvested from IFN� plus LPS- or TNF�-treated neutrophils
romoted the migration, as well as a rapid integrin-dependent
dhesion, of CXCR3-expressing Th1 cells, in CXCL9- or CXCL10-
ependent fashions [48]. These observations for the first time have
ighlighted a potential direct crosstalk between neutrophils and
h1 cells [48], subsequently confirmed and expanded [50], and are
mportant because Th1 cells are crucial for cell-mediated immunity
nd phagocyte-dependent protective responses [51]. That the pro-
uction of CXCL9 and CXCL10 by neutrophils might be relevant for
ghting infectious diseases was further evidenced by other stud-

es. In one of them, Anaplasma phagocytophilum-infected human
eutrophils have been found to release lower amounts of CXCL9
nd CXCL10 as compared to uninfected neutrophils [52]. Similarly,
orphyromonas gengivalis was shown to be ineffective in stimulat-
ng the release of CXCL10 by neutrophils, therefore contributing
o suppress and evading a Th1-immune response in the setting of
eriodontal disease [53].

In addition to Th1 cells [48], IFN� plus LPS-activated neu-
rophils have been shown to produce and release also CCL2 and
CL20, and, in turn, chemoattract Th17 cells in vitro [54]. Th17 cells
re specialized in orchestrating adaptive immune defense toward
xtracellular pathogens, via the recruitment of neutrophils to the
ite of infection, by triggering the production of CXCL8, CXCL1 and
-CSF from tissue cells [55]. However, Th17 cells are also involved

n the pathogenesis of chronic inflammatory and/or autoimmune
iseases [56]. Also neutrophils incubated with the neutrophil-
ctivating protein A (NapA) from Borrelia burgdorferi were found

o recruit both Th1 and Th17 cells via CXCL10 and CCL2/CCL20 pro-
uction, respectively [57]. Interestingly, because NapA functions
s one of the main bacterial products involved in the pathogenesis
f Lyme arthritis, which is characterized by a joint infiltration of
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mainly neutrophils and T cells (Th1 and Th17), the latter data [57]
would suggest that the infiltration of Th cells may  rely, in part, on
the chemokines locally produced by neutrophils exposed to NapA.
That neutrophils and Th17 may  undertake a crosstalk, ultimately
leading to the amplification of local immune response, is very plau-
sible due to the ability of activated Th17 cells to produce CXCL8 and,
consequently, directly attract neutrophils [54].

Much less is known about neutrophil responsiveness to viruses
in terms of chemokine production. For instance, it has been
reported that neutrophils treated in vitro with the human immun-
odeficiency virus transactivator protein (Tat) produce CXCL8 [58],
while neutrophils incubated with Respiratory Syncytial Virus (RSV)
produce and release also CCL3 [59] and CCL4 [60], in addition
to CXCL8 [61], therefore disclosing their role as cells releasing
potent inflammatory mediators during RSV-related bronchiolitis.
Similarly, neutrophils exposed to Herpes Simplex Virus 1 (HSV-
1)-infected corneal tissue were found to produce elevated CXCL9
levels [62], suggesting that they contribute to the attraction of CD4+

T cells/Th1 cells, which are essential for antiviral immunity. In pul-
monary tuberculosis, neutrophils from the bronco-alveolar lavage
fluids (BAL) of patients with human Immunodeficiency Virus (HIV)-
associated syndrome have been found to express CXCL10 [63], in
spite of a very low number of IFN�-producing CD4+ cells in BAL.
Since CXCL10 is a typical IFN�-responsive gene, data suggest that
HIV might directly or indirectly cause a dysregulated CXCL10 pro-
duction by human neutrophils [63]. In another study, neutrophils
pulse-treated in vitro with R5HIV (a macrophage-tropic HIV strain)
have been found to produce CCL2 and IL-10 [64]. Moreover, freshly
isolated neutrophils either co-cultured, or transwell-cultured, with
R5HIV-infected syngeneic monocyte-derived macrophages were
shown to enhance, in a CCL2- and IL-10-dependent manner, the
replication of R5HIV in macrophages, thus supporting a neutrophil-
mediated role in favoring, at least in vitro, R5HIV infection [64]. In
this context, glycyrrhizin, an antiviral compound already used in
clinic, was  found able to inhibit the in vitro production of CCL2
and IL-10 by neutrophils exposed to R5HIV, therefore providing
an example of a potential chemokine/cytokine-targeted therapy
[64]. At the light of recent findings demonstrating that, in human
neutrophils, the chromatin at the IL-10 locus appears in an inac-
tive conformation [65], the production of IL-10 by R5HIV-treated
neutrophils should be confirmed using highly pure neutrophil
populations. In another context, neutrophils from Human T cell
lymphotropic virus type-1 (HTLV-1)-infected patients exposed
in vitro to LPS, or to Leishmania amazonensis, were found to
release amounts of CXCL8 and CCL4 similar to neutrophils from
HTLV-1-seronegative controls [66]. Finally, neutrophils transfected
in vitro with polyinosinic:polycytidylic acid [poly(I:C)], a synthetic
mimetic of viral dsRNA that acts via intracellular cytoplasmic RNA
helicases, have been shown to express elevated transcript levels
encoding CXCL8, CXCL10, CCL4 and CCL20 [67]. Similarly, neu-
trophils incubated with R848, an imidazoquinoline mimicking the
action of single strand viral RNA acting on TLR8, have been shown
to express CCL4 [68], as well as CCL3, CCL19, CXCL1, CXCL8 and
CXCL16 (our unpublished observations), all chemokines potentially
involved in the recruitment of both innate and adaptive immunity
cells during viral infections.

