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Abstract
Neutrophil granulocytes, or neutrophils, are the most abundant circulating leukocytes 
in humans and indispensable for antimicrobial immunity, as exemplified in patients 
with inborn and acquired defects of neutrophils. Neutrophils were long regarded as 
the foot soldiers of the immune system, solely destined to execute a set of effec-
tor functions against invading pathogens before undergoing apoptosis, the latter of 
which was ascribed to their short life span. This simplistic understanding of neutro-
phils has now been revised on the basis of insights gained from the use of mouse mod-
els and single-cell high-throughput techniques, revealing tissue- and context-specific 
roles of neutrophils in guiding immune responses. These studies also demonstrated 
that neutrophil responses were controlled by sophisticated feedback mechanisms, 
including directed chemotaxis of neutrophils to tissue-draining lymph nodes result-
ing in modulation of antimicrobial immunity and inflammation. Moreover, findings in 
mice and humans showed that neutrophil responses adapted to different determinis-
tic cytokine signals, which controlled their migration and effector function as well as, 
notably, their biologic clock by affecting the kinetics of their aging. These mechanistic 
insights have important implications for health and disease in humans, particularly, in 
allergic diseases, such as atopic dermatitis and allergic asthma bronchiale, as well as in 
autoinflammatory and autoimmune diseases. Hence, our improved understanding of 
neutrophils sheds light on novel therapeutic avenues, focusing on molecularly defined 
biologic agents.
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1  |  INTRODUC TION

Neutrophils are an indispensable component of immune defense 
and the most abundant immune cells in human blood.1 They crucially 
contribute to the first protective response against extracellular and 
intracellular infectious agents, including bacteria, fungi, and viruses. 
Immunodeficiencies resulting from quantitative or qualitative neu-
trophil defects, such as chronic or cyclic neutropenia and chronic 
granulomatous disease (CGD), provide indisputable evidence of 
the essential role of neutrophils in immunity (Table 1).2 Conversely, 
effector functions of neutrophils are tightly controlled by several 
mechanisms, and dysregulation of neutrophils contributes to autoin-
flammatory diseases, severe allergies, and autoimmunity.3–6

The billions of neutrophils circulating in the blood are far from 
homogenous. The earliest studies on neutrophil subsets date back 
to the 1980s and the identification of low-density granulocytes 
(LDGs) in the blood of patients with systemic lupus erythematosus 
(SLE) and rheumatoid arthritis.7 This particular neutrophil popula-
tion exhibits distinct functional, phenotypical, and morphological 
features, and is associated with pathogenic effects of neutrophils 
in various pathologies. As the concept of neutrophil heterogeneity 
gained traction in the past decades (Box 1), new classifications and 
terminology have emerged. While there is still a lot to be learnt in 
this respect, these seminal studies highlighted the presence of dif-
ferent neutrophil subsets (reviewed by8–10). In this article, we will 
outline the current state of knowledge of homeostasis, activation, 
and regulation of neutrophils, followed by a discussion of the role of 
neutrophils in allergy, autoinflammation, and autoimmunity before 
summarizing non-immune functions of neutrophils.

2  |  NEUTROPHIL S AT HOMEOSTA SIS

Neutrophils are produced in the bone marrow and, following their 
maturation, released to the blood stream as post-mitotic cells.11 
Development of neutrophils in the human and mouse bone marrow 
has recently been elucidated using various single-cell techniques12,13 
and reviewed elsewhere.10 The human bone marrow serves as the 
main reservoir of neutrophils with a production rate of approxi-
mately 100 billion neutrophils each day.10 At steady state, the bone 
marrow constitutes a massive reservoir for on-demand neutrophil 
release and contains several fold more neutrophils than the blood 
circulation.14 A tight regulation of this supply demand chain is neces-
sary to avoid complications due to neutrophil deficiency (neutrope-
nia) or overabundance (neutrophilia).

Release of neutrophils to the circulation is governed by a balance 
of C-X-C motif chemokine receptor (CXCR) 2 and CXCR4 signaling.15 
Osteoblasts and other bone marrow stromal cells express high levels 
of C-X-C-motif chemokine ligand (CXCL) 12, the ligand of CXCR4, 
which favors neutrophil retention in the bone marrow.14 As neutro-
phils mature, they lose CXCR4 and gradually increase CXCR2 ex-
pression, ligands of which are intermediary chemoattractants found 
in circulation and tissues.15 Thus, the phenotypic transition from 

CXCR4high to CXCR2high cells allows neutrophils to leave the bone 
marrow, circulate via the blood stream and patrol tissues.

