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Neutrophil chemoattractant receptors in health and disease:
double-edged swords
Mieke Metzemaekers1, Mieke Gouwy1 and Paul Proost 1

Neutrophils are frontline cells of the innate immune system. These effector leukocytes are equipped with intriguing antimicrobial
machinery and consequently display high cytotoxic potential. Accurate neutrophil recruitment is essential to combat microbes and
to restore homeostasis, for inflammation modulation and resolution, wound healing and tissue repair. After fulfilling the
appropriate effector functions, however, dampening neutrophil activation and infiltration is crucial to prevent damage to the host.
In humans, chemoattractant molecules can be categorized into four biochemical families, i.e., chemotactic lipids, formyl peptides,
complement anaphylatoxins and chemokines. They are critically involved in the tight regulation of neutrophil bone marrow storage
and egress and in spatial and temporal neutrophil trafficking between organs. Chemoattractants function by activating dedicated
heptahelical G protein-coupled receptors (GPCRs). In addition, emerging evidence suggests an important role for atypical
chemoattractant receptors (ACKRs) that do not couple to G proteins in fine-tuning neutrophil migratory and functional responses.
The expression levels of chemoattractant receptors are dependent on the level of neutrophil maturation and state of activation,
with a pivotal modulatory role for the (inflammatory) environment. Here, we provide an overview of chemoattractant receptors
expressed by neutrophils in health and disease. Depending on the (patho)physiological context, specific chemoattractant receptors
may be up- or downregulated on distinct neutrophil subsets with beneficial or detrimental consequences, thus opening new
windows for the identification of disease biomarkers and potential drug targets.
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THE NEUTROPHIL: AN INTRODUCTION
Neutrophils are derived from a common myeloid progenitor
present in the bone marrow and extramedullary tissues (e.g.,
spleen) and represent 50–70% of the total pool of peripheral
blood leukocytes in humans (only 10–25% in mice).1 These innate
leukocytes were traditionally considered simple, short-lived cells
serving the rather mundane task of releasing antimicrobial agents
until more specialized cells arrived at the site of inflammation to
launch a more effective attack. However, the currently available,
more refined technologies have indicated that neutrophils are
more sophisticated cells than initially anticipated. They presum-
ably display phenotypical and functional heterogeneity and play
central roles in health and disease.2,3 Although the lifespan of
neutrophils is still debated, scientific evidence supports the notion
that inflammation promotes the longevity of these cells, and it is
now recognized that neutrophils contribute to the initiation,
modulation and resolution phases of inflammation, are involved in
wound healing and are important for the maintenance of tissue
homeostasis.3,4 Moreover, neutrophils can actively interact with
and instruct other immune cells.
As first-line responders to infection and tissue injury, neutro-

phils are armed with a comprehensive set of defense mechanisms
(Fig. 1). They are professional phagocytes that are able to engulf
and destroy foreign material. In addition, assembly and activation
of nicotinamide adenine dinucleotide phosphate (NADPH), a

multiprotein electron transfer system, enables the production of
reactive oxygen species (ROS), including O2

−, HO•, and H2O2, by
these cells.3,5 The latter is converted into hypochlorous acid (HOCl)
by myeloperoxidase (MPO). Neutrophils carry different types of
intracellular granules with specific compositions and functions.6

Azurophilic granules contain MPO, neutral proteases (elastase,
cathepsin G, proteinase 3 and azurocidin) and membrane-
permeabilizing agents (lysozyme, defensins and bacterial
permeability-increasing proteins). Consequently, these are the
primary microbicidal granules. Specific and gelatinase granules
show significant overlap in terms of content and function, though
they can be distinguished based on the presence of lactoferrin
(specific granules) and matrix metalloproteinase-9 (MMP-9;
gelatinase granules). Proteins in both types of granules are vital
for neutrophil extravasation and migration. Secretory vesicles
provide an additional set of proteins that facilitate extravasation,
such as chemoattractant receptors (e.g., formyl peptide receptor 1
(FPR1) and CXC chemokine receptor 2 (CXCR2)), CD16, Mac-1 and
complement receptor 1. Finally, the more recently described
ficolin-enriched granules contain high levels of ficolin-1, a
microbe-binding lectin with structural homology to the comple-
ment protein C1q that, upon interaction with microorganisms,
activates the complement cascade. In addition to their phagocytic
capacity and potent ability to release ROS and degradative
enzymes, highly activated neutrophils may release webs of
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extracellular DNA decorated with proteases and antimicrobial
molecules, i.e., neutrophil extracellular traps (NETs).7

Self-evidently, their high cytotoxic potential implies that
neutrophil activation and migration require tight regulation to
prevent the exaggerated inflammation that leads to tissue
damage. In vivo neutrophil trafficking and activation depend on
complex collaboration between adhesion molecules, cytokines
and proteases, with a central role for professional chemoattractant
molecules and their cognate G protein-coupled receptors (GPCRs)
(Fig. 1). Here, we provide an overview of chemoattractant
receptors expressed by neutrophils and their proposed roles in
health and disease.

REGULATION OF NEUTROPHIL TRAFFICKING, PRIMING AND
ACTIVATION BY CHEMOATTRACTANTS
The neutrophil migration cascade comprises distinguishable
phases of slow, selectin-mediated rolling activation and strength-
ening of adhesion that result in integrin-mediated arrest,
intraluminal crawling and final transmigration (Fig. 1).8,9 Neutro-
phils primarily take a paracellular route, implying that they cross
the vascular wall predominantly at endothelial cell junctions

(Fig. 2). Depending on the intensity of the inflammation and the
vascular bed of the tissue involved, they may also follow a
transcellular path and migrate directly though the endothelial cell
body without loss of the integrity of the plasma membrane of
either cell. Multiple steps of the neutrophil migration cascade
depend on chemoattractants and their receptors. These molecular
guidance cues enable concentration-dependent neutrophil migra-
tion, which determines the direction of intravascular crawling,
triggers adhesion strengthening and is involved in the crucial final
step of transmigration (vide infra).10,11 In humans, neutrophil
chemoattractants belong to four biochemically distinct subfami-
lies, i.e., chemotactic lipids (e.g., leukotriene B4 or LTB4),
chemokines (CXCL1 to CXCL3 and CXCL5 to CXCL8 in humans),
complement anaphylatoxins (C3a and C5a) and formyl peptides
(e.g., N-formyl-Met-Leu-Phe or fMLF). They all function by
activating dedicated GPCRs with seven membrane-spanning
helices.
At first glance, the similarities in chemoattractant functions and

the features of their cognate receptors may give the impression
that these molecules are highly redundant. Nevertheless, convin-
cing scientific evidence shows that each chemoattractant family
contributes to neutrophil trafficking in a unique manner (Fig. 2).

Fig. 1 Regulation of neutrophil migration and activation by chemoattractants. Inflammation or tissue injury leads to increased G-CSF
production, thus stimulating neutrophil mobilization into the peripheral blood. Interactions between selectins and their receptors facilitate
the initial rolling of the neutrophil along the vascular endothelium. A chemoattractant gradient determines the direction of neutrophil
migration. Activation of chemoattractant receptors induces the upregulation and activation of integrins. Binding of integrins to their ligands
enables tight adhesion, eventually leading to trans- or paracellular migration. At the site of infection, neutrophils can phagocytose foreign
material, including pathogens, produce reactive oxygen/nitrogen species (ROS/RNS) and release degradative enzymes and microbicidal
agents (via degranulation) and neutrophil extracellular traps (NETs)
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First, differences in cellular sources and temporal and spatial
production may partially explain the nonredundant roles
of chemoattractants in vivo. Second, intermediate-target
(LTB4 and chemokines) can be distinguished from end-target
chemoattractants (formyl peptides and C5a). Indeed, in a complex
(patho)physiological environment, neutrophils can prioritize che-
moattractants to eventually follow the signals transmitted by the
end-target molecules.10,11 Thus, chemoattractants are believed to
cooperate spatiotemporally, in a hierarchical manner, to orches-
trate neutrophil migration. Impressive previous research efforts
have illustrated the in vivo relevance of this hypothesis. For
instance, analysis of sterile inflammation in mice by intravital
imaging revealed that initial neutrophil chemotaxis in healthy
tissue directed towards the site of inflammation depends on an
intravascular chemokine gradient, whereas the final migration
step into the injured tissue is governed by formyl peptides derived
from dying cells.12 Similarly, CXCR2-interacting chemokines and
FPR-activating mitochondrial products were found to act in
concert to drive neutrophil migration and full-blown inflammation
in a murine model of acetaminophen-induced liver cytotoxicity.13

Importantly, members of distinct chemoattractant families pre-
sumably serve different functions during the final step of
neutrophil transmigration. For instance, the chemokine CXCL2,
partially released by neutrophils, fulfills a determinative role in the
adequate breaching of endothelial cell junctions to facilitate
paracellular migration (Fig. 2b).14 Conversely, the bacterial-derived
chemoattractant fMLF drives neutrophil extravasation via the
transcellular pathway (Fig. 2b).9

The descriptor ‘chemoattractant’ may insinuate that the
function of these molecules is restricted to leukocyte migration.
However, chemoattractants and their cognate receptors are also
implicated in neutrophil activation, a highly dynamic process
designed to guarantee that maximal activation manifests at the
correct location in the body and only when necessary.15

Circulating neutrophils are quiescent under homeostatic condi-
tions but may enter a state of ‘high alert’ upon confrontation with
inflammatory agents—including chemokines and platelet-
activating factor (PAF)—or exposure to mechanical stress (Fig. 2c).
The primed phenotype may be transient or enduring, depending
on the priming agent and context. Primed neutrophils may

Fig. 2 Examples of potential chemoattractant complementarity and collaboration. Different chemoattractant families and their receptors may
fulfill complementary roles during neutrophil migration and activation in vivo. a Migrating neutrophils can discriminate between
intermediate-target (chemokines and LTB4) and end-target (C5a and fMLF) chemoattractants and will eventually follow end-target signals. b
Locally produced chemoattractants may preferentially stimulate neutrophil transmigration via the trans- or paracellular route. c Chemokines
and PAF act as priming agents that push the neutrophil towards a state of ‘high alert’, resulting in a more aggressive response upon
subsequent exposure to activating signals such as those from C5a, fMLF and LTB4
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become fully activated or can undergo a spontaneous, near‐
complete reversal into the quiescent phenotype, highlighting the
apparent plasticity of these leukocytes. Compared to the action of
quiescent cells, primed neutrophils respond more aggressively
upon successive stimulation by activating signals such as those
transduced by LTB4, fMLP and C5a, as illustrated by enhanced ROS
production, degranulation, phagocytosis and an increased ten-
dency to release NETs.

