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Abstract
Neutrophils have long been known to participate in acute inflammation, but a role in chronic
inflammatory and autoimmune diseases is now emerging. These cells are key players in the
recognition and elimination of pathogens, but they also sense self components, including nucleic
acids and products of sterile tissue damage. While this normally contributes to tissue repair, it can
also lead to the release of highly immunogenic products that can trigger and/or amplify
autoimmune pathogenic loops. Understanding the mechanisms that underlie neutrophil activation,
migration, survival and their various forms of death in health and disease might provide us with
new approaches to treat chronic inflammatory conditions.

Introduction
Neutrophils are key players in the recognition and elimination of pathogens, but they also
sense sterile tissue damage and contribute to its repair. These cells circulate through the
vascular compartment in a resting state while equipped with a dangerous array of
microbicidal weapons. To prevent inappropriate migration and accumulation in tissues,
neutrophils need to be `primed' by cytokines, chemoattractants and growth factors or interact
with activated endothelial cells before leaving the blood [reviewed in [1•,2••]]. Regardless of
the trigger that prompts their recruitment to tissues, neutrophils end up dying in action. A
sophisticated set of events follows to ensure that neutrophil burial ultimately leads to
resolution of inflammation. Massive numbers of resting neutrophils also die quietly every
day to maintain homeostasis. Our review will cover recent insights into how non-infectious
types of neutrophil activation and death might contribute to the pathogenesis of chronic
human autoimmune and inflammatory diseases.

Neutrophil life and death
Humans produce large numbers of neutrophils, up to 1011, every day in the bone marrow.
Fully differentiated neutrophils are subsequently released into the circulation, where they
represent 60–70% of the white blood cell pool. The number of neutrophils is kept constant,
which implies that every day up to 1011 neutrophils die. Neutrophils die spontaneously in
the steady state through apoptosis, which leads to the proper disposal of their potentially
dangerous cargo. The signals that prompt the initiation of this process are poorly
characterized but seem to be independent of classic death receptor pathways. In mice,
upregulation of the chemokine receptor CXCR4 by senescent neutrophils dictates their
homing to the bone marrow, where apoptosis and ensuing phagocytosis by stromal
macrophages takes place [1•]. Ex vivo, senescent neutrophils accumulate reactive oxygen
species (ROS), which inhibits the ROS-PI3P-Akt axis and marks the initiation of
programmed cell death [3].
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In addition to senescence-dependent apoptosis, neutrophils undergo apoptosis in response to
death receptor ligation, exposure to TNFα and post-phagocytosis [4]. Neutrophils also die
through necrosis and pyroptosis, which prompt the release of danger signals and cytokines.
Programmed necrosis, a form of death characterized by cytoplasmic vacuolization, ROS
production and autophagosome/secondary granule fusion, also affects neutrophils. This
process is caspase-independent and requires PI3K and RIP1 kinase activation [5]. Although
the contribution of programmed neutrophil necrosis to inflammatory diseases has not been
explored, vacuolized neutrophils can be found in vivo in patients with infections as well as
autoimmune diseases, such as rheumatoid arthritis, vasculitis and psoriasis [6].

There are, in addition, granulocyte-specific forms of death that might be beneficial to control
infections but could lead to chronic inflammation. Thus, upon in vitro activation with PMA,
microbes or cytokines, neutrophils undergo NETosis. This process is characterized by
chromatin depolymerization, breakdown of nuclear and granular membranes, subsequent
mixing of nuclear and cytoplasmic granular cargo and extrusion of this material as fibrous
structures called neutrophil extracellular traps (NETs) [7•]. NETs kill extracellular
microorganisms in vitro and might represent a powerful way to control their proliferation in
vivo. NET release is dependent on ROS production. Accordingly, neutrophils from patients
with chronic granulomatous disease (CGD), who carry mutations in NADPH oxidase
complex-encoding genes, cannot release NETs [8]. Upstream of NADPH oxidase, the Raf–
MEK–ERK pathway as well as the translocation of two enzymes, neutrophil elastase (NE)
and myeloperoxidase (MPO), from cytoplasmic granules into the nucleus contribute to NET
formation [9]. NE induces histone degradation, which initiates chromatin decondensation
[10]. Histone citrullination and autophagy may also play a role in NET formation [11,12].