Disruption of tissue homeostasis by infection, inflammation, or 
damage induces synthesis of inflammatory signals activating leu-
kocytes and endothelial cells. Distressed tissues release neutrophil 
chemoattractants, such as CXCL1, CXCL2, and leukotriene B4, pro-
moting recruitment of neutrophils.16,17 Concomitantly, systemic in-
crease of granulocyte colony-stimulating factor (G-CSF, also known 
as colony-stimulating factor 3 [CSF3]) concentrations accelerates 
granulopoiesis and egress of neutrophils from the bone marrow.18 
Free-floating neutrophils first tether and roll on inflamed endothe-
lium, which express a higher density of adhesion molecules due to 
inflammation, then firmly adhere, and finally extravasate into tis-
sues (Figure 1).19 Depending on the inflammatory context and the 
tissue involved, different selectins, such as E-, P-, and L-selectin, 
and their ligands, sialyl-LewisX, P-selectin glycoprotein ligand 1, and 
glycosylation-dependent cell adhesion molecule 1, respectively, 
play a role in neutrophil rolling.20 Heightened chemokine sensing 
increases surface expression and ligand affinity of heterodimeric β2 
integrins on neutrophils, such as lymphocyte function-associated 
antigen 1 (LFA-1, consisting of CD11a and CD18), and complement 
receptor 3 (CR3, also known as macrophage-1 antigen or MAC-1, and 
made of CD11b and CD18). Intracellular talin-1 and kindlin-3 mole-
cules promote binding of β2 integrins to their interaction partners 
on endothelium.21,22 Individuals with leukocyte adhesion deficiency 
(LAD) carry congenital defects in integrin subunit CD18 (causing 
LAD type 1 [LAD1]), sialyl-LewisX (resulting in LAD2), or kindlin-3 
(causing LAD3) and are at greater risk of bacterial and fungal in-
fections (Table 1).19,23 Neutrophils arriving first at the affected site 
reinforce further neutrophil recruitment by releasing additional che-
moattractants that promote neutrophil swarming.24 This swarming 
behavior is a self-amplifying process, necessary for elimination of 
pathogens. Once inside the tissue, neutrophils follow so-called end-
target chemoattractants, such as complement proteins and microbial 
components.17,25 Subsequently, neutrophils carry out their effector 
functions, often informed by the inflammatory microenvironment.

Upon completion of their task, neutrophils re-upregulate CXCR4 
expression, allowing them to enter tissues specialized in the clear-
ance of neutrophils. At steady state, neutrophils are primarily elim-
inated in the bone marrow, spleen, and liver by macrophages and 
dendritic cells (DCs).26 Upon infection or inflammation, affected pe-
ripheral tissues27 and their draining lymph nodes28 can also serve as 
clearance sites for neutrophils.

3  |  AC TIVATION OF NEUTROPHIL S

Before neutrophils can eliminate a pathogen, they first need to 
sense it, either directly or indirectly, through a variety of recep-
tors on their cell surface. Such pattern recognition receptors (PRRs) 
allow neutrophils to recognize pathogen-associated molecular pat-
terns (PAMPs), which are molecules of pathogenic origin, as well as 
danger-associated molecular patterns, which comprise host-derived 
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factors. An important group of PRRs are Toll-like receptors (TLRs), 
homologues of the Drosophila melanogaster protein Toll,29 which bind 
to conserved pathogen-derived elements. The main downstream ef-
fect of TLR engagement is activation of nuclear factor κB signaling, 
which promotes cell survival and release of proinflammatory cy-
tokines.30 Both human and mouse neutrophils are known to express 
various TLRs, complement receptors, and fragment-crystallizable 
receptors, and thus respond to various pathogens, such as bacteria, 
viruses, fungi, and parasites.1 Collectively, interaction of these re-
ceptors with their respective ligands activates neutrophils and initi-
ates effector mechanisms.

Already in Elie Metchnikoff's description of the two morphologi-
cally distinct leukocytes, termed macrophages and microphages31 and 
referring to macrophages and (mainly) neutrophil granulocytes, the 
ability to phagocytose infectious agents was a defining feature of 
neutrophils. In addition to phagocytosis, neutrophil effector func-
tions also comprise degranulation, production of reactive oxygen 
species (ROS), and neutrophil extracellular trap (NET) formation 
(Figure 1).32 This repertoire of effector functions makes neutrophils 
one of the most potent ammunitions of our immune system.