Chemotactic lipids
LTB4 elicits chemotactic responses by a variety of leukocytes but is
likely best known as a potent, intermediate-target neutrophil
chemoattractant. During inflammation, LTB4 is rapidly produced
by de novo synthesis in response to inflammatory cytokines (e.g.,
interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α)), bacterial
products, such as lipopolysaccharide (LPS), or other chemoattrac-
tants (PAF and C5a).16 LTB4 is predominantly released by mature
myeloid cells, with neutrophils serving as important producers of
this arachidonic acid metabolite.17 Phospholipase A2 (PLA2) is
critically involved during the initial steps of the LTB4 biosynthesis
cascade.16 This enzyme facilitates the mobilization of arachidonic
acid to the nuclear membrane. Sequestration of arachidonic acid
by the 5-lipoxygenase (5-LO)-activating protein (FLAP) eventually
leads to physiological changes in the nuclear membrane, thereby
facilitating recruitment of 5-LO. The latter converts arachidonic
acid into 5-hydroperoxyeicosatetraenoic acid (5-HPETE), which is
metabolized into LTA4. The addition of a water molecule by LTA4

hydrolase ultimately leads to the generation of LTB4.
A second chemotactic lipid, PAF, has pleiotropic functions,

including the regulation of leukocyte migration and activation.
Strictly speaking, the term ‘PAF’ refers to a heterogeneous class of
molecules that can be distinguished based on the saturated or
mono-/di-unsaturated alkyl, acyl, or alkenyl chains present at the
sn-1 position of the glycerol backbone.18 Among the different PAF
species, molecules containing C16:0, C18:0, or C18:1 alkyl groups
have the greatest biological potency. Cytokines such as IL-1, IL-6,
IL-12 and TNF-α and the hormones angiotensin II and endothelin,
among others, induce PAF production in platelets and a variety of
(immune) cells. PAF can be generated by structural modification of
distinct membrane phospholipids (remodeling pathway). Alter-
natively, PAF may be synthesized de novo via a multistep
enzymatic process, starting with elementary molecules such as
dihydroxyacetone phosphate.

Complement anaphylatoxins
Complement precursor proteins are synthesized by the liver and
circulate in peripheral blood as inactive molecules. Three modes
of complement activation, i.e., the classical, alternative or lectin-
mediated pathway, eventually facilitate the proteolytic splicing
of the fifth complement component (C5) to generate the
anaphylatoxin C5a and C5b. C5b is the first protein to be
activated in the membrane-attack complex. C5a, undoubtedly, is
the predominant complement activation product with chemo-
tactic properties and end-target signals for neutrophil recruit-
ment.19 Carboxypeptidases remove the COOH-terminal Arg
residue from C5a, generating a des-Arg form with strongly
impaired biological potency. In addition to C5a, the complement
C3-derived protein C3a also has chemotactic activity. However,
although its receptor has been detected on neutrophils, C3a
presumably exhibits no direct neutrophil-chemotactic activity
(vide infra).

Formyl peptides
Peptides composing a formyl Met (fMet) in their NH2-terminal
sequence are naturally released upon degradation of bacterial
components or mitochondrial products and form pathogen-
associated and damage/danger-associated molecular patterns
(PAMPs and DAMPs), respectively, recognized primarily by

leukocytes of innate immunity.20–22 The prototype of a fMet-
containing peptide, fMLF, is a bacterial product that targets
various cell types and acts as an end-target chemoattractant
during neutrophil migration.

Chemokines
Chemokines are specialized chemotactic cytokines produced by a
variety of cells, including leukocytes and connective tissue cells.23

Almost 50 chemokine ligands and at least 19 cognate GPCRs have
been identified. They may fulfill homeostatic and/or inflammatory
functions and can be produced constitutively or in response to
microbial or endogenous inflammatory mediators, depending on
the ligand considered. Based on the number and spacing of the
conserved Cys residues present in the NH2-terminal region, a
classification of CC, CXC, CX3C and C chemokines is respected.
Importantly, members of the chemokine family differ from all
other chemoattractants by showing a certain degree of selectivity
for specific leukocyte subsets. However, inflammation may alter
the expression pattern of chemokine receptors on leukocytes to
expand the target cell repertoire of distinct chemokines (vide
infra).
In humans, seven CXC chemokines (i.e., CXCL1 to CXCL3 and

CXCL5 to CXCL8) contain a conserved Glu-Arg-Leu (ELR) motif
preceding the first NH2-terminal Cys and are considered
intermediate-target signals for neutrophil chemotaxis, with CXCL8
being the prototype and most potent neutrophil-attracting and
neutrophil-activating human chemokine.24 In addition, CXCL12 is
critically involved in the regulation of neutrophil bone marrow
storage and release (vide infra and Fig. 1). Although chemokines
primarily function by activating designated GPCRs, their precise
activity and availability depend on a set of multidimensional
regulatory mechanisms, which may, at least partially, explain their
nonredundant roles in vivo.25 In particular, it has been established
that alternative gene splicing, modulation of gene transcription
and mRNA stability, mutual synergism/antagonism, binding to
glycosaminoglycans, interactions with atypical chemokine recep-
tors (ACKRs) and posttranslational modifications of chemokines
and GPCRs all play important roles in controlling in vivo
chemokine function.25,26 Chemokines are susceptible to post-
translational truncation, citrullination, nitration and glycosylation,
with ligand- and modification-dependent consequences for their
biological functions.27

GENERAL ASPECTS OF CHEMOATTRACTANT-INDUCED
RECEPTOR SIGNALING
Chemoattractant receptors are rhodopsin-like class A GPCRs that
transduce signals via heterotrimeric G proteins. They contain
seven transmembrane domains interconnected by three intracel-
lular and three extracellular loops. The NH2- and COOH-terminal
receptor domains are situated extracellularly and intracellularly,
respectively. Most cellular responses elicited upon ligand-induced
activation of chemoattractant receptors are sensitive to pertussis
toxin, implying that these receptors predominantly couple to the
inhibitory type of Gα protein (Gαi). Platelet-activating factor
receptor (PAFR) can also couple to Gαq; however, PAFR-initiated
chemotaxis truly depends on Gαi-mediated signaling events.28

Upon agonist stimulation, chemoattractant receptors undergo a
conformational change to facilitate the exchange of guanosine
diphosphate (GDP) for guanosine trisphosphate (GTP) and
dissociation of the Gαi subunit from the Gβγ dimer (Fig. 3).29 Gαi
triggers the inhibition of adenylyl cyclase (AC), consequently
lowering the endogenous concentrations of the second messen-
ger, cyclic adenosine monophosphate (cAMP). The Gβγ dimer
most likely initiates at least two downstream signaling cascades in
parallel. Activation of the membrane-bound enzyme phospholi-
pase C (PLC)β, on the one hand, results in the conversion of
phosphatidylinositol (4,5)-bisphosphate (PIP2) into diacylglycerol
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(DAG) and inositol 1,4,5-trisphosphate (IP3), ultimately leading to
the mobilization of intracellular Ca2+ from the endoplasmic
reticulum and the activation of Ca2+-sensitive protein kinases,
including protein kinase C (PKC) isoforms. On the other hand, a
second enzyme is activated by the Gβγ dimer, i.e., phosphoinosi-
tide 3-kinase (PI3K)γ, which induces the conversion of PIP2 into
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and activation of
extracellular signal–regulated kinases (ERK) and phosphokinase B
(PKB; also known as Akt) (Fig. 3).
Neutrophils express three Src tyrosine kinases, Hck, Fgr and Lyn,

which may also be implicated in chemoattractant-induced
signaling.30 Functionally, Src kinase activation seems to be
important for the downstream activation of p38 mitogen-
associated protein kinases (MAPKs).31 The mechanism of Src
tyrosine kinase activation in this context has only been partially
deciphered but may involve β-arrestins (vide infra), G protein
subunits and/or the GPCR itself and presumably manifests in
parallel with the activation of PI3K-dependent and PLCβ-
dependent signaling (Fig. 3).29 Importantly, intermediate-target
and end-target chemoattractants differ in terms of their down-
stream signaling pathways. Specifically, receptor activation
induced by intermediate-target chemoattractants depends on
PI3K- and phosphatase and tensin homolog (PTEN)-dependent
pathways, while end-target signals induce Src kinase-dependent
p38 MAPK phosphorylation.10,11 Nota bene, it was suggested that

the end-target receptors exhibit a higher constitutive activity than
the intermediate-target receptors.32