2.2. Mouse/rat neutrophils

Evidence that also rodent neutrophils produce chemokines is
abundantly documented, as already reviewed [30]. For instance,
murine neutrophils exposed in vitro to M. tuberculosis have been

shown to produce CXCL2/MIP-2�  and CCL3 [69]. In another work,
neutrophils have been found to release biologically active CCL3
(e.g., able to chemoattract immature DCs) upon in vitro exposure
to Leishmania major [70]. Consistently, neutrophil depletion in L.
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ajor-resistant mice was shown to abolish the recruitment of DCs
o the site of parasite inoculation, a phenomenon adoptively res-
ued by inoculation of wild-type neutrophils [70]. Overall, these
atter data point to a role for neutrophil-derived CCL3 in the induc-
ion of a protective CD4+ Th1 immune response against L. major
nfection via the recruitment of immature DCs and their subsequent
ifferentiation [71]. In line with the aforementioned model are also
esults obtained using murine neutrophils exposed in vitro to Tox-
plasma gondii, which were found to release many chemokines
ble to recruit immature DCs (e.g., CCL3, CCL4, CCL5 and CCL20),
s experimentally proved [72]. Interestingly, under non-infectious
etting, neutrophil-derived CCL3 and CCL4 have been also shown
o induce an early macrophage influx to the sites of polyacrylamide
el-induced cutaneous granuloma formation [73].

In another model, namely the methicillin-resistant S. aureus
MRSA) infection, neutrophils from mice resistant to MRSA have
een shown to induce, via CCL3 and IL-12 release, the polarization
f macrophages towards a phenotype characterized by the expres-
ion of cytokines and chemokines potentially associated with a Th1
esponse (e.g., IFN�, IL-12, IL-18, CCL3, CCL5, CXCL9 and CXCL10)
74]. By contrast, supernatants of neutrophils obtained from MRSA-
usceptible mice [74] were found to polarize macrophages, via the
elease of CCL2 and IL-10, towards a phenotype characterized by
he expression of cytokines and chemokines potentially associated
ith a Th2 response (e.g., IL-1 receptor antagonist, IL-10, CCL17,
CL18, CCL22) [74]. Similar results were also observed in a model of
ompensatory anti-inflammatory response syndrome [75]. Finally,
n mice infected with Plasmodium berghei ANKA, neutrophil- and

onocyte-derived CXCL10 have been shown to induce the migra-
ion of anti-Plasmodium effector cells out of lymphoid secondary
rgans [76], therefore causing an impaired control of the blood
tage of malaria and the consequent entrapment of parasitized red
lood cells into the cerebral-microcirculation [76].

As for human neutrophils, increasing evidence point for a role of
eutrophil-derived chemokines in organizing immune responses
oward viruses also in rodents. For instance, neutrophils isolated
rom the lungs of influenza virus-infected wild-type mice dis-
layed, in the acute phase, significant levels of CXCL10 mRNA and
ere also found to express CXCL10 by immunohistochemical (IHC)

nalysis [77]. By contrast, mice lacking CXCL10 or CXCR3, besides
resenting reduced acute respiratory distress syndrome (ARDS)
anifestations and an increased survival, had a lower number of

nfiltrating lung neutrophils as compared to the wild-type strains
77]. Data are consistent with the notion of neutrophil-derived
XCL10 as responsible for the recruitment of additional (CXCR3-
ositive) neutrophils and the consequent excessive pulmonary