NETosis is not always synonymous of death. Thus, neutrophils exposed in vivo to gram-
positive bacteria extrude chromatin-DNA through an exocytosis-related process that spares
the integrity of the plasma membrane and is oxidant-independent. Interestingly, eventually
enucleated neutrophils retain for some time their migratory and phagocytic capacity [13,14].
In addition to chromatin DNA, living granulocytes can expel mitochondria as a source of
extracellular DNA [15,16]. As reviewed below, these processes might be associated to a
number of human diseases.

Certain inflammatory conditions extend the life span of neutrophils. Cytokines such as G-
CSF, GM-CSF, TNF, type I and type II interferons (IFN) as well as bacterial products such
as LPS promote neutrophil survival [reviewed in [17]], which might favor the chronicity of
inflammatory diseases. Although neutrophils are terminally differentiated cells, among the
molecules that regulate their survival are cell cycle regulators. These include survivin,
cyclin-dependent kinases, and PCNA, a nuclear factor involved in DNA replication and
repairing of proliferating cells [18].

Elucidating the pathways that control neutrophil life span might lead to improved treatments
for a wide array of diseases. It will also contribute to understand how to circumvent
important side effects of therapeutic agents, including chemotherapy, that by inducing
neutropenia render patients susceptible to infections.

Human neutrophils express a wide array of pattern recognition receptors
Neutrophils are equipped with a wide spectrum of receptors for shared pathogen-associated
molecular patterns (PAMPs). These `pattern recognition receptors' (PPRs) include toll-like
receptors (TLRs), NACHT-leucine-rich repeat receptors (NLRs), cytoplasmic nucleic acid
sensors, and C-type lectin receptors.
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Human neutrophils express both surface and endosomal TLRs, which include TLR7–9 but
not TLR3. TLR7 message is expressed at very low levels in resting neutrophils, but is
induced upon exposure to cytokines such as type I IFN [19,20•]. They also express a wide
array of cytoplasmic PPRs. The RNA sensors MDA5 and RIG-I are not only constitutively
expressed in the cytosol [21,22], but also stored in secretory vesicles from where they
translocate to the cell surface, a process that does not lead to downstream signaling [23]. The
cytosolic DNA sensors IFN-inducible protein 16 (IFI-16), leucin-rich repeat interacting
protein-1 (LRRFIP1) and DDX41 are also found in neutrophils. Activation of these
receptors leads to phosphorylation and nuclear translocation of IRF3 and subsequent IFNβ
transcription [24]. Intriguingly, while human and mouse neutrophils transcribe Type I IFNs,
the corresponding proteins have not been documented in neutrophil cultures [19,20•,21,25].
This conundrum remains to be explained.

Human neutrophils express most receptors for the Fc portion of IgG. Engagement of these
receptors by opsonized pathogens permits their internalization and ultimate elimination.
FcγRs are also important, however, for the internalization of self nucleic acid-containing
immune complexes (ICs) into endosomal compartments [26], which could contribute to
autoimmune pathology [20•].

Neutrophils sense and release DAMPS
PRRs recognize not only PAPMs, but also damage-associated molecules (DAMPs) released
during non-apoptotic cell death. DAMPs contribute to sterile inflammation, especially if
chemical (i.e. oxidation) or other stress-induced modifications occur at the time of cell
death. Among the best characterized DAMPs are high mobility box group 1 (HMGB1), heat
shock (HSPs) and S100 proteins; ATP, nucleic acids, crystals such as uric acid, cytokines
such as IL1 and IL33, as well as mitochondrial components. DAMPs can also derive from
extracellular sources, as in the case of hyaluronan (HA), a component of the extracellular
matrix [27••].

Direct recognition of DAMPs contributes to neutrophil-mediated pathology. Mitochondrial-
derived DAMPs (mtDAMP) such as formyl peptides and mtDNA activate neutrophils, for
example, through formyl peptide receptor-1 and TLR9, respectively. These DAMPs
circulate in the blood of patients with severe trauma and induce neutrophil chemotaxis in
vitro. In vivo, inoculation of mtDAMP into the trachea of rats causes significant lung injury
associated with massive neutrophil infiltration into the airways [28•,29].