A hallmark feature of GPCRs, including those serving as
chemoattractant receptors, is the typical rapid homologous
desensitization of the receptor upon agonist stimulation.
Homologous desensitization is predominantly accomplished
through the phosphorylation of the activated receptor by
intracellular GPCR kinases (GRKs) and consecutive docking of
β-arrestin adaptor proteins, eventually leading to G protein
uncoupling.33 Importantly, independent of their ability to
uncouple GPCRs from conventional signaling, β-arrestins may
directly activate downstream pathways to fine-tune many
migration-related intracellular events.33,34 Additionally, interac-
tions between chemokines and ACKRs—which do not couple to
G proteins—usually result in β-arrestin-dependent signaling
responses (Fig. 3). Furthermore, different chemoattractant
families and their cognate receptors may undergo heterologous
desensitization; for example, reciprocal desensitization of fMLF-
and C5a-induced Ca2+ signaling, actin polymerization and
migration of human neutrophils has been reported.35,36 More-
over, prestimulation with either of these chemoattractants
induces a unidirectional desensitization of CXCL1 and CXCL8,
thus inhibiting the neutrophil responses they elicit. In mice,
stimulation by a nonpeptidyl FPR agonist results in the down-
regulation of CXCR2 expression on neutrophils and failure

Fig. 3 Downstream effects of chemoattractant-induced GPCR activation. Activation of chemoattractant receptors by their cognate ligands
evokes a conformational change and the exchange of guanosine diphosphate (GDP) for guanosine trisphosphate (GTP), followed by
dissociation of the heterotrimeric G protein into a Gαi subunit and a Gβγ dimer. The Gαi subunit mediates the inhibition of adenylyl cyclase
(AC), resulting in a reduction in intracellular cyclic adenosine monophosphate (cAMP) concentrations. The Gβγ dimer initiates two parallel
signaling cascades. Activation of phospholipase Cβ (PLCβ) enables the processing of phosphatidylinositol (4,5)-bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) and the downstream activation of protein kinase C (PKC) isoforms. Second, the
activation of phosphoinositide 3-kinase γ (PI3Kγ) facilitates the conversion of PIP2 into phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and the
downstream activation of extracellular signal–regulated kinases (ERK) and phosphokinase B (Akt). Activation of Src kinases presumably occurs
via an independent yet uncharacterized pathway (indicated by question marks). Phosphorylation of the receptor at the COOH-terminus
enables binding of the β-arrestin adaptor proteins that uncouple the receptor during conventional G protein-dependent intracellular events
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to respond to C5a, LTB4, or CXCL1 in calcium mobilization
and chemotaxis assays in vitro.37 In contrast, PAFR activation
facilitates the reactivation of desensitized FPRs on neutrophils in
a unidirectional, actin-dependent manner, resulting in enhanced
superoxide production.38 It was recently demonstrated that
PAFR-initiated Gαq-related signals are critical for the activation
of Gαi-coupled FPRs.39

EXPRESSION LEVELS AND FUNCTIONS OF NEUTROPHIL
CHEMOATTRACTANT RECEPTORS IN HEALTH AND DISEASE
Receptors for chemotactic lipids
BLT1. BLT1 is the high-affinity receptor for the prototype
chemotactic lipid LTB4.

40 In addition, 20-OH-LTB4 and 12-
hydroxyeicosatetraenoic acid [12(R)-HETE] bind to BLT1. Moreover,
the pro-resolving lipid resolvin E1 uses BLT1 to promote
neutrophil apoptosis and the resolution of inflammation.41 The
receptor is expressed predominantly by leukocytes of the innate
immune system, such as neutrophils, mast cells, monocytes,
macrophages, basophils, eosinophils and dendritic cells.16 The
expression level of BLT1 on neutrophils is modulated by complex
and poorly defined environmental cues. Prestimulation with
CXCR1/2 ligands attenuates LTB4-induced Ca2+ signaling and
the chemotaxis of human neutrophils in vitro.42 In vivo, however,
BLT1 and CXCR2 cooperate to drive neutrophils into the skin of
mice suffering from imiquimod-induced psoriasis.43 Disruption of
BLT1 signaling enhances the internalization of FPR1 and C5aR1,
thereby decreasing neutrophil chemotaxis towards fMLF and
C5a.44

It is important to note that the contributions of BLT1 signaling
during neutrophil recruitment in vivo have been unraveled to a
lesser extent than those of other classical neutrophil chemoat-
tractant receptors, i.e., CXCR1/2, FPR1/2 and C5aR1. Accumulating
evidence suggests that fluctuations in BLT1 expression levels on
neutrophils may be interesting from a clinical point of view and
for targeting LTB4-BLT1 interactions (Supplementary Table 1). In
mice, BLT1-driven pathological neutrophil recruitment has been
implicated in multiple inflammatory diseases, including skin
inflammation, arthritis and acute kidney injury.45–48 In contrast, a
protective function of LTB4-BLT1 signaling was evidenced in a
murine model of acetaminophen-induced liver toxicity.49 Specifi-
cally, the accumulation and activation of hepatic neutrophils were
increased in BLT1-deficient mice, which developed more pro-
nounced disease symptoms. The fact that the LTB4-BLT1 axis is
important for neutrophil migration, as well as for activation,
illustrates the important role of this ligand-receptor pair in
facilitating pathogen clearance during polymicrobial sepsis.50

However, the resulting excessive inflammation eventually leads
to enhanced mortality.
Notably, a second receptor that binds LTB4 has been identified,

although it has low affinity, i.e., BLT2.51 Compared to BLT1, BLT2 is
more ubiquitously expressed, shows a certain degree of promis-
cuity and transduces signals in response to multiple eicosanoids.
The current knowledge on the precise biochemical and functional
characteristics of BLT2 is limited. However, LTB4-BLT2 signaling
may be involved in neutrophil migration.

PAFR. PAFR is expressed in most organs, muscles and leukocytes,
including neutrophils.52 The receptor is activated by PAF, a
highly potent proinflammatory phospholipid with neutrophil-
chemotactic and neutrophil-activating properties at picomolar
concentrations. Several biomolecules act as natural PAFR agonists
and show PAF-like activity, including LPS, oxidized low‐density
lipoprotein, and streptococcus-derived lipoteichoic acid moi-
eties.52 Harmful effects of PAFR-driven neutrophil recruitment
and inflammation were observed in mouse models of folic
acid-induced renal inflammation, sponge-induced granuloma,
intestinal ischemia-reperfusion-related inflammation, influenza

A-related lung injury and zymosan-induced joint inflammation
(Supplementary Table 1).53–57 In addition, PAFR-dependent
neutrophil trafficking has been implicated in cancer. For instance,
inhibition of PAFR following coinjection of a subtumorigenic dose
of melanoma cells and apoptotic cells in mice attenuated
neutrophil and macrophage infiltration, eventually leading to
impaired tumor growth.58 Due to its potent activation of
neutrophil-dependent pathogen killing, PAFR may also fulfill
defensive functions. A protective role for PAFR-driven neutrophil
migration and activation was found during K. pneumonia-induced
lung infection, with PAFR-deficient mice showing increased
neutrophil-mediated bacterial clearance and impaired survival.59

Similarly, PAFR signaling is essential for the host defense against P.
aeruginosa pneumonia, as demonstrated by the fact that lung
inflammation and injury are increased and the phagocytic
capacity of neutrophils is impaired in the absence of PAFR.60

Complement receptors
C3aR. The complement receptor C3aR is mostly expressed by
leukocytes of myeloid lineages, including neutrophils, monocytes,
eosinophils, basophils and mast cells.19 However, it has been
suggested that basophils and eosinophils are the principal target
cells for C3a within peripheral blood. The precise function of C3aR
and its response to C3a depend on the cell type studied. In mice,
circulating LPS promotes the upregulation of C3aR on neutrophils
and activation of the complement cascade, thereby facilitating
NETosis and pushing neutrophils towards a protumoral pheno-
type.61 Interestingly, costimulation with its downstream cousin
C5a inhibits C3a-induced internalization of C3aR expressed
by human neutrophils.62 Regarding the functional role of the
C3aR expressed by neutrophils, contradictory results have been
published, and opposite functions have been attributed to C3a.
Compelling scientific evidence suggests that C3a does not directly
induce neutrophil chemotaxis, despite its potency to induce the
activation of ERK1/2 and Akt-dependent pathways in these cells.63

When interpreting the results of C3a activity on neutrophils, one
should consider that certain described effects are most likely
secondary to its effects on eosinophils that may be present in
neutrophil preparations. Indeed, supernatant from C3a-stimulated
eosinophils promotes neutrophil chemotaxis.64 Genetic ablation
and pharmacological inhibition of C3aR in vivo have been
associated with increased and impaired neutrophil migration
and may have beneficial or harmful consequences, depending on
the experimental model (Supplementary Table 1). In the case of
the increased number of neutrophils upon deletion of C3aR, it
remains to be determined whether this reported augmentation of
neutrophil recruitment results from compensation by other
chemoattractant receptors and their cognate ligands. Interest-
ingly, C3aR-deficient mice showed an enhanced susceptibility to
granulocyte colony-stimulating factor (G-CSF)-induced neutrophil
mobilization, and C3aR stimulation suppressed neutrophil mobi-
lization in wild-type mice. Follow-up research revealed that, upon
the introduction of spinal cord injury in the mice, C3aR signaling
antagonized CXCR2-induced neutrophil bone marrow egress via
PTEN.65 Moreover, fewer circulating neutrophils in humans with
spinal cord injury correlate with improved recovery, suggesting
that C3aR and PTEN might be interesting therapeutic targets in
this context.