Once a pathogen is recognized and enveloped inside the pha-
gosome, it gets exposed to the catalytic and antimicrobial con-
tent of neutrophil granules and to ROS, both of which facilitate 
pathogen elimination.33 Neutrophils can also release ROS into 
extracellular space.34 Fusion of granules with the cell membrane 
or phagosome activates the nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase, an enzyme complex essential for 
ROS production.35 The NADPH oxidase complex is composed 
of two membrane-bound subunits, called gp91phox and p22phox, 
three cytosolic subunits, termed p47phox, p67phox, and p40phox, 
and a G-protein called Rac2.36 Upon phosphorylation of p47phox, 
the cytosolic subunits translocate to the plasma membrane and 
activate the membrane-bound subunits which can subsequently 
reduce molecular oxygen to generate different ROS. Various 
pathogenic variants of NADPH oxidase genes have been identi-
fied in patients with autosomal-recessive CGD. Moreover, a defect 

in CYBB, which encodes the gp91phox subunit, leads to X-linked 
CGD (Table 1).2,37 Overall, defects in NADPH oxidase impair the 
machinery of phagocytosis and oxidative burst, thus, severely in-
creasing the risk of infections.

Phagocytosis is an efficient mechanism against extracellular 
pathogens of relatively small size. However, against larger mi-
crobes, such as Candida albicans, neutrophils resort to an alterna-
tive means of destruction, called NET formation.38 In order to trap 
and destroy the pathogen extracellularly, neutrophils eject their 
DNA, which can be of nuclear or mitochondrial origin and is deco-
rated with histones, antimicrobial proteins, and other components 
of cytoplasmic granules.39,40 Both phagocytosis and NET forma-
tion rely on mobilization of enzymes found in azurophilic granules, 

F I G U R E  1  Summary of different neutrophil functions. (A) Effective migration is a prerequisite to any subsequent function executed by 
neutrophils. Neutrophils in circulation rely on various interactions with the endothelium. These include (1) loose binding of carbohydrate 
ligands on neutrophils (such as sialyl-LewisX and P-selectin glycoprotein ligand 1) to selectins (E-selectin and P-selectin, respectively) on 
activated endothelium, which induce rolling of neutrophils along endothelial cells; (2) sensing of chemokines (including CXCL8) by chemokine 
receptors on neutrophils (e.g., CXCR2), which in turn activates the integrins lymphocyte function-associated antigen 1 (LFA-1, consisting 
of CD11a and CD18) and complement receptor 3 (CR3; made of CD11b and CD18) on neutrophils; (3) the activated integrins LFA-1 and 
CR3 on neutrophils strongly adhere to intercellular adhesion molecule 1 (ICAM-1) and ICAM-2 on activated endothelial cells, thus arresting 
neutrophils and allowing their transmigration through the endothelium (also called extravasation) into the tissue. Neutrophil migration, 
facilitated by adhesion molecules and chemotactic sensors for recruitment, is absolutely crucial, as illustrated by immunodeficiencies due to 
leukocyte adhesion deficiency (please see Table 1) that can lead to life-threatening conditions. (B) Neutrophils are excellent at direct combat 
and feature a wide repertoire of effector functions, such as phagocytosis, degranulation of primary, secondary, tertiary, and secretory 
vesicles, production of reactive oxygen species (ROS; such as superoxide [O2

−], hydrogen peroxide [H2O2], and hypochloride [HOCl]), and 
release of neutrophil extracellular traps (NETs) consisting of either nuclear or mitochondrial DNA. (C) Their rapid mobilization to affected 
tissues allows neutrophils to guide the recruitment and activity of other cells involved in the inflammatory process, such as dendritic cells 
(DCs), monocytes (Mono), macrophages (Macs), CD4+ T helper cells, and CD8+ cytotoxic T cells by releasing or leaving “trails” of chemokines 
(such as CXCL12 and CCL3) and cytokines (e.g., epidermal growth factor [EGF]). (D) Whereas the importance of neutrophils for immune 
defense is irrefutable, recent evidence suggests they are also involved in tissue-specific non-immune processes. Neutrophils extravasate to 
various tissues at steady state and engage in non-canonical functions, such as angiogenesis, tissue repair, and wound healing.

BOX 1 Major milestone discoveries

•	 Neutrophils demonstrate plasticity and tissue-specific 
adaptations, indicating their effector immune and non-
immune functions can be spatially distinct.

•	 Neutrophils in various contexts contribute to collateral 
damage; thus, mechanisms of regulation, such as clear-
ance in the draining lymph nodes, limit inflammation and 
protect tissue integrity.

•	 Functional and numerical deficiency of neutrophils in 
type 2 immune diseases is driven by cell-intrinsic IL-4R 
signaling. Therapeutic approaches targeting IL-4R can 
restore neutrophil-mediated immune responses and 
prevent susceptibility to infections.

•	 NET formation, ROS release, and degranulation can 
directly or indirectly drive autoinflammation and 
autoimmunity.

•	 Neutrophils contribute to tissue-specific non-immune 
functions, such as angiogenesis in lungs and tissue repair 
in liver.
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in particular neutrophil elastase (NE) and myeloperoxidase (MPO). 
During phagocytosis, azurophilic granules fuse with phagosomes, 
where NE and MPO participate in degradation of engulfed bac-
teria.41,42 When pathogen size is unsuited to phagocytosis, MPO 
initiates translocation of NE from the azurophilic granules into 
the nucleus, which in turn promotes decondensation of chroma-
tin and NET production.38 Thus, compatibility of pathogen size 
with phagocytosis, at least to a certain extent, regulates release 
of NETs.