Neutrophils also represent a rich source of DAMPs that, through multiple mechanisms, lead
to nucleic acid-induced immune activation and might contribute to autoimmunity Fig. 1.
During necrosis and NETosis, for example, they release large amounts of HMGB1 and anti-
microbial peptides such as LL-37. These cationic molecules bind self-nucleic acids and
increase their immunogenicity. Thus, neutrophil-derived HMGB1-and/or LL37-DNA
complexes induce type I IFN production upon binding TLR9 in plasmacytoid DCs (pDCs)
[20•,30••]. LL37/RNA complexes also activate myeloid DCs (mDCs) through TLR7 and
TLR8 binding [31•]. These molecules are abundant in psoriatic skin and released in large
amounts by systemic lupus erythematosus (SLE) neutrophils upon activation in vitro [20•,
30••,32•]. They also bind DNA within SLE ICs, which in turn induce type I IFN production
upon internalization by pDCs [33].

Neutrophils can be a source of nucleic acid-containing DAMPs also while alive. Thus,
activated neutrophils and eosinophils release DNA from mitochondria [16,15]. These
organelles are evolutionary related to saprophytic bacteria and contain CpG repeats within
their DNA. Indeed, mtDNA activates nucleic acid sensors both in cell autonomous [34] and
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non-cell autonomous manner [29]. Thus, neutrophils can concomitantly sense and release
DAMPs, and this interplay might contribute to chronic inflammation in humans [35].

Neutrophils in human chronic inflammatory and autoimmune diseases
Neutrophils infiltrate the tissues of patients with inflammatory and autoimmune diseases,
including the psoriatic skin, rheumatoid arthritis (RA) synovial tissue and fluid, glomeruli
from SLE and anti-neutrophil cytoplasmic antibody-related (ANCA) vasculitides, thrombi
from patients with deep venous thrombosis (DVT), etc. Because they are short-lived and
difficult to manipulate in vitro, studies on neutrophils have lagged well behind those of other
leukocytes, especially lymphocytes, in these diseases.

ANCA-associated vasculitides (AVV)—Some of the most potent enzymes stored in
neutrophil granules become the target of immune attack in patients with ANCA-associated
vasculitides (AVV), a heterogeneous group of diseases that include Wegener's
granulomatosis (WG), microscopic polyangiitis (MPA), and Churg–Strauss Syndrome
(CSS). These patients develop severe kidney and/or respiratory tract involvement owing to
necrotizing small vessel inflammation [reviewed in [36]]. The best characterized ANCA
antigens are PR3 and MPO, and there is solid evidence to support that these neutrophil
proteins drive autoimmunity in AAV. Thus, splenocyte transfer from MPO−/− mice
immunized with MPO into Rag−/− mice induces the development of MPO–ANCA and
reproduces the kidney lesions of AAV patients and in the recipient mice [37]. ANCA
antigens are secreted during degranulation as well as translocated to the cell surface upon
priming with proinflammatory cytokines [38]. In the case of PR3, the membrane antigen
NB1 (CD177) acts as a bridging molecule to keep the translocated molecule bound to the
cell surface [39]. This NB1/PR3 complex associates with Mac-1 (CD11b/CD18) and
becomes a `signaling platform' for neutrophil activation upon PR3–ANCA binding [40].

A third ANCA target, LAMP-2, has been recently identified. LAMP-2 is a heavily
glycosylated type I membrane protein expressed on the surface of granules that also contain
MPO and PR3. Autoantibodies against LAMP-2 activate neutrophils in vitro by inducing
actin-network reorganization and degranulation, which triggers micro-vascular endothelial
cell apoptosis. These antibodies cause pauci-immune necrotizing glomerulonephritis when
injected into rats.

How neutrophil granular proteins become antigenic in AAV remains an unresolved
question. In the case of LAMP-2, its ANCA epitope shares 100% homology with the
bacterial adhesin FimH, and rats immunized with FimH develop kidney lesions and
antibodies that cross-react with human LAMP-2. Some cases of AAV might therefore result
from cross-reactivity triggered by infectious agents [41]. In humans, polymorphic variants of
PR3 have recently been shown to confer susceptibility to PR3 AVV, but the underlying
mechanisms responsible for this association are not known [42].