C5aR1. The complement activation product C5a is an exception-
ally powerful mediator of inflammation and has potent neutrophil
chemotactic activity. The receptor recognized by this anaphyla-
toxin, C5aR1, is expressed by virtually every cell type, including
leukocytes (e.g., neutrophils, mast cells, monocytes and eosino-
phils) and nonleukocytes, such as epithelial and endothelial cells,
synoviocytes, keratinocytes, astrocytes and cardiomyocytes.19

Various cell types, including neutrophils, express a second
receptor for C5a, i.e., C5L2 or C5aR2, which shows no detectable
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G protein coupling upon ligand stimulation but functions
presumably as an important regulator of C5aR1-mediated signal-
ing.66 It was recently demonstrated that C5aR1-mediated neu-
trophil arrest in murine arthritis in vivo requires the initial
transport of C5a into the vessel lumen, which is facilitated by
endothelial cell-expressed C5L2.67 The stimulation of human
neutrophils with C5a results in rapid internalization of C5aR1,
followed by re-expression of the receptor. Moreover, preincuba-
tion with fMLF desensitizes C5a-induced chemotaxis of human
neutrophils and vice versa, without affecting the ROS release or
degranulation.68 The cytokines TNF-α and granulocyte-
macrophage colony-stimulating factor (GM-CSF) also attenuate
C5a-induced neutrophil chemotaxis.69

Altered C5aR1 expression in patient neutrophils may be of
clinical significance. For example, neutrophils from septic patients
showed reduced C5aR1 expression and impaired C5a-induced
chemotaxis during the early phase of the disease.70 During late
stages of the disease, re-expression of C5aR1 on neutrophils was
found and reflected the recovery of neutrophil activity. Although
low expression of C5aR1 on neutrophils is indicative of mortality,
inhibition of either C5a or C5aR1 improves survival in experi-
mental sepsis.71 Similarly, neutrophils from trauma patients
displayed reduced C5aR1 expression, with C5aR1 expression
levels being inversely correlated with injury severity.72 In HIV
patients, decreased C5aR1 expression on neutrophils was reported
and accompanied by impaired C5a-induced migration and
degranulation.73 Neutrophils found in bronchoalveolar lavage
fluids from healthy volunteers or patients with sarcoidosis also
displays an activated phenotype, as indicated by reduced C5aR1
expression.74 In this case, an additional decrease in C5aR1
expression was detected in the neutrophils from the patients.
Likewise, neutrophils from patients with chronic renal failure
showed reduced C5a-binding capacity.75 Although most studies
on the expression of C5aR1 on patient neutrophils reported
decreased expression, human neutrophils transmigrated into skin
blisters, expressed increased levels of C5aR1 and an enhanced
chemotactic response to C5a.76

Clearly, targeting C5aR1 signaling may be a relevant approach
to limit excessive neutrophil recruitment and activation. The
results from intense research efforts favor this hypothesis
(Supplementary Table 1). In mice, C5aR1-deficient neutrophils
failed to induce arthritis, but initiation of local inflammation by
wild-type neutrophils paved the way for the entrance of these
cells.77 Genetic ablation of murine C5aR1 corresponded to a
strongly reduced susceptibility to the development of antibody-
induced arthritis, and anti-C5aR1 treatment was associated with
decreased neutrophil infiltration in the early phase of murine
delayed-type hypersensitivity arthritis.78,79 C5aR1 signaling pre-
sumably also plays an important role during neutrophil migration
in human arthritis.80

C5aR1 inhibition seems highly relevant in the context of
ischemia-reperfusion injury. For example, inhibition of C5aR1
impaired neutrophilia and neutrophil infiltration in hepatic
ischemia-reperfusion injured tissue and was associated with an
attenuated release of inflammatory mediators and survival.81 In a
model of anti-neutrophil cytoplasmic autoantibody-induced
necrotizing crescentic glomerulonephritis, the numbers of
glomeruli-infiltrating neutrophils and level of albuminuria were
significantly reduced in the mice that had received bone marrow
transplants from C5aR1-deficient littermates.82 The absence or
inhibition of C5aR1 also attenuated anti-neutrophil cytoplasmic
antibody-induced neutrophil dysfunction and injury in murine
glomerulonephritis, reduced the infiltration of neutrophils into the
kidneys and prevented progressive impairment of renal functions
in mice with lupus nephritis.83,84 Treatment with anti-C5aR1
reduced the number of neutrophils in bronchoalveolar lavage
fluid and was associated with amelioration of airway hyperrespon-
siveness in mice.85 Similarly, C5aR1-targeted therapy reduced

ovalbumin-induced neutrophil influxes and airway inflammation
in a murine model of allergic asthma.86 Finally, a pivotal role for
C5a-C5aR1 signaling during pathological neutrophil recruitment in
the context of high-fat diet-induced vascular inflammation in mice
was revealed.87

Formyl peptide receptors
FPR1 and FPR2. FPRs are expressed by immune and nonimmune
cells, though they are predominantly recognized as myeloid
chemoattractant receptors.20–22 Human neutrophils express FPR1
and FPR2, which are well-known for their unusual degree of
promiscuity and pleiotropic action (Table 1). These classical GPCRs
display homologous desensitization upon agonist stimulation,
which is nullified upon activation of the ATP receptor P2Y2, but
not vice versa.88 FPR1 was the first human neutrophil chemoat-
tractant receptor to be cloned and is the high-affinity receptor for
the prototypical formyl peptide fMLF, which is abundant in the
supernatant of E. coli cultures. Formyl peptides of different
bacterial origins were identified and are now considered
collectively as PAMPs. Regarding the chemotaxis of human
neutrophils, fMLF-induced migration predominates over CXCL8-
or LTB4-induced chemotactic cues in vitro.89 This superior potency
of fMLF is enhanced in the presence of LPS, which increases FPR1
expression while inducing internalization of CXCR1/2, BLT1 and
C5aR1.90 In contrast to LPS, IL-4 inhibits the expression of FPR1 on
neutrophils.91 Alterations in FPR1/2 expression levels on neutro-
phils have been implicated in disease (Supplementary Table 1).
For instance, significant upregulation of FPR1 was observed on
tumor-infiltrating neutrophils in primary human colorectal cancer
samples.92

It is worth mentioning that several medical drugs interfere with
FPR functions. Cyclosporins, for example, exhibit FPR1 inhibitory
activity.93 Similarly, piroxicam and propofol bind to FPR1 to inhibit
fMLF-induced neutrophil responses.94,95 Additionally, distinct
pathogen-related molecules may influence FPR signaling or
expression. These proteins include chlamydial protease-like
activating factor (CPAF), which paralyses neutrophils by cleaving
surface FPR2, and S. aureus-derived FPRL1 inhibitory protein
(FLIPr), which disrupts FPR2-mediated Ca2+ signaling and
neutrophil chemotaxis.21,96

FPRs are well known for their capacity to recognize and respond
to mitochondrial-derived DAMPs. Thus, persistent neutrophil
activation enables the maintenance of inflammation via the
release of DAMPs. Mitochondrial DAMPs induce Ca2+ signaling
and MAPK activation in human neutrophils, mediate chemotaxis
and activation of the oxidative burst, promote the release of MMP-
9 and CXCL8 by these cells, and may suppress cellular responses
to CXCL1, LTB4 and fMLF.97,98 Mitochondrial DAMPs were
abundantly present in bronchoalveolar fluids and serum from
patients with acute respiratory distress syndrome, and deficiency
or inhibition of FPR1 resulted in reduced inflammation in a murine
model of this disease.99 Additionally, high levels of mitochondrial
DAMPs were associated with the development of primary graft
dysfunction in lung transplantation patients.100 Moreover, analysis
of primary graft dysfunction in a mouse lung transplantation
model revealed a pivotal role for FPR1-driven neutrophil traffick-
ing and activation in this context.
Direct interactions have been demonstrated between FPR2 and

resolvin D1, a metabolic byproduct of the omega-3 fatty acid
docosahexaenoic acid.21 As indicated by its name, resolvin D1 has
pro-resolving, anti-inflammatory functions. This lipid cooperates
with FPR2 to block neutrophil recruitment and neutrophilic
inflammation in vivo. For instance, the resolvin D1-FPR2 axis has
been implicated in LPS-induced lung injury, with resolvin D1-FPR2
signaling reducing CXCL2 expression in alveolar macrophages to
attenuate neutrophil accumulation and protect mice from acute
lung injury.101 FPR2 was originally considered a high-affinity
receptor for the pro-resolving arachidonic acid derivative lipoxin
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A4 (LXA4), which has anti-adhesive effects and inhibits neutrophil
transmigration.40 However, several research groups observed that
LXA4 and FPR2 had no interaction, and the incorrect use of FPR
inhibitors has been reported.21 Consequently, persuasive scientific
evidence concerning the identity of the receptor used by LXA4 to
exert its pro-resolving functions in vivo is lacking. Apparently
conflicting results were also published in the context of SAA-FPR2
interactions. Indeed, it was initially suggested that SAA induces
Ca2+ signaling and chemotactic responses in neutrophils via FPR2.
However, although commercially available SAA shows FPR2
agonistic activity, this recombinant protein is most likely no valid
substitute for the natural, endogenously expressed molecule.102 It
is also important to point out that many studies on the SAA-FPR2
axis depended on a SAA1-SAA2 hybrid that does not exist in
humans. Nevertheless, we recently demonstrated that SAA
fragments used FPR2 to synergize with CXCL8 in neutrophil
chemotaxis assays.103