nflammation/ARDS [77]. Interestingly, similar data were obtained
y inducing a chemical pneumonia using the same models [77]. In

 mouse model of influenza A virus infection, neutrophil-derived
XCL12/stromal-cell derived factor 1 (SDF-1) has been instead
emonstrated to be crucial for CD8+ T cell recruitment, and there-
ore for the induction of a CD8+ T cell-mediated immune response
owards influenza virus itself [78]. Using two photon microscopy
n vivo, mice having CXCL12 conditionally-depleted neutrophils
resented fewer T cells within the infection site and had a slower
learance of the virus, similar to the mice with reduced neutrophil
ounts [78]. Strikingly, the same study has also demonstrated
hat, during their migration to the site of infection, neutrophils
eposit long-lasting, CXCL12-containing trails from their elongated
ropods, in this manner guiding T cells towards infected tissue [78].
inally, rat neutrophils incubated in vitro with conditioned medium
rom coronavirus (CoV)-infected alveolar epithelial cells have been

hown to display higher mRNA levels of CXCL1, CXCL2, CXCL10
nd CXCL11, CCL2, CCL4, CCL7, CCL9/mMIP-1�,  CCL12/MCP-5 and
CL22 as compared to neutrophils incubated in a control medium
79]. The potential validity of these in vitro observations in vivo
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have been confirmed in a rat model of non-fatal lung CoV infection,
in which neutrophil-depleted rats displayed fewer macrophages
and lymphocytes in their respiratory tract, as compared to non-
depleted rats, and lower chemokine levels [79].

3. Neutrophil-derived chemokines in tumors

Increasing experimental evidence indicates that, in addition
to macrophages, DCs and lymphocytes, also neutrophils infiltrate
tumors [80], to play a role in influencing the neoplastic growth.
That occurs not only because tumor-associated neutrophils (TANs)
may directly interact with the neoplastic cells, but also because,
within the tumor microenvironment, TANs release a wide array of
molecules, including chemokines and cytokines [81]. Neutrophil-
derived chemokines influence the tumor fate either indirectly,
because they recruit and activate innate and adaptive immune cells
[81], or directly, for their capacity to modulate angiogenesis and
cell proliferation [13,14]. Recent knowledge on the involvement of
neutrophil-derived chemokines exerting pro- or anti-tumoractions
is summarized in the following sections.

3.1. Human neutrophils

A number of in vitro studies have demonstrated that periph-
eral neutrophils may  express and/or produce chemokines in the
presence of tumor cell-conditioned medium and/or tumor cells.
For instance, neutrophils incubated with gastric cancer-derived
mesenchymal stem cell-conditioned medium have been shown to
upregulate CXCL8 and CCL2 mRNA [82]. CXCL8 was also shown
to be produced by neutrophils either co-cultured with metastatic
melanoma [83] and glioma cell lines [84], or in the presence
of supernatants from a head and neck squamous cell carcinoma
(HNSCC) cell line [85]. These observations anticipate a potential
role for TANs to regulate in vivo, via CXCL8, not only the recruitment
of additional neutrophils, but also cancer cell growth, survival,
motion and angiogenesis [86]. Neutrophils incubated in vitro with
HNSCC-derived supernatants were also found to release consid-
erable amounts of CCL4 [85,87], a chemokine that may elicit an
immune response towards the tumor by recruiting NK, immature
DCs and T cells [87,88]. In another study, peripheral neutrophils
from hepatocellular carcinoma (HCC) patients have been found
to produce, in vitro, significantly higher amounts of CCL2 than
neutrophils from healthy donors [89]. Moreover, the amounts of
neutrophil-derived CCL2 were found to be proportional to the
tumor sizes of patients [89]. Consistent with the observations
evidencing that mouse neutrophils exerting immunosuppressive
functions produce CCL2 and IL-10, while those with immunoacti-
vating properties release CCL3 and IL-12 [74], supernatants from
HCC neutrophils were found to inhibit, in vitro, the production of
IFN� by peripheral blood mononuclear cells in a CCL2-dependent
fashion [89]. In a more recent study, TANs isolated from HCC sam-
ples have been shown to release significant levels of CCL2 and
CCL17 in vitro [90], consistent with the capacity of HCC cell lines to
induce the production of the same chemokines (CCL2 and CCL17)
when co-cultured with neutrophils in vitro [90]. In agreement with
the latter data, IHC analysis of human HCC specimens has demon-
strated the presence of CCL2- and CCL17-positive TANs within the
tumor stroma [90]. Notably, TAN-conditioned media were found
to increase, in vitro, the migratory activity of macrophages and T
regulatory cells (Tregs) via CCL2 and CCL17, respectively [90], in
line with a TAN-N2 protumoral phenotype previously described