3.1  |  Neutrophils networking

As the first non-resident cells to arrive at an infected or inflamed 
tissue, neutrophils have a selective advantage to orchestrate 
the migration or activation of other immune cells. The neutro-
phil proteome is rich in chemokines, cytokines, and antimicrobial 
peptides, which in turn enable neutrophil cell-to-cell communica-
tion (Figure 1).50 Recent developments in live imaging techniques 
and transgenic reporter mouse models provided visual evidence 
for neutrophil crosstalk with various innate and adaptive immune 
cells in several tissues, including the skin,27 airways,51 and cen-
tral nervous system.52 One study combining intravital imaging 
with CXCL12 reporter mice demonstrated that neutrophils as-
sisted CD8+ T cells to find their way into the tissue upon influenza 
A virus infection.51 Migrating neutrophils were caught on camera 
leaving “trails” of CXCL12 behind. Much like the breadcrumbs 
in the fairytale of Hänsel and Gretel, CD8+ T cells followed the 
chemokine trail to enter the trachea.51 In an independent study, 
apoptotic neutrophils in the trachea were shown to produce epi-
dermal growth factor, which transformed inflammatory mono-
cytes into efficacious antigen-presenting cells. Thus, indirectly, 
neutrophils contributed to activation of influenza A virus-specific 
CD8+ T cells.27 In a model of Leishmania major (L. major) infection, 
neutrophils guided DCs to the infection site through a different 
neutrophil-derived chemokine, C-C motif chemokine ligand 3 
(CCL3); subsequently, entry of DCs to the tissue promoted early 
T helper 1 (Th1) response and augmented parasite elimination.53

While targeting pathogens, neutrophils can shape an in-
flammatory environment and convey activation signals to other 
immune cells. Of note, inflammatory outcomes of neutrophil ef-
fector functions are frequently observed and extensively docu-
mented in studies of NET formation. For instance, NET-associated 
antimicrobial peptide LL-37, or its mouse analogue cathelicidin-
related antimicrobial peptide (CRAMP), forms immune complexes 
with self-nucleic acids, leading to type-1 interferon (IFN-I) produc-
tion in target cells through activation of TLR7, TLR8, or TLR9 in 
endosomes.54,55 Alternatively, NET-derived CRAMP was shown to 
induce inflammasome assembly in alveolar macrophages and sub-
sequent interleukin (IL)-1β release in a model of influenza A virus in-
fection.56 Similar to NETs, released ROS can also influence activity 
of other immune cells. In a model of liver injury, deficiency of ROS 
production by neutrophils significantly reduced the frequency of 

macrophages involved in tissue repair.57 Collectively, neutrophils 
activated during early infection or inflammation intensely com-
municate with other immune cells to guide subsequent immune 
responses.

3.2  |  Neutrophils in lymph nodes

Neutrophil migration to tissue-draining lymph nodes (dLNs) has 
emerged as an eccentric mechanism by which neutrophils further 
partake in local immune responses. Dissemination of bacteria to the 
dLNs, as well as increased levels of chemoattractants and cytokines 
in the dLNs, promote influx of neutrophils.58 Neutrophils can enter 
dLNs either via lymphatic vessels or high endothelial venules (HEVs). 
Thus, similar to their recruitment into tissues, neutrophils can di-
rectly enter dLNs from the circulation and execute their classical ef-
fector functions.59,60 Neutrophils accessing dLNs via HEVs were also 
shown to contain pathogens.

Neutrophils entering dLNs via lymphatic vessels have different 
phenotypical and functional properties than their counterparts en-
tering dLNs from the circulation. For instance, tissue-experienced 
neutrophils in the dLNs are more prone to apoptosis and express 
higher levels of CD11b and lower levels of L-selectin (CD62L), typ-
ical of activated/aged neutrophils.28,61 From a functional perspec-
tive, many studies on lymphatic migration tackled the question of 
how tissue-experienced neutrophils influenced adaptive immune 
responses in dLNs. It has been shown that neutrophils shuttle an-
tigens between the infected tissue and its dLN via the lymphatic 
system and potentiate early antigen presentation to T cells.62 While 
neutrophils can present antigens themselves, they can also transfer 
their antigen load to conventional DCs (cDCs).63–66 Furthermore, 
neutrophils can shape adaptive immune responses independently of 
antigen, by conveying signals of activation or suppression (see next 
chapter). However, what guides neutrophils to release pro- or anti-
inflammatory mediators in which context is unclear. For instance, in a 
model of Staphylococcus aureus infection, neutrophils promoted the 
proliferation of T and B cells61 yet limited antibody production by B 
cells.67 How neutrophils interact with adaptive immune cells in the 
dLNs will need further investigation.