An interesting ligand that uses all human FPRs is annexin A1, a
Ca2+-dependent phospholipid-binding protein with potential anti-
inflammatory activity. Annexin A1 and its NH2-terminal peptides
Ac1–26 and Ac9–25 elicit Ca2+ responses in human neutrophils
via FPR1 without fully activating MAPK-dependent signaling.104

Genetic ablation of annexin A1 in murine neutrophils accelerated
their maturation and reduced the chemotactic responses to
CXCL12.105 Moreover, annexin A1 deficiency or FPR2 inhibition
resulted in increased numbers of circulating CXCR4+ neutrophils,
suggesting a role for annexin A1 in neutrophil homing and
maturation via the modulation of CXCL12-CXCR4 signaling.
Due to their pleiotropic nature and ligand variety, proinflam-

matory and anti-inflammatory functions have been attributed to
FPRs (Supplementary Table 1). In a mouse model of L.
monocytogenes infection, the absence of functional FPR1/2
resulted in impaired neutrophil mobilization during early infection,
thereby worsening disease and increasing mortality.106 FPR1/2
exerts protective effects during bacterial meningitis, as demon-
strated by the observation that FPR1/2-deficient mice suffer from
increased bacterial burden, enhanced neutrophil infiltration and
lower survival.107 The absence of FPR2 resulted in the excessive
release of NETs and higher mortality in mice with severe infection-
induced lung injury.108 Moreover, upon the introduction of a
sterile skin injury in mice, FPR1/2 promoted rapid neutrophil
infiltration to facilitate wound healing.109 In contrast, intravital
imaging revealed that FPR1 drove pathological neutrophil
infiltration into the liver in a murine model of hepatic ischemia-
reperfusion injury.110 Beneficial effects of FPR1 deficiency or
neutralization and the subsequent inhibition of neutrophil
recruitment were observed in murine models of cigarette
smoke-induced emphysema, endotoxin-induced lung inflamma-
tion, endometriosis and experimental colitis.111–114 In addition,
carbon monoxide-mediated interference of FPR1 signaling led to
reduced neutrophil infiltration in and promoted the survival of
septic mice.115

Chemokine receptors
CXCR1. CXCR1 is a key receptor for the trafficking of
neutrophils.24,116 The human receptor is activated upon stimula-
tion with CXCL6 and CXCL8, whereas CXCL5 exhibits weak CXCR1
agonistic activity.117 Moreover, the S. aureus-derived leukotoxin ED
utilizes CXCR1 to induce the death of neutrophils in vitro.118

Although neutrophils are the predominant CXCR1-expressing
cells, a range of other cell types, including mast cells, macro-
phages, osteoclasts, CD8-positive effector T cells, natural killer (NK)
cells, basophils and cancer cells, may express detectable levels of
functional CXCR1.24 The expression level of CXCR1 on neutrophils
is life cycle-dependent, with naive neutrophils being characterized
by high CXCR1 expression and activated/infiltrated cells displaying
low CXCR1 expression (Fig. 4). Phagocytosing neutrophils, for
example, are characterized by reduced CXCR1 expression.119Ta
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Upon execution of their effector functions at the site of
inflammation, neutrophils may re-enter the vasculature/migrate
away from the inflamed tissue, a phenomenon known as reverse
transendothelial migration.120 Low CXCR1 expression is a hallmark
of these reverse-transmigrated neutrophils. CXCR1 on neutrophils
may also be downregulated in response to inflammatory agents
such as TNF-α, Toll-like receptor 2 (TLR2) and TLR4 agonists, H.
pylori and elastase or upon reoxygenation.121–125 In addition,
exposure to body fluids from patients with inflammatory
pathologies induces a rapid downregulation of CXCR1 on healthy
donor neutrophils. For example, reduced CXCR1 expression was
observed in healthy donor neutrophils incubated with the plasma
from patients with alcoholic hepatitis.126 Interestingly, inhibitors of
TLR2, TLR4, and TLR9 signaling prevented the downregulation of
CXCR1 expression on neutrophils. Similarly, stimulation of healthy
donor neutrophils with IL-4/IL-13 or exposure to serum from
allergic patients reduced CXCR1 expression, accompanied by
reduced CXCL8-induced migration and an impaired ability to
release NETs.127 The fact that administration of LPS in healthy
volunteers led to decreased CXCR1 levels on human neutrophils
and a threefold increase in the release of ROS production
illustrates the potential functional relevance of the modulation
of CXCR1 expression in vivo.128

In line with the reported downregulation of CXCR1 on
activated/infiltrated neutrophils, multiple research groups
reported reduced CXCR1 expression on neutrophils from patients
with various diseases (Supplementary Table 1). For example,
decreased CXCR1 expression was observed on infiltrated neu-
trophils from asthmatic and chronic obstructive pulmonary
disease (COPD) patients compared to the expression on blood
neutrophils.129 Moreover, proteolytic activity in the lungs of cystic
fibrosis patients and, to a lesser extent, in lungs of COPD patients,
induced the cleavage of CXCR1 on neutrophils, thereby impairing
CXCL8-induced bacterial killing.130 Low CXCR1 expression on
neutrophils was associated with end-stage renal disease or acute
pyelonephritis in children.131,132 Furthermore, a correlation was
found between reduced CXCR1 levels on patient neutrophils and
the disease severity of hepatitis B-related liver failure, suggesting a

potential role for CXCR1 as a predictive biomarker in this
context.133 Interestingly, neutrophils from patients with chronic
kidney disease displayed reduced CXCR1 expression, with the
neutrophils from nonresponders to recombinant human erythro-
poietin therapy showing a more pronounced decrease in CXCR1
levels.134 In contrast, CXCR1 was greatly upregulated in the
kidneys of candidiasis-infected mice, and CXCR1 deficiency
resulted in decreased survival and promoted kidney failure.135

Moreover, mice lacking CXCR1 displayed enhanced susceptibility
to the development of systemic candidiasis due to defective
pathogen killing by neutrophils. Thus, the precise CXCR1 levels
most likely depend on the local (inflammatory) environment and
the location in the body (tissue-infiltrated cells versus
bloodstream-circulating cells), with important roles in the
neutrophil life cycle.

CXCR2. CXCR2 is a major chemokine receptor expressed by
neutrophils.24,116 Perceptible CXCR2 expression was also detected
in other cell types, including keratinocytes, monocytes and a
variety of cancer cells. The human receptor is activated by all
seven ELR-positive CXC chemokines, i.e., CXCL1 to CXCL3 and
CXCL5 to CXCL8, and is the putative receptor through which these
chemokines exert their angiogenic activity. Interestingly, stimula-
tion of CXCR2 in human neutrophils primes CXCL8-induced Ca2+

signaling via CXCR1, and it has been suggested that CXCR2 is an
important receptor for responses to agonist at low concentra-
tions.136 In addition to mediating neutrophil migration to the
inflamed site, CXCR2 signaling promotes the release of neutrophils
from the bone marrow, thereby antagonizing CXCR4-mediated
bone marrow retention of neutrophils.137

CXCR2 is targeted by distinct bacterial products. For example, S.
aureus-derived leukotoxin ED uses CXCR2 for killing neutrophils,
and staphopain A acts as a natural CXCR2 blocker.118,138 The
expression of CXCR2 on neutrophils is modulated by environ-
mental cues and related to their state of activation (Fig. 4).119 For
example, stimulation with TNF-α, nitric oxide, TLR2 or TLR4
agonists, confrontation with H. pylori, low-dose prednisolone
therapy or exposure to high chemokine ligand concentrations

Fig. 4 Regulation of chemokine receptor expression by neutrophils. Naive neutrophils, freshly released from the bone marrow, display high
levels of CXCR1 and CXCR2, which are the two major chemokine receptors involved in the trafficking of human neutrophils. Exposure to
endogenous or exogenous inflammatory mediators may induce the upregulation of additional chemokine receptors, e.g., CCRs and CXCR3.
Prolonged stimulation or exposure to high chemokine concentrations induces the downregulation of chemokine receptors. Consequently,
highly activated, infiltrated cells are characterized by low CXCR1 and CXCR2 expression levels. Neutrophil aging is accompanied by the
upregulation of CXCR4 expression, thereby facilitating a return of the cell to the bone marrow, which contains high levels of CXCL12
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induced the downregulation of CXCR2 expression, whereas CXCR2
upregulation was promoted by neutrophil-derived lipocalin-
2.34,90,121,123,124,139–142 CXCR2 expression levels were enhanced
upon stimulation with G-CSF, which simultaneously induced the
downregulation of CXCR4, thereby promoting neutrophil mobili-
zation into the blood circulation.127 To add an additional layer
of complexity, the effect of an individual inflammatory mediator is
context-dependent. For example, IL-4 counteracts the G-CSF-
induced upregulation of CXCR2.127 Moreover, in mice, G-CSF
facilitated neutrophil mobilization only at a relatively late stage of
E. coli-induced acute inflammation, while it prevented excessive
neutrophil egress during the early phase of inflammation by
negatively modulating CXCR2-mediated signaling.143