ANCA-activated neutrophils release toxic factors that play a pivotal role in the damage of
micro-vessels. Some of these factors are well characterized (ROS and lytic enzymes) while
others are starting to be elucidated. ANCA-activation leads, for example, to the release of
microparticles displaying ANCA-autoantigens on their surface. These microparticles adhere
to the endothelium and cause damage by promoting ROS, IL6, IL8 and thrombin generation
[43]. In vitro, TNFα-primed neutrophils undergo NETosis when exposed to ANCA. NET-
derived DNA/protein complexes stick to endothelial cells causing capillary inflammation
and cell death. Indeed, aggregates of extracellular DNA and circulating MPO/DNA
complexes are found in kidney biopsies and blood of AVV patients, respectively [44•].
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ANCA-neutrophil interplay has also been linked to the release of IL-17, which is elevated in
AVV serum and plays an important role in renal tissue damage in various mouse models of
glomerulonephritis. Kidneys from AVV-patients express high levels of IL-17 mRNA and
neutrophils, which are found in large numbers in AVV glomeruli and tubulointerstitium,
seem to be one of the cellular sources of this cytokine [45], which in turn might attract more
neutrophils to the inflammatory sites.

ANCA-activated neutrophils also release BLyS, which could contribute to the amplification
of ANCA responses by inducing B cell survival and plasma cell differentiation [46]. The
pathogenic role of B cells in AAV is indeed supported by recent clinical trials showing that
B cell depletion is an effective therapy for AVV [47].

Systemic lupus erythematosus (SLE)—SLE is a systemic autoimmune disease where
breakdown of tolerance to nuclear antigens and inefficient removal of ICs leads to tissue
damage. The skin, blood vessels, kidneys, central nervous system and joints may become the
target of SLE-induced inflammation. Neutrophil counts are decreased in SLE blood, but the
presence of these cells in inflamed tissues from patients is well documented. Finding
neutrophils in kidney biopsies, for example, is considered a sign of SLE glomerular activity,
and detection of neutrophil-derived proteins (i.e. lipocalin) in the urine is a surrogate marker
of disease activity [48]. Moreover, treatments that increase granulopoiesis, such as G-CSF
administration, induce lupus flares [49]. Despite this evidence, the role of neutrophils in
SLE pathogenesis has not been elucidated.

Genomic studies also support the contribution of neutrophils to human SLE. Early onset
disease, for example, is characterized by the expression of a type I IFN-inducible signature
in most hemopoietic cells. Activated pDCs are thought to be the source of IFN, as high
doses of steroids that kill pDCs in vitro erase this signature in vivo [50]. pDC activation
leading to IFN production occurs upon internalization of SLE ICs through FcγRIIa and
subsequent binding to endosomal TLR7–9 [51]. Recent evidence supports that IC activation
of neutrophils, which also express FcγRs and endosomal TLRs, contribute to sustain IFN
production by pDCs [20•]. Thus, exposure of SLE neutrophils to anti-RNP ICs in vitro
induces the release of DNA and DNA modifying proteins, including HMGB1 and LL-37.
Supernatants from these cultures activate pDCs in a TLR9-dependent manner and lead to the
secretion of high levels of type I IFN [20•]. In addition, as described above for ANCA, SLE
autoantibodies trigger neutrophil activation and NET release through the recognition of anti-
microbial peptides displayed on their surface [32•]. Furthermore, a population of low-density
neutrophils that is expanded in SLE blood [52] seems to spontaneously release NETs that
activate pDCs and induce endothelial cell death in vitro [53]. The role of NETosis in SLE
has recently been questioned in an MRL/lpr murine model of SLE made deficient in ROS
production through the ablation of the Nox gene [54]. This is not representative however of
the human disease, as type I IFN does not seem to play a role and DNA signaling through
TLR9 is protective in this model.

Common genetic variants linked to IC-internalization by neutrophils and pDCs, such as
FCGRIIA, predispose to SLE [55]. Rare genetic variants associated with SLE encode
components of the classical complement activation pathway (i.e. C1q) [56], and proteins
involved in the degradation of extracellular DNA (i.e. DNAse1 and DNase1L3). These rare
variants are highly penetrant for disease development and risk of nephritis [57].
Interestingly, C1q is found within NETs and anti-C1q autoantibodies from SLE patients
bind to and protect NETs from degradation [58]. Mutations in DNAse1 and DNase1L3
might also prevent NET degradation. All these mechanisms could explain why sera from a
fraction of SLE patients fail to degrade NETs in vitro [59•] and provide evidence for an
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amplification loop linking autoantibody-mediated neutrophil and pDC activation with type I
IFN production at the core of SLE pathogenesis.