4 | REGULATION OF NEUTROPHILS

Similar to patients with numerical or functional neutrophil deficien-
cies, neutropenic mice show significant defects to control infections, 
such as with murine cytomegalovirus68 and Listeria monocytogenes 
(L. monocytogenes).69 However, in other instances, neutrophils may 
do more harm than good. In L. major infection, neutrophils on the 
one hand augment DC migration and CD4+ T cell activation,53 but 
on the other hand, shield the pathogen from other phagocytes and 
contribute to persistence of infection.70 Similarly, different para-
sites, viruses, and bacteria can override phagocytic programming 
of neutrophils and evade intracellular destruction.71–74 In these 
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cases, neutrophil-mediated damage is dictated by pathogen evolu-
tion, but more commonly, unrestrained neutrophil recruitment and 
target-unspecific effector functions inflict substantial harm. The 
coronavirus disease 2019 (COVID-19) pandemic, caused by severe 
acute respiratory syndrome coronavirus 2, revealed detrimental ef-
fects of neutrophils. Various studies identified elevated serum lev-
els of neutrophil chemoattractants, including CXCL1, and a higher 
neutrophil-to-lymphocyte ratio in severe COVID-19 patients.75–77 
Neutrophils in the airways were shown to release NETs and pro-
inflammatory cytokines, which in turn exacerbated inflammatory 
tissue damage to lungs and likely contributed to an increase of sys-
temic autoantibodies.78–80

Accordingly, counts and activity of neutrophils must be kept in 
check to maintain a balance between essential immune responses 
and tissue health. Recent evidence from an intravital imaging study 
demonstrated that neutrophil activity and in particular the swarming 
can be regulated by cell-intrinsic mechanisms. Neutrophil swarm-
ing was limited by desensitization of CXCL2 and leukotriene B4 
receptors through G-protein-coupled receptor kinase 2 (GRK2).81 
Interestingly, deficiency of GRK2 impaired neutrophil arrest and 
bacterial uptake; thus, this internal control of swarming was neces-
sary not only to prevent damage but also to achieve proper bacteria 
elimination.

Alternatively, an intrinsic circadian clock governing neutrophil 
aging and subsequent clearance may play an important role in bal-
ancing immunity versus tissue injury. At steady state, circulating 
neutrophils gradually upregulate CXCR4 on their surface and lose 
their capacity to execute important effector functions, such as de-
granulation and NET formation, a process termed “disarming”.82 
While CXCR4 allows clearance of aged neutrophils from circulation 
into healthy tissues, the functional loss prevents collateral damage. 
As opposed to CXCR4high “aged” neutrophils, CD62Lhigh CXCR2high 
“young” (or “fresh”) neutrophils recently released from the bone 
marrow are efficiently recruited to inflamed sites and can potently 
execute antimicrobial effector functions. The transition of neu-
trophils from CD62Lhigh CXCR2high to CD62Llow CXCR4high can be 
viewed as a control mechanism restricting inflammatory damage 
that neutrophils readily and unintentionally inflict.11

As mentioned previously, aged neutrophils cleared out of 
circulation need to be safely eliminated by phagocytic cells. 
Interestingly, macrophages and DCs carrying out phagocytosis 
of apoptotic neutrophils produced low levels of proinflamma-
tory cytokines, indicating a negative regulation between the two 
functions.83 Notably, increased neutrophil elimination resulted 
in a significant drop of IL-23 and IL-17 levels, suppressing type 3 
immune responses.83,84 Because IL-17 is a positive regulator of 
G-CSF and granulocyte-macrophage colony-stimulating factor 
(GM-CSF, also known as CSF2), elimination of apoptotic neutro-
phils created a negative feedback loop suppressing granulopoiesis. 
A recent study uncovered that a similar phenomenon was involved 
in regulation of neutrophil immune responses in cutaneous inflam-
mation and bacterial infection.28 Upon stimulation with PAMPs, 
CD11bhigh CD62Llow neutrophils in the skin upregulated C-C motif 

chemokine receptor 7 (CCR7) and exited the infected tissues via 
the lymphatics in a CCR7-dependent manner (Figure  2). In the 
dLNs, these apoptosis-prone CD11bhigh CD62Llow CCR7+ neutro-
phils were readily phagocytosed by resident cDCs.28 In line with 
previous publications,83,84 neutrophil phagocytosis curbed IL-23 
production by cDCs and demand-based granulopoiesis. Notably, 
impairment of CCR7-mediated lymphatic migration resulted 
in neutrophil accumulation in the tissue, which improved anti-
bacterial immunity but exacerbated local inflammation.28 These 
findings on CCR7- and dLN-mediated modulation of neutrophil 
counts and clearance could be exploited to treat inflammatory dis-
orders with aberrant neutrophil responses (Box 1).