In line with the reported downregulation of CXCR2 levels upon
neutrophil activation, reduced CXCR2 levels were detected on
neutrophils from patients with a range of immune-mediated
diseases, with possible functional consequences (Supplementary
Table 1). For example, low CXCR2 expression on peripheral blood
neutrophils from patients with hepatitis B virus-related acute-on-
chronic liver failure was related to a poor prognosis.133 In patients
with systemic lupus erythematosus, an abnormal modulation of
CXCR2 expression by neutrophils was observed and coincided
with diminished CXCL8-induced response levels.144 Similarly,
neutrophils from septic patients showed decreased CXCR2 levels
and a suppressed CXCL8-induced migratory response.145,146 In a
mouse model of sepsis, phospholipase D2 was critical for the
downregulation of CXCR2 on neutrophils and inhibition of NET
formation.147 In contrast, upregulation of CXCR2 expression on
neutrophils was detected during the relapse phase of ocular
Behçet disease.142 It is important to note that changes in CXCR2
expression levels on neutrophils do not necessarily recapitulate
the alterations in ligand-induced functional responses and vice
versa. For example, peripheral blood neutrophils from patients
with primary ciliary dyskinesia displayed unaltered CXCR2 expres-
sion but attenuated CXCR2-mediated chemotactic responses.148

Depending on the disease studied and the experimental model,
CXCR2 is a potentially interesting drug target (Supplementary
Table 1). In hypoxia-induced lung inflammation in mice, for
example, deficiency of CXCR2 was linked to reduced neutrophil
recruitment and ameliorated lung injury, which conferred a
survival advantage.149 A beneficial effect of CXCR2 blockage or
deficiency was reported in murine and rat models of sterile gut
inflammation.150–152 Notably, the administration of anti-CXCR2
therapy in rats reduced the neutrophil infiltration only in the early
phase of sterile colitis.151 Similarly, CXCR2 inhibition or deficiency
had favorable effects in murine models of dsRNA-induced lung
inflammation, in lung transplant ischemia-reperfusion injury,
helminth-mediated keratitis, and in murine bronchiolitis obliterans
syndrome.153–156 In humans, the administration of a specific
CXCR2 antagonist elicited a reduction in circulating and infiltrated
neutrophils in patients with severe asthma and inhibited LPS-
induced neutrophilic inflammation in healthy volunteers.157,158

However, treatment with a selective CXCR2 blocker did not reduce
the incidence of severely exacerbated asthma in patients.159

Due to the crucial role of neutrophils in pathogen defenses,
inhibition of neutrophil recruitment and/or activation may have
detrimental effects. For example, in murine models of P.
aeruginosa-induced pneumonia, S. aureus-mediated experimental
brain abscesses and E. coli-related kidney infection, CXCR2
deficiency led to reduced neutrophil recruitment and diminished
pathogen killing.160–162 Moreover, CXCR2 blockade and the
subsequent reduced neutrophil recruitment were associated with
enhanced mortality in a mouse model of L. pneumophila-induced
pneumonia.163 In contrast to the advantageous effects of CXCR2
blockage in sterile gut inflammation (vide supra), in a mouse
model of C. rodentium-induced gut infection, an indispensable role
for CXCR2 was demonstrated in the regulation of neutrophil
recruitment, which facilitated pathogen clearance.164 Similarly,

CXCR2 deficiency led to enhanced susceptibility to herpetic
stromal keratitis due to impaired neutrophil recruitment and,
consequently, to a prolonged duration of virus infection in the
eye.165 Furthermore, the absence of CXCR2 was associated
with delayed experimental cutaneous wound healing in mice,
supporting the notion that neutrophils are critically involved in
tissue repair.166

Neutrophils within the tumor microenvironment may be
classified into protumoral and antitumoral phenotypes,167 and
the contributions of tumor-supporting neutrophils to the disease
state are usually overwhelming. Certain molecules within the
tumor microenvironment may promote the recruitment of
protumoral neutrophils. For example, tumor-derived oxysterols
interact with CXCR2 to attract protumoral neutrophils, with
disruption of CXCR2-oxysterol interactions resulting in the
attenuation of tumor growth and offering a survival advantage.168

CXCR2 and its chemokine ligands have been widely implicated in
tumorigenesis and metastasis, and the inhibition of CXCR2 was
found to be beneficial in distinct cancer models. In murine lung
cancer, for example, CXCR2 blockage and the subsequent
inhibition of neutrophil recruitment were associated with
decreased tumor growth and even reduction of tumor size
in vitro and in vivo.169,170 Deficiency of CXCR2 and the resulting
attenuation of neutrophil infiltration also suppressed the forma-
tion of skin and intestinal tumors and adenocarcinoma in mice.171

Moreover, the upregulation of CXCR2 was observed on tumor-
supporting neutrophils in murine pancreatic ductal adenocarci-
noma, and CXCR2 signaling was required for the development of
metastasis in this model.172 A pivotal role for CXCR2 in promoting
metastasis was also revealed in murine breast cancer.173 These
experimental findings support the idea that CXCR2 expression
level may serve as a prognostic biomarker. Consistently, ex vivo
analysis of human hepatocellular carcinoma tissues revealed an
association between CXCR2 levels, neutrophil infiltration and poor
prognosis.174

CXCR3. Human CXCR3 is activated by the three interferon (IFN)-
γ-inducible chemokines CXCL9, CXCL10 and CXCL11 and is the
presumed receptor for the platelet-derived chemokines CXCL4
and CXCL4L1.116,175 The receptor is abundantly expressed on
activated T cells, regulatory T cells, CD4- and CD8-positive effector
and memory T cells but also on innate lymphoid cells, γδT cells, NK
and NKT cells, specific B cell subsets and dendritic cells. CXCR3 is
not expressed on naive, non-infiltrated neutrophils; however,
pulmonary and synovial neutrophils isolated from patients with
chronic lung inflammation or rheumatoid arthritis, respectively,
expressed CXCR3.176 This receptor expression seems functionally
relevant since ligand stimulation induced chemotaxis and
promoted phagocytosis, respiratory burst and α-defensin produc-
tion. Follow-up experiments revealed that exposure to TLR
agonists induced CXCR3 expression on healthy donor neutrophils
in vitro. Investigation of neutrophil-mediated severe lung inflam-
mation of viral and nonviral origin in mice revealed a critical role
for CXCR3 and its ligand CXCL10 in neutrophil recruitment.177

Specifically, functional CXCR3 was detected on neutrophils that
had infiltrated inflamed lungs, and its expression on these
neutrophils was proposed to depend on TLR4-TIR-domain-
containing adapter-inducing IFN-β (TRIF) signaling. Additionally,
neutrophils infiltrating the lungs of influenza-infected mice
expressed CXCR3, and an important role for CXCR3 in neutrophil
recruitment in a mouse model of S. typhimurium-induced colitis
was suggested.178,179

CXCR4. CXCR4 is the exclusive GPCR for the constitutively
produced chemokine CXCL12 and a coreceptor for HIV-1.26,116

The receptor is expressed by virtually all hematopoietic cells,
vascular endothelial cells, astrocytes, neurons, microglia and many
cancer cells.116 The first scientific publications on the expression of
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CXCR4 on neutrophils reported controversial data. However, high
levels of Cxcr4 mRNA were detected in human neutrophils, and
the expression of the CXCR4 protein on these cells was confirmed
using a specific antibody.180 Interestingly, the synergistic action of
CXCL12 and the major human neutrophil-attracting chemokine
CXCL8 in mediating the chemotaxis of human neutrophils was
reported.181 The expression levels of CXCR4 on neutrophils most
likely depend on the experimental/environmental context. For
example, the cytokines TNF-α, IFN-α, IFN-γ, GM-CSF and G-CSF
counteracted CXCL12-induced functional responses in neutrophils
by inducing the internalization and consequent downregulation
of CXCR4.182,183 In contrast, the injection of an adrenocortico-
trophic hormone induced upregulation of CXCR4 on murine
neutrophils in vivo.184

Multiple lines of evidence suggest a pivotal role for the CXCL12-
CXCR4 axis in the regulation of neutrophil homeostasis (Figs. 1
and 4).185 In support of this idea, patients with the primary
immunodeficiency syndrome WHIM (abbreviation of ‘Warts,
Hypogammaglobinemia, Infections, and Myelokathexis’), which is
caused by gain-of-function mutations in the Cxcr4 gene, typically
display abnormal bone marrow retention of neutrophils.186

Indeed, CXCR4 is a master regulator of neutrophil storage in the
bone marrow and facilitates homing of circulating neutrophils
back to the bone marrow following senescence.187 CXCR4 was
found to be expressed preferentially on aged neutrophils and was
upregulated during the aging of human neutrophils in vitro,
independent of the presence of inflammatory mediators.187,188 It
is noteworthy that a role for the microbiome was recently revealed
showing the regulation of a pathological neutrophil subset by
promoting neutrophil aging in a TLR- and myeloid differentiation
factor 88-dependent manner.189 Upon return to the bone marrow
in vivo, neutrophils are phagocytosed by bone marrow stromal
macrophages, which promotes the release of G-CSF by these
cells.190 Under homeostatic conditions, G-CSF regulates the levels
of circulating neutrophils by selectively downregulating CXCR4
expression on bone marrow-derived human and murine myeloid
cells of various lineages, thereby promoting the release of these
cells into the blood circulation.191

CXCL12 exerts dual effects on circulating neutrophils. Specifi-
cally, this chemokine not only direct neutrophil migration but also
enhances the neutrophil expression of TNF-related apoptosis-
inducing ligand (TRAIL) and its receptor, thereby destining these
cells to undergo apoptosis upon arrival at the bone marrow.192