[80]. An inverse correlation between the number of CCL2- and
CCL17-positive TANs in tumor sections and patient survival con-
firmed the protumor role for TANs in HCC [90]. CCL17 has been
found expressed, by flow cytometry, also in TANs from human lung
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umors [91], thus suggesting that, also in this type of cancer, TANs
ay  recruit Tregs.
By contrast, TANs isolated from lung tumors of patients at the

arly stage of disease have been shown to produce significant levels
f CXCL8, CCL2 and CCL3, other than IL-6 and the anti-inflammatory
L-1Ra [92]. Although the precise contribution of each chemokine

as not specifically addressed, lung tumor TANs were shown to
nduce, in vitro, the proliferation and the release of IFN� by both
D4+ and CD8+ T cells [92], pointing for their anti-tumor role. In
ddition, in vitro experiments uncovered a crosstalk between TANs
nd activated T cells leading to a substantial upregulation of costim-
latory molecules in neutrophils, which, in turn, bolstered a further

 cell proliferation in a positive-feedback loop [92]. Similarly to
ung TANs [92], human neutrophils infected with an oncolytic vac-
ine strain of measles virus (MV) have been shown to secrete
XCL8 and CCL2, other than TNF� and IFN� [93]. These observa-
ions support and extend previous findings, made in a human tumor
enograft mouse model, demonstrating that neutrophils contribute
o the antitumor efficacy of MV,  mostly MV expressing granulocyte-

acrophage colony-stimulating factor (MV  GM-CSF) [94].

.2. Mouse neutrophils

As a general notion, mouse TANs have been shown to con-
titutively produce a variety of chemokines, including CXCL1,
XCL2/MIP-2�,  CXCL9, CXCL10, CXCL13/B lymphocyte chemoat-
ractant/(BLC), CXCL16, CCL2, CCL3, CCL7 and CCL17 [95],
herefore suggesting that they can potentially recruit mono-
ytes/macrophages, DCs, NK cells, T and B cell subsets and/or more
eutrophils to the tumor. In turn, the type of immune response
licited by TANs would depend on the pattern of chemokines
revalently produced in each single situation. For instance, TANs

solated from lung tumors were found to express and release higher
CL17 levels than bone marrow neutrophils from the same ani-
als [91]. In this model, TAN-derived supernatants have been

hown to preferentially attract Tregs in a CCL17-dependent man-
er, in migration assays both in vitro and in vivo [91]. Interestingly,
ANs isolated from the same mouse model, but after treatment
ith the transforming growth factor-� (TGF-�)-inhibitor SM16,

xpressed and released significantly lower amounts of CCL17 than
ANs from untreated mice [91], confirming a role for TGF-� in
onditioning neutrophil activities towards tumors [96]. In such
egard, the presence/absence of TGF-� within the tumor microen-
ironment has been shown to polarize TANs into two phenotypes
isplaying opposite immunoregulatory functions, mainly based on
heir cytokine/chemokine-producing repertoire [97]: in the case of
hemokines, CCL3 for the antitumor (N1), CCL2 plus CCL17 for the
rotumor (N2), phenotype [95,96]. In agreement with the N1/N2
ypothesis, tumor volume, as well as the number of pulmonary
etastases, were shown to significantly increase in a mouse tumor
odel obtained by coinjecting animals with HCC cell lines together
ith CCL2 and CCL17-producing TANs. Moreover, these tumors dis-
layed an increased number of stromal macrophages and Tregs
90].

Protumor, proinflammatory activities by infiltrating neutrophils
ave been also uncovered in another mouse model of colitis-
ssociated cancer, in which prostaglandin receptor (subtype
P2)-positive colon neutrophils were found to express, by IHC,
XCL1 in addition to IL-6, TNF� and COX-2 [98]. Consistent with
hese findings, bone marrow-derived neutrophils from the same

ice were shown to upregulate the expression of CXCL1, TNF�,
L-6 and COX-2 mRNA when incubated with prostaglandin E2

PGE2) and TNF� in vitro [98]. This suggests that the PGE2-
rostaglandin receptor-(EP2) pathway forms an autocrine loop for
eutrophil recruitment to the colon by inducing CXCL1 and conse-
uently by amplifying the pro-tumor inflammatory response [98].
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Notably, under the same experimental setting (e.g., induced colitis-
associated cancer) EP2-deficient mice displayed a reduced number
of tumor lesions, therefore pointing for a role for neutrophils
in promoting tumorigenesis [98]. Notably, clinical specimens of
ulcerative colitis-associated colorectal cancer display EP2-positive
infiltrating neutrophils, confirming the findings in mice [98].