5  |  NEUTROPHIL S IN ALLERGY

Neutrophils prominently partake in type 1 and type 3 immune re-
sponses; however, their contribution to type 2 immunity, which is 
evolutionarily directed against parasites and toxins, is controver-
sial.85,86 An overshooting type 2 immune response can lead to atopic 
and allergic diseases, both of which have been rapidly increasing in 
prevalence in the past decades.87 As first non-resident responders 
to local inflammation and infection, neutrophils also participate in 
early phases of type 2 immunity; however, they are often absent 
in established or persistent settings, such as in the skin of patients 
afflicted with atopic dermatitis (AD).88,89 Despite normal counts in 
circulation, neutrophils isolated from the blood of AD or allergic 
patients show functional deficits ex vivo, such as impaired chemo-
taxis or NET formation (Table 2).90 Dysregulated neutrophil effec-
tor responses in type 2 immunity provide a likely explanation for 
increased susceptibility of patients to bacterial infections.85,91,92

Interestingly, type 2 immune disorders can have neutrophilic en-
dotypes, usually associated with a severe disease course (Table 2).17 
For instance, neutrophilic asthma, in which patients exhibit increased 
neutrophil frequency in the sputum and neutrophilic airway inflam-
mation, constitutes 20%–30% of global asthma cases.93 Increased 
levels of proinflammatory cues in the airways, such as CXCL8 (also 
known as IL-8), IL-6, and IL-17, draw neutrophils into the tissue, 
which can be augmented by local infection.94 Along the same lines, 
IL-6 and CXCL8 are also associated with neutrophilic endotypes of 
chronic rhinosinusitis.95 Furthermore, studies in mice demonstrated 
that neutrophils can directly or indirectly amplify type 2 immune 
responses. For instance, in a model of Nippostrongylus brasiliensis 
infection, neutrophils expressed increased levels of type 2 cyto-
kines, including IL-5, IL-13, and IL-33. Of note, neutrophil-derived 
IL-13 promoted M2 macrophage polarization, which was necessary 
for efficient parasite clearance.96 Whereas neutrophil involvement 
in type 2 immune responses can lead to a favorable outcome in 
parasitic infections, it is highly detrimental in allergic diseases. In a 
model of allergic skin inflammation, LTB4 signaling on neutrophils 
significantly contributed to infiltration of CD4+ T cells, dermal and 
epidermal thickening, and local gene expression of il4 and il13.97 
Others discovered that suppressing neutrophil responses led to 
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lower type 2 cytokines, immunoglobulin E (IgE) levels, and airway 
infiltration.98–100 Nevertheless, similar approaches antagonizing 
neutrophil immune responses in severe asthma patients, such as by 
targeting CXCR2, LTB4, or IL-17, showed none to minimal clinical 
benefit.101–104 Recently, a study showed that neutrophils restricted 
allergic inflammation by reducing availability of G-CSF for other 
cells, namely monocyte progenitors and type 2 innate lymphoid cells 

(ILC2s), both of which play prominent roles in the pathogenesis of 
allergy.105 Using a mouse model of house dust mite sensitization, 
the authors demonstrated that G-CSF drove antigen presentation 
by monocyte-derived DCs and stimulated ILC2s to produce the type 
2 cytokines IL-5 and IL-13. Accordingly, depletion of neutrophils in 
this model did not improve the pathology, but, on the contrary, ex-
acerbated the disease by systemic elevation of G-CSF. Nevertheless, 

F I G U R E  2  Neutrophil clearance regulates tissue inflammation. Upon infection, increased levels of granulocyte colony-stimulating factor 
(G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) induce granulopoiesis and promote neutrophil release from 
the bone marrow. C-X-C motif chemokine receptor 2 (CXCR2)high neutrophils leave the bone marrow and migrate toward affected tissues, 
following gradients of intermediate and end-target chemoattractants. Recognition of pathogen-associated molecular patterns (PAMPs) in 
the tissue upregulates CC motif chemokine receptor 7 (CCR7) on neutrophils, allowing them to migrate via afferent lymphatics into draining 
lymph nodes (dLNs) where apoptosis-prone neutrophils coming from the tissue are phagocytosed by dLN-resident conventional DCs (cDCs). 
Neutrophil phagocytosis impedes interleukin (IL)-23 production by cDCs, in turn leading to reduced synthesis of G-CSF. Thus, CCR7-
dependent tissue neutrophil clearance provides a negative feedback loop for neutrophil immune responses and limits tissue damage.