Using a mouse model of sterile liver inflammation, it was recently
demonstrated that liver-infiltrated neutrophils may reenter the
circulation to follow a preprogrammed trafficking route that
includes a temporary delay in the lungs, where CXCR4 is
upregulated, and the subsequent return to the bone marrow,
where they undergo apoptosis.193 Furthermore, an elevated
number of aged CXCR4-expressing neutrophils was detected in
the lung vasculature compared to that in the peripheral
circulation, and the physical interaction of lung neutrophils and
local B cells was discovered.194 The absence of B cells induced the
accumulation of aged neutrophils in the lungs and resulted in
fibrotic lung disease, supporting the hypothesis that the lungs
may function as an intermediate stopover where senescent
neutrophils are regulated by B cells to prevent tissue damage.
The potency of G-CSF, CXCL2 and L. monocytogenes to induce

the release of neutrophils from the bone marrow in mice is
negatively affected by the disruption of CXCL12-CXCR4 signaling,
which indicates that the homing receptor and its unique ligand
are involved in neutrophil mobilization under homeostatic as well
as pathological conditions.195 The upregulation of CXCR4 expres-
sion by neutrophils was reported in different mouse models of
LPS-induced lung inflammation and influenza-induced
pneumonia.178,196 In follow-up experiments, a link between the
activation of L-selectin and upregulation of CXCR4 on neutrophils
in vitro was described.196 Moreover, a role for the CXCL12-CXCR4

axis in the modulation of the transition from the inflammatory
response to the initiation of tissue repair was suggested.197 Recent
experimental findings showed that stimulation with a low dose of
LPS induced the upregulation of CXCR4 on neutrophils and the
release of NETs, which in turn promoted the uptake of house dust
mites by dendritic cells.198 In addition, the induction of allergic
asthma by influenza infection or ozone exposure required the
release of NETs by CXCR4-expressing neutrophils. Thus, CXCL12-
CXCR4 interactions are presumed to be highly relevant also in
allergies. Enhanced CXCR4 expression was observed on neutro-
phils from patients with various lung and joint pathologies
(Supplementary Table 1). Remarkably, preincubation with synovial
fluid from rheumatoid arthritis patients amplified the desensitizing
effect of CXCL12 on the fMLF-evoked respiratory burst of healthy
human neutrophils, suggesting a beneficial function of CXCL12 in
the context of joint inflammation.199 Other pathologies in which
CXCR4-expressing neutrophils have been implicated include
murine lupus with active nephritis, deficiency of the glucose-6-
phosphatase G6PC3 in humans and mice, murine polymicrobial
sepsis, and ischemic stroke in patients.200–203 Recently, a novel
neutrophil subset with high proangiogenic potential characterized
by the expression of the integrin α4 subunit CD49d, vascular
endothelial growth factor receptor 1 (VEGFR1) and CXCR4 was
identified in mice and humans.204 Inhibition of the migration of
these proangiogenic neutrophils into hypoxic tissues in a mouse
model of angiogenesis resulted in diminished vessel formation
without affecting the neutrophil population involved in the
defense against pathogens. These findings suggest an opportunity
to selectively targeting neutrophil-mediated angiogenesis without
disrupting the antimicrobial immune response.

CCR1. Human CCR1 is a promiscuous receptor that interacts with
CCL3, CCL3L1, CCL4, CCL5, CCL7, CCL8, CCL13, CCL14, CCL15,
CCL16 and CCL23 and is expressed by a wide variety of cells,
including astrocytes, macrophages, dendritic cells, monocytes,
lymphocytes, granulocytes and platelets.116 Although human
neutrophils express low, yet detectable, levels of CCR1 under
steady-state conditions, initial observations suggested that these
cells do not respond to CC chemokines, including CCR1 ligands.
However, CCL15 was reported to induce CCR1-mediated Ca2+ flux
and neutrophil chemotaxis in humans.205 Moreover, significant
neutrophil infiltration was observed two hours after the intrader-
mal administration of CCL3 in humans.206 Notably, these authors
demonstrated that neutrophils in whole blood expressed func-
tional CCR1 but not after isolation. The surface expression of CCR1
on neutrophils is strongly enhanced upon confrontation with
inflammatory mediators, including GM-CSF, TNF-α and IFN-γ, and
an important role for CCR1 in the recruitment of murine and
human neutrophils has been found under certain (inflammatory)
conditions (Supplementary Table 1). Increased CCR1 levels were
detected on the infiltrated neutrophils of patients with acute
respiratory distress syndrome.207 Moreover, the analysis of lung
metastases in colorectal cancer patients revealed significantly
shorter relapse-free survival for patients with CCL15-positive
metastasis and showed that most CCR1-expressing cells within
the metastatic lesions were tumor-associated neutrophils.208 In
mice, CCR1 (among other CC chemokine receptors) was found to
mediate the recruitment of neutrophils to postischemic tissues by
controlling intravascular adherence and transmigration.209 The
presumedly important function of CCR1 in regulating the
intravascular adherence and transmigration of neutrophils was
confirmed by in vivo imaging of the mouse cremaster muscle.210

Using CCR1-knockout mice, an important role for CCR1 was found
in the extravasation of neutrophils into the kidneys during murine
hemolytic uremic syndrome.211 In this model, neutrophil renal
infiltration was significantly reduced and delayed in the CCR1-
deficient mice and was accompanied by a delayed release of the
inflammatory cytokines TNF-α and IL-6. A study on wound healing
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revealed the overexpression of CCR1 in murine neutrophils within
the wounded area.212 Strikingly, no alterations in wound healing
were observed in the CCR1-knockout mice. The authors suggested
that the fact that CCR1 was dispensable for wound healing may be
explained by a certain degree of redundancy between chemokine
receptors.

CCR2. Human CCR2 is activated upon stimulation with CCL2,
CCL7, CCL8, CCL13 or CCL16, while CCL26 acts as a natural CCR2
antagonist.116 The receptor is expressed mainly on monocytes,
basophils, T cells, NK cells and immature dendritic cells and
historically not considered a receptor for the recruitment of
neutrophils. However, over the past two decades, it became clear
that murine and human neutrophils express functional CCR2,
particularly during severe (infectious) inflammation. For example,
functional CCR2 was found on murine neutrophils in a model of
chronic inflammation.213 Several lines of evidence suggest a
critical function for CCR2 in ischemia-related neutrophilic inflam-
mation. An important role for CCR2-mediated neutrophil recruit-
ment was found; for example, in a study on ischemia-reperfusion
injury by trans-illumination microscopy of the cremaster muscle in
mice.209 In a murine model of liver ischemia-reperfusion injury,
neutrophil mobilization was dependent on CCR2 expression,
which, in turn, required the activation of the TLR4 – p38 MAPK
axis.214 In a model of cerebral ischemia-reperfusion injury, CCR2
deficiency was associated with a fourfold reduction in neutrophil
infiltration and impaired production of inflammatory cytokines,
accompanied by a reduction in infarct sizes and significantly
decreased blood-brain barrier permeability and brain edema.215

CCR2-expressing neutrophils are potentially relevant in the
context of sepsis. For example, neutrophils isolated from septic
mice express Ccr2 mRNA, are capable of CCL2 and CCL3 binding,
and display CCL2/3-induced chemotaxis.216 Consistently, blocking
CCR2 resulted in diminished neutrophil recruitment in a mouse
model of polymicrobial septic peritonitis.217 Moreover, neutrophils
from septic patients displayed high levels of CCR2, a key receptor
mediating the infiltration of neutrophils into remote organs.218 A
link between illness and increased chemotactic responses of
patient neutrophils to CCR2 ligands was discovered. High
expression levels of responsive CCR2 were discovered on
neutrophils from the blood of patients with early rheumatoid
arthritis and on blood and bone marrow neutrophils from mice
with antigen-induced arthritis.219 Therefore, a critical role for CCR2
has been proposed for the detrimental infiltration of neutrophils
into the joints of rheumatoid arthritis patients with active disease.

CCR3. Human CCR3 interacts with the chemokine ligands
CCL3L1, CCL4, CCL5, CCL7, CCL11, CCL13, CCL15, CCL24, CCL26
and CCL28 and serves as a functional coreceptor for specific
strains of HIV-1 during infection.116,220 Strikingly, the three CXCR3-
interacting chemokines CXCL9 to CXCL11 exhibit natural CCR3
antagonistic activity at high ligand concentrations.221 CCR3 is
expressed most abundantly on eosinophils and basophils.
Additionally, CCR3 expression has been detected on Th2 cells,
keratinocytes, platelets and airway epithelial cells. Although CCR3
is not typically found on neutrophils, IFN-γ treatment was found to
induce an efficient upregulation of Ccr3 mRNA in human
neutrophils in a dose-dependent manner.222 Moreover, IFN-γ-
treated neutrophils displayed specific binding sites for labeled
CCL7 and showed functional migration in response to CCL3, CCL5,
CCL7, CCL11 and CCL15. These findings highlight the supposition
that locally produced inflammatory cytokines may alter the
expression patterns of chemokine receptors on leukocyte subsets,
thereby modulating the target cell repertoire of certain chemo-
kines (Fig. 4). The clinical significance of this hypothesis is
underscored by the observation that neutrophils in lungs or joints
from patients with inflammatory lung diseases and rheumatoid
arthritis express high levels of functional CCR3.176,207 The

observation that cutaneous injection of CCL11 and CCL24 induced
neutrophil recruitment in healthy volunteers also supports a role
for CCR3 in the recruitment of human neutrophils in vivo.223

CCR5. Human CCR5, the receptor for CCL3, CCL3L1, CCL4, CCL5,
CCL8, CCL14 and CCL16 and for the antagonist CCL7, is
predominantly expressed on monocytes and dendritic cells but
also on endothelial cells, epithelial cells, astrocytes and vascular
smooth muscle cells.116 In addition to interacting with its
chemokine ligands, CCR5 acts as a major coreceptor for HIV-1
during infection and is a receptor for the S. aureus-derived
leukotoxin ED.116,224 Constitutive expression of detectable CCR5
on freshly purified human neutrophils has been reported.225