4. Neutrophil-derived chemokines in immune-mediated
diseases

Immune-mediated inflammatory diseases are a group of dis-
eases lacking a definite etiology and characterized by prolonged
inflammatory symptoms, often triggered by a dysregulation of the
normal immune response [99]. In addition to other leukocytes, neu-
trophils have been often shown to be involved in the pathogenesis
of these diseases [100].

4.1. Human neutrophils

Evidence points for the involvement of neutrophil-derived
chemokines in various types of arthritis. For example, peripheral
neutrophils have been shown to release CXCL8 upon phagocytosis
of monosodium urate (MSU) crystals in vitro [101]. MSU  crystals
cause the typical gout attacks when deposit in joints, tendons
and surrounding tissues, to which neutrophils participate via the
release of proinflammatory mediators [102]. Therefore, because
of the capacity of CXCL8 to potently attract neutrophils, these
findings would uncover a potential mechanism that may sustain
neutrophil-mediated inflammation in gouty arthritis. Neutrophils
isolated from the synovial fluid (SF) of patients with rheumatoid
arthritis (RA), a systemic autoimmune inflammatory disorder pri-
marily involving the joints, have been shown to produce high levels
of CXCL8, CXCL10, CCL2 and CCL20 [54], in addition to express
elevated transcript levels of CCL18 and CCL3 [103]. Data would
suggest that, in RA arthritis, neutrophils recruit additional neu-
trophils, as well as Th1 cells and Th17 cells, to undertake reciprocal
crosstalk [54]. Consistent with this hypothesis, neutrophils and
Th17 cells have been found to closely colocalize in SFs from RA
patients [54]. In addition, in vitro experiments have demonstrated
that supernatants from IFN� plus LPS-activated neutrophils induce
chemotaxis of Th1 and Th17 cells via CCL2 and CXCL10, and CCL2
and CCL20, respectively [54]. In the same studies, Th17, but not
Th1, cells have been shown to release CXCL8 and chemoattract
neutrophils in vitro, pointing for their direct action in recruiting
neutrophils and therefore in amplifying the local inflammatory
response [54]. Interestingly, previous studies had also demon-
strated that neutrophils from SFs of RA patients may  express CCL20
mRNA and that stimulation with SFs, containing or not TNF�,
induced CCL20 mRNA in peripheral neutrophils [104].

Neutrophil-derived chemokines have been suspected to be
involved in other immune-mediated diseases, such as ulcerative
colitis (UC), an inflammatory bowel disease (IBD) characterized
by relapsing mucosal inflammation. Accordingly, in bowel speci-
mens from UC patients, neutrophils have been found to express
CXCL1 and CXCL9 by IHC [105], consistent with a role of neutrophil-
derived CXCL1 and CXCL9 in recruiting neutrophils, NK and
T cells, which are known to be involved in the immunologi-
cal response causing lesions. Similarly, tissue specimens from
another IBD, namely Crohn’s disease (an immune-mediated ileitis),
displayed a colocalization of neutrophils and Th17 cells by con-
focal microscopy [54]. These findings are, once again, supporting

neutrophil-derived CCL2 and CCL20 in the pathogenesis of Crohn’s
disease via Th17 cells recruitment. Finally, in vitro experiments
have shown that, upon stimulation with anti-phospholipid anti-
bodies plus low concentrations of LPS, neutrophils release CXCL8
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106]. It is therefore conceivable to hypothesize a participation of
XCL8 in the pathogenesis of the anti-phospholipid syndrome, a
ystemic autoimmune disease likely triggered by TLRs activation
nd characterized by the occurrence of anti-phospholipid antibod-
es, recurrent thrombosis and fetal loss [106].