TA B L E  2  Neutrophils in allergic diseases

Condition Numbers Involvement in pathology Outcome Reference

Atopic 
dermatitis

Normal in blood, low in 
skin

Impaired migration, phagocytosis, 
and NET formation, increased 
ROS production

Increased susceptibility to cutaneous 
infections

88,90,108

Allergic rhinitis Elevated in sputum in 
severe patients

Not described in detail, however, 
in neutrophilic endotypes, 
increased cytokine production, 
enhanced inflammation

Not described in detail, however, 
possible contribution to sustained 
inflammation and tissue damage

95

Eosinophilic 
asthma

Scarcity of neutrophils 
in lungs and 
bronchoalveolar 
lavage

Unknown Unknown 90,109,110

Neutrophilic 
asthma

Increased in sputum and 
airways

Increased propensity for NETs, ROS, 
and cellular survival

Neutrophilic inflammation 93,94,110

Food allergy Unknown Unclear, possible activation by IgG 
instead of IgE, produce platelet-
activating factor

Can induce IgG-mediated anaphylaxis 111
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even though the contribution of neutrophils to type 2 immune pa-
thologies appears somewhat multifaceted and at times antagonistic 
(Box 2), their deficiency in atopic and allergic patients is unequivocal, 
as described below.

Recent studies uncovered that neutrophil defects in allergic 
diseases can be driven by cell-intrinsic type 2 cytokine signaling86 
(Figure  3). A study by Woytschak et al.106 demonstrated that IL-4 
antagonized the effects of G-CSF, which is essential to mobilize neu-
trophils from the bone marrow upon infection or inflammation. More 
specifically, administration of exogenous IL-4 to mice infected with 
Group A Streptococcus or L. monocytogenes prevented upregulation 
of CXCR2 on neutrophils and release of these cells into circulation. 
Inhibition of neutrophil recruitment by exogenous or endogenous 
IL-4 signals, in turn, significantly increased bacterial burden, ren-
dering the mice more susceptible to infection.106 The effects of IL-4 
were shown to be mediated in a cell-intrinsic manner via the type 
2 IL-4 receptor (IL-4R) on neutrophils. Although both IL-4 and IL-13 
are known to signal via this receptor, the sensitivity of mouse neu-
trophils to IL-13 was substantially lower than to IL-4 and, whereas 
IL-4 significantly hampered ex vivo neutrophil migration, IL-13 had 
no such effect on mouse neutrophils.106 A subsequent study recapit-
ulated the inhibitory effects of IL-4R signaling on human neutrophils, 
which, unlike their mouse counterparts, were affected by both IL-4 
and IL-13.107 Incubation of human peripheral blood neutrophils with 
either IL-4 or IL-13 inhibited not only their migration but also their 
ability to form NETs. Thus, signaling via the IL-4R emerges as a con-
served brake for neutrophil activity in both humans and mice, albeit 
their sensitivity to the ligand cytokines varies (Box 1).

F I G U R E  3  IL-4R signaling accelerates neutrophil aging. Circulating fresh neutrophils in healthy individuals can perform a variety of 
effector functions, including neutrophil extracellular trap (NET) release, reactive oxygen species (ROS) production, degranulation, and 
phagocytosis. An increase in the type 2 immune cytokines interleukin (IL)-4 and IL-13 affects phenotypical and functional properties of 
neutrophils and accelerates their aging. Aged neutrophils lose their granularity as well as ability to perform chemotaxis, phagocytosis, 
and NET release, whereas they are more prone to ROS production. The functional alterations are evident in type 2 immune diseases with 
increased IL-4 and IL-13 abundance. In mild-to-moderate disease manifestations, neutrophil counts are reduced in the affected tissues, but 
are found at normal levels in the blood. In severe type 2 immune skewing (e.g., by very high systemic concentrations of IL-4), neutrophil 
counts can be reduced in blood and tissues.

BOX 2 Future research perspectives

•	 The majority of novel concepts in neutrophil biology 
has been discovered in mouse models. It is time to fill 
the knowledge gap on these features in humans in both 
health and disease.

•	 The previously described tissue-specific plasticity of 
neutrophils can be applied to different diseases. Thus, 
neutrophil heterogeneity can be studied in the spectrum 
of different autoimmune and allergic diseases.

•	 More effort is needed to describe functional and phe-
notypical aspects of neutrophils in type 2 immune dis-
eases, which will allow better characterization of their 
contribution to pathology.