Thrombosis—It is widely accepted that neutrophils contribute to thrombosis in the context
of cardiovascular diseases such as myocardial infarction, sepsis and other pathological
processes. The mechanisms underlying the pro-coagulant effect of neutrophils remain
however elusive.

Activated platelets induce neutrophils to release nucleosomes as well as serine proteases,
which co-localize on the cell surface. Membrane bound nucleosome/protease complexes
induce tissue factor- and factor XII-dependent coagulation, which might represent a
physiological mechanism to halt microbe invasion [60].

In addition, neutrophil products extruded during NETosis contribute to their pro-coagulant
effect. Perfusion of PMA-induced NETs with blood causes platelet adhesion, activation,
aggregation and subsequent thrombus formation. The main NET components that favor
platelet aggregation/activation are histones, as these proteins recapitulate the effect of NETs
[61].

Using a mouse model of deep venous thrombosis (DVP) and intravital two-photon
microscopy, monocytes, neutrophils and platelets have been shown to cooperate in thrombus
formation. Thrombosis is initiated by crawling blood monocytes and neutrophils adhering to
venous endothelium. Thrombus-resident neutrophils are then indispensable for thrombus
propagation through the release of NETs [62•], which activate Factor XII and sustain
coagulation.

Neutrophilic dermatoses—Neutrophils are the predominant cell type in the affected
skin of patients with `neutrophilic dermatoses', a heterogeneous group of diseases of
unknown etiology that include common (i.e. pyoderma gangrenosum) as well as rare
syndromes (i.e. Behcet's and Sweet syndromes). Among them, chronic atypical neutrophilic
dermatosis with lipodystrophy and elevated temperature (CANDLE syndrome) is owing to
mutations in the proteasome subunit β8 (PSMB8) [63•,64]. Nucleated, immature neutrophils
accumulate in the skin of these patients as a dense interstitial infiltrate mixed with areas of
cellular debris or karyorrhexis. Although the connection between the immunoproteasome
and neutrophil activation is not clear, proteasome pharmacological inhibition can induce
neutrophilic dermatosis [64]. CANDLE patients also display a prominent upregulation of
blood interferon-inducible genes. Whether neutrophils play a role in the activation of the
IFN pathway in this disease, as it might be the case in SLE, remains to be explored.

Concluding remarks
Neutrophils are highly sophisticated cells that sense, kill and die in ways designed to benefit
the host. Their role in human inflammatory and autoimmune diseases has been neglected,
but evidence is now accumulating that suggests considering them as therapeutic targets.

Because of their critical role in anti-microbial defense, strategies aimed at depleting
neutrophils would render patients too susceptible to infections. In fact, neutropenia is a side
effect of several recently approved biologicals intended to treat RA, juvenile arthritis and
autoinflammatory diseases, among others. Whether some of the beneficial effects of these
drugs rely on decreasing the number of peripheral neutrophils is not known.

Understanding the mechanisms that underlie neutrophil activation, migration, survival and
their eclectic forms of death in health and disease will provide us with safer and perhaps
more relevant approaches to treat chronic inflammatory conditions without the permanent
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threat of infection. Significant advances in the past decade have expanded our knowledge on
the interesting and complex neutrophil biology. We look forward to the next decade to learn
how to use this knowledge for the benefit of patients.
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Figure 1.
(A) Under resting conditions (upper left), neutrophils constitutively express FcgR and
endosomal TLRs. Proteases and antimicrobial peptides are stored in cytoplasmic granules.
(B) Upon priming with cytokines such as TNFα, granular proteins are translocated to the
plasma membrane. IFNα induces TR7 expression and promotes the translocation of anti-
microbial peptides (i.e. LL37) to the plasma membrane. (C) Upper left: activation with
bacterial can lead to the release of microparticles containing chromatin/DNA. This can
eventually lead to total enucleation. Mitochondria from damaged cells can be internalized
and activate endosomal TLR9; LPS-activation in turn leads to the extrusion of
mitochondrial-derived DAMPs that can activate other cells. Upper right: activation with
ANCA-MPO/PR3 might leads to NETosis and/or the release of microparticles displaying
surface ANCA-related antigens. In addition, this type of activation can induce secretion of B
cell-activating factors (BLyS/BAFF) and/or cytokines such as IL17. Bottom: activation with
SLE-derived anti-RNP antibodies or anti-LL37 antibodies leads to extrusion of
immunogenic DNA in the form of NETs.
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