Nevertheless, CCL3-induced phosphorylation of ERK1/2 via CCR5
required pretreatment of the neutrophils with GM-CSF. Addition-
ally, GM-CSF stimulation facilitated neutrophil migration in
response to CCL3 and CCL4 in a CCR5-dependent fashion.
Regarding the relevance of CCR5-expressing neutrophils in vivo,
a role for CCR5 was revealed in the recruitment of murine
neutrophils after the induction of ischemia-reperfusion injury,
upon acute endotoxin-induced lung injury and during infectious
pneumonia.111,178,209 Furthermore, expression of CCR5 on apop-
totic neutrophils (and activated apoptotic T cells) during the
resolution phase of murine peritonitis facilitated the scaffolding of
CCL3 and CCL5, supporting the hypothesis that CCR5-expressing
apoptotic leukocytes may be involved in the termination of
chemokine signaling.226 An analysis of neutrophils from rheuma-
toid arthritis patients revealed the upregulation of Ccr5 gene
expression, and CCR5 was detected on the infiltrated neutrophils
from patients with chronic lung or joint inflammation and on
tumor-associated neutrophils derived from lung cancer
patients.176,227,228 The in vitro expression of CCR5 on human
neutrophils was suggested to be apoptosis-related.176

ACKRs and CCRL2. In contrast to conventional chemokine
receptors, ACKRs lack or show profound alterations in the
canonical DRYLAIV motif in the second intracellular loop and are
unable to couple to G proteins. In humans, four ACKRs (ACKR1 to
ACKR4) that share the capacity to internalize chemokines—
predominantly via β-arrestin-dependent mechanisms—as a hall-
mark feature were identified.116,229–231 Depending on the specific
ACKR, the cellular context and likely also on the chemokine ligand
considered, internalization may or may not be followed by
activation of alternative signaling pathways. Among the four
human ACKRs, ACKR1 and ACKR2 play important roles in
modulating neutrophil trafficking and functional responses.
ACKR1, originally named ‘Duffy antigen receptor for chemo-

kines’ (DARC), completely lacks the DRYLAIV motif.229–231 The
receptor is expressed at high levels by erythrocytes and has been
detected on stromal cells but is absent on leukocytes. In red blood
cells, ACKR1 functions as a scavenger for CCR1, CCR2, CCR3, CCR4,
CCR5, CXCR1, CXCR2 and CXCR3 ligands.230,231 Due to its potent
ability to control the transport and biodistribution of these
chemokines, the receptor is presumably involved not only in the
modulation of inflammatory responses but also in the regulation
of neutrophil homeostasis. The fact that the reduced number of
neutrophils observed in individuals of African origin is strongly
associated with null polymorphic ACKR1 favors this hypothesis.230

Intravital imaging of mice revealed that neutrophils facilitate their
own apical-to-basolateral transmigration via the production of
CXCL2, which is sequestered and presented by endothelial
ACKR1.14 Importantly, these authors demonstrated that CXCL1
and CXCL2, produced by TNF-α-treated endothelial cells/pericytes
and neutrophils, respectively, act in a sequential manner to
promote neutrophil crawling (CXCL1) and breaching of endothe-
lial junctions (CXCL2), supporting the notion that individual
CXCR1/2 ligands may serve unique, nonredundant functions
during in vivo neutrophil trafficking. Various results have been
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published regarding the effects of ACKR1 deficiency on neutrophil
function and migration in vivo. The absence of the atypical
receptor most likely affects in vivo neutrophil chemotaxis without
affecting the susceptibility to bacterial infection.232 Notably, it
remains to be determined whether the described phenotypes can
be attributed to the loss of ACKR1 on erythrocytes or to the lack of
ACKR1 expression by endothelial cells. In mice, the plasma
concentrations of CXCL1 and CXCL2 were enhanced in the
presence of CXCL5, which occupied ACKR1 on the erythrocytes to
prevent scavenging by the two other CXCR1/2 ligands.233 The
observed competition for ACKR1 binding may have important
functional consequences, particularly during inflammation.
Indeed, the absence of CXCL5 has been linked to increased
neutrophil recruitment and decreased pathogen burden and a
survival benefit during murine E. coli-induced pneumonia.233

ACKR2, also known as ‘D6’, contains a modified DRYLAIV motif
(‘DKYLEIV’) and induces β-arrestin-dependent scavenging of
inflammatory CCR1-, CCR2-, CCR3-, CCR4- and CCR5-interacting
chemokines, which contributes to the resolution of
inflammation.229,230 The receptor is expressed by trophoblasts,
lymphatic endothelial cells, and distinct leukocyte subsets, such as
alveolar macrophages and innate-like B cells.234 In addition, low
ACKR2 levels were detected on murine neutrophils. A critical role
for ACKR2 in fine-tuning neutrophil positioning during inflamma-
tion has been proposed. ACKR2-deficient mice develop a psoriasis-
like phenotype characterized by the uncontrolled misplacement
of neutrophils into inflamed skin.235 Interestingly, genetic ablation
of ACKR2 in neutrophils ameliorates their responsiveness to
CCR1 stimulation. A protective role for ACKR2 was recently
uncovered in the context of sepsis. Specifically, neutrophil
accumulation in the lungs, kidneys and hearts of septic mice is
increased in the absence of ACKR2, accompanied by elevated local
concentrations of proinflammatory CC chemokines and enhanced
severity of lesions.236 In the wild-type littermates, the expression
of ACKR2 in these organs was increased in animals suffering from
nonsevere sepsis compared to the expression in those with severe
disease. Moreover, elevated numbers of ACKR2-expressing cells
were detected in the lungs of septic patients. In the context of
cancer development and progression, ACKR2 may fulfill harmful
roles, with genetic ablation of the receptor promoting neutrophil
mobilization, enhancing neutrophil-dependent tumor killing and
conferring neutrophil-mediated protection against metastasis.237

CC chemokine receptor-like 2 (CCRL2) is expressed by
connective tissue cells and various leukocyte subtypes, including
neutrophils.238 The receptor is recognized by chemerin—a
chemotactic protein—and differs from the prototypical ACKRs in
that it shows no chemokine scavenging activity and does not
couple to β-arrestins. CCRL2 forms functional heterodimers with
CXCR2, thereby regulating CXCR2 expression levels on neutrophils
and modulating chemokine-induced, CXCR2-dependent signal-
ing.239 Moreover, genetic ablation of CCRL2 results in defective
neutrophil recruitment in vivo and protects against the develop-
ment of inflammatory arthritis.

FINAL REMARKS
Compelling evidence shows that neutrophils are more complex
and sophisticated cells than traditionally thought and display
phenotypical and functional heterogeneity. The expression level
of chemoattractant receptors on neutrophils depends on
neutrophil activation and maturation stage and may even
follow a circadian rhythm. These receptors and their ligands are
not only indispensable for time- and site-dependent neutrophil
trafficking but are also critically involved in the regulation of
neutrophil activation. Impressive research efforts reporting the
effects of genetic ablation or pharmacological inhibition of
distinct chemoattractant receptors underscores the idea that, on
the one hand, adequate, strictly controlled expression of these

GPCRs is critical to guarantee immune surveillance, while on the
other hand, it prevents host damage. It is important to point out
that most scientific reports on chemoattractant-induced neu-
trophil responses in vitro usually consider only one or a limited
number of molecules. In vivo, multiple chemoattractants can be
released in parallel, affecting release and activity of each other.
Members of different chemoattractant families presumably act
in concert, though in a potentially sequential and competitive
manner, to govern neutrophil trafficking and activation. Locally
produced inflammatory mediators and enzymes may modulate
the precise biological activities of chemoattractants and their
cognate GPCRs. Complement anaphylatoxins, chemokines and
chemokine receptors, for instance, are susceptible to posttran-
slational modifications. Furthermore, the in vivo expression of
neutrophil chemoattractants and their receptors is modulated
by environmental cues and depends on their location in the
body. Indeed, one should discriminate between circulating
neutrophils versus tissue-infiltrated cells. Unfortunately, our
knowledge regarding the phenotypical and functional features
of infiltrated neutrophils is rather limited since most research
concerns the study of isolated peripheral blood cells. Although
the results from in vivo imaging have greatly improved our
understanding of in vivo neutrophil recruitment, one must keep
in mind that important differences exist between the murine
chemoattractant network and the human equivalent. For
example, the most potent human neutrophil-attracting chemo-
kine, i.e., CXCL8, has no functional homolog in mice. Murine and
human neutrophils are also different in terms of the number of
circulating cells and their morphology. Moreover, it was thought
for a long time that, in mice, there was only one receptor
homolog for human CXCR1 and CXCR2, and that it bound all
ELR-positive CXC chemokines. However, a second murine
receptor with high specificity for murine granulocyte chemo-
tactic protein-2 (the functional equivalent of the human CXCL6
that interacts with both CXCR1 and CXCR2 but is often referred
to as murine CXCL5) was identified.240 However, this receptor
has rarely been studied, and it is unknown whether it is a true
functional homolog of human CXCR1. A comparable lack of
clear homology exists between human and murine ligands for
CCR1, CCR2 and CCR5. In humans, two forms of macrophage
inflammatory protein-1α exist, i.e., CCL3 and CCL3L1. With
regard to receptor specificity, murine CCL3 resembles human
CCL3L1 but not human CCL3.241 Ultimately, the existence of
different neutrophil subsets in vivo, characterized by unique
expression patterns of surface molecules, including chemoat-
tractant receptors, would allow the development of targeted
therapies preventing uncontrolled inflammation and tissue
damage without impairing the immune surveillance of the host.
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