.2. Mouse neutrophils

Fulminant hepatitis develops in about 1% of patients with acute
epatitis B, in whom an excessive host defensive immune response

s detected [107]. In such regard, a mouse model of the human
isease has been developed, based on an adoptive transfer of
ntigen-specific cytotoxic T lymphocytes (CTLs) into hepatitis B
irus (HBV)-transgenic mice, which, in turn, triggers a fulminant
epatitis [108]. In such a model, injection of antigen-specific cyto-
oxic T cells in HBV transgenic mice is followed by the recruitment
f mononuclear cells and neutrophils into the liver [108]. In this
rgan, CTLs release IFN� and TNF� upon antigen recognition, in
urn inducing liver neutrophils to release elastase and to upregu-
ate CCL3, CCL4 and CXCL1 mRNA [108]. Importantly, mice treated

ith anti-CCL3, −CCL4, and −CXCL1 antibodies were found to
isplay a lower recruitment of inflammatory cells into the liver
nd a reduced hepatic injury, indicating that these neutrophil-
erived chemokines mediate the inflammatory and immunological
esponse engaged by CTLs against the HBV-infected hepatocytes
108]. In a model of delayed-type hypersensibility (DTH) obtained
y sensitizing mice with Herpes Simplex Virus type I (HSV-1) anti-
en on the scarified cornea, neutrophils have been demonstrated to
ecruit T cells by producing CXCL9 and CXCL10 [109]. Consistently,
eutrophil depletion was accompanied by a marked decrease in
he number of CD4+ T cells to the site of DTH and a drop in the
evels of CXCL9 and CXCL10 in DTH tissue lysate [109]. Moreover,
onsistent with the release of CXCL9 and CXCL10 by neutrophils
timulated in vitro with IFN�, IFN�-knockout mice manifested a
epressed DTH upon HSV-1 antigen challenge, and only the recon-
titution of these mice with IFN� re-induced the synthesis of both
hemokines [109]. Therefore, according to the model described
bove, neutrophils activated by IFN� release CXCL9 and CXCL10
nd recruit CD4+ T cells. The latter cells, in turn, would contribute
o a further production of IFN� and therefore to the amplifica-
ion of the inflammatory cascade in sites of DTH [109]. Finally, in

 mouse model of cutaneous type III hypersensitivity obtained by
njecting antibodies into mouse ear skin, and by systemically deliv-
ring the corresponding antigens, immune complexes (ICs)-laden
eutrophils isolated from the ears displayed a significantly upreg-
lated expression of CXCL2/MIP-2�  as compared to bone-marrow
eutrophils [110]. In vitro studies confirmed that the direct stimula-
ion of isolated bone marrow-derived neutrophils with IC triggers

 substantial secretion of CXCL2/MIP-2�  [110]. Therefore, a role
f CXCL2/MIP-2�  in recruiting additional neutrophils and endoge-
ously activating their effector functions, including reactive oxygen
pecies production and phagocytosis, might be plausible [110].

. Conclusions

There is no doubt that neutrophils may  regulate leukocyte traf-
cking during immune responses. As briefly outlined in this short
eview, this function relies on the neutrophil capacity to produce a
ariety of chemokines, but it should be not forgotten that also pre-
ormed factors contained in neutrophil granules have been shown
o be chemotactic for mononuclear cells and neutrophils (for a

eview, please see reference [111]). Nonetheless, in spite of the
arge body of data describing the expression pattern of neutrophil-
erived chemokines in vitro, we need to expand our knowledge on
hat is the real significance of this phenomenon in vivo, particularly
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in humans. Of utmost importance is to improve the techniques to
isolate neutrophils from tissues and lymphoid organs (e.g., spleen
and lymph-nodes) at very high levels of purity, to avoid false pos-
itive data caused by eventual contamination with other cell types.
Studies aimed at gaining more insights on the molecular regulation
of chemokine expression in neutrophils are also awaited. In fact,
similarly to other leukocytes, chemokine expression in neutrophils
can be controlled at the transcriptional and/or post-transcriptional
level [30], in some cases by sophisticated and cell-specific regula-
tory mechanisms, including the involvement of microRNAs [69],
specific transcription factors [112] and chromatin modifications
[65]. However, very little is still known on all these phenom-
ena. Furthermore, neutrophil-derived chemokines can be involved
either in physiological and pathological angiogenesis, a function
that is often underestimated [13]. Finally, it is known that neu-
trophils may  be engaged into complex bidirectional interactions
with other leukocytes or tissue cells [21]. As a result of this crosstalk,
neutrophils and target cells reciprocally modulate their survival
and activation status. Chemokines might certainly contribute to
regulate such a crosstalk, but their effective roles remains mostly
unsolved. In such regard, future challenges for scientists in the field
will be to translate all this knowledge into efficacious neutrophil-
targeted therapies without compromising immunity.
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