•	 Mechanisms of neutrophil regulation should be explored 
to restore a healthy balance between immunity and in-
flammatory damage.
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Very recently, using a mouse model of atopy, IL-4R signals were 
demonstrated to accelerate maturation of neutrophils in the bone 
marrow and aging of circulating neutrophils.69 Previous descriptions 
of neutrophil aging included gradual loss of granularity, phagocytic 
capacity and release of NETs, and increased aptitude for ROS pro-
duction.82 Interestingly, neutrophils in “atopic” mice with a predis-
position to type 2 immune responses exhibited an aged phenotype, 
reduced phagocytic activity, and increased rate of apoptosis.69 In line 
with an increased rate of apoptosis, neutrophils in atopic mice were 
readily phagocytosed by macrophages and DCs in bone marrow and 
spleen. Overall, this accelerated neutrophil aging in atopic mice was 
associated with increased susceptibility to bacterial infections. The 
findings in atopic animals were recapitulated by exogenous adminis-
tration of IL-4 to type 1 immune-predisposed mice, exposing IL-4 as 
the likely culprit behind neutrophil aging. Enhanced neutrophil aging 
was caused by cell-intrinsic IL-4R signals, which dramatically impaired 
in vivo anti-bacterial responses and survival of mice. Although IL-13 
can also bind and signal via the IL-4Rα subunit of IL-4R, this study 
did not delineate the specific contribution of IL-13 to the phenotype 
observed,69 because IL-13 has been previously shown to minimally 
affect mouse neutrophils ex vivo.106 Neutrophil-specific IL-4Rα de-
ficiency rescued the susceptibility of atopic animals to bacterial in-
fections, underlining that neutrophil aging controlled by IL-4 signaling 
was crucial for antimicrobial immune defense.69

6  |  NEUTROPHIL S IN 
AUTOINFL AMMATION AND 
AUTOIMMUNIT Y

Systemic autoinflammatory disorders are characterized by dys-
regulated innate immune responses, including neutrophilia during 
flares, recurrent fever episodes, and elevated proinflammatory 
cytokines.112 Notably, IL-1 family of cytokines, in particular IL-1β, 
are key players of autoinflammatory pathogenesis, as they strongly 
enhance the activity of innate immune cells. Acting directly on 
neutrophils, IL-1β promotes neutrophil effector functions, such as 
degranulation and NET formation, and acts as a prosurvival fac-
tor (Figure 4).113,114 Moreover, locally increased IL-1β levels induce 
release of neutrophil chemoattractants from stromal cells, thus 
reinforcing neutrophil recruitment. Neutrophils, in turn, can exac-
erbate autoinflammation through further release of IL-1β, creating 
a positive feedback loop, and other proinflammatory cytokines, 
such as tumor necrosis factor (TNF) and IL-36.115 Thus, neutrophils 
are a key component in the pathogenesis of autoinflammatory dis-
eases and are prominently found in affected tissues, such as in in-
flamed joints in familial Mediterranean fever and in skin lesions in 
cryopyrin-associated periodic syndromes and Schnitzler's syndrome 
(Table  3).116 Biologic agents targeting the IL-1 family of cytokines 
have shown clinical success in autoinflammatory diseases,117 under-
lining the central role of these cytokines in the pathology.

Similar to autoinflammation, systemic autoimmunity is an um-
brella term encompassing various diseases, commonly exhibiting 

self-reactive adaptive immune cells and autoantibodies. Due to their 
diverse nature, the contribution of neutrophils to pathology differs 
across the spectrum. For instance, in SLE, neutrophils are a major 
source of immune complexes leading to release of IFN-I by activated 
plasmacytoid DCs (pDCs) (Table 3). As mentioned previously, these 
immune complexes, composed of self-nucleic acids and LL-37, are 
often revealed during NET formation and signal through endosomal 
TLRs. Immune complexes,55,118 together with other constituents 
of NET release, such as histones119,120 and the enucleated cellular 
shell called the neutrophil cytoplast,121 induce T helper 17 (Th17) 
cell differentiation. Th17 cells reinforce recruitment of neutrophils, 
creating an inflammatory positive feedback loop.122 This mechanism 
involving IFN-I, neutrophils, and Th17 cells is thought to drive the 
pathology of SLE, rheumatoid arthritis, and atherosclerosis (Figure 4) 
(Table 3).118,123–126

Other systemic autoimmune diseases, such as systemic sclero-
sis, present with a predominance of type 2 cytokines, such as IL-4 
and IL-13, either together with or instead of type 3 cytokines.127–129 
Recent evidence suggested that neutrophils in systemic sclerosis 
(SSc) patients featured functional defects, including impairment of 
chemotaxis, phagocytosis, and NET release,130 as seen in allergic dis-
eases.90 Phenotypically, SSc neutrophils expressed lower levels of 
CD62L, CXCR1, and CXCR2, and lacked intracellular MPO reserves 
compared to neutrophils of healthy controls.130 Interestingly, SSc 
neutrophils also exhibited an increase in STAT6 phosphorylation,130 
a pathway associated with IL-4 and IL-13 receptor signaling, indicat-
ing a possible neutrophil antagonism, similar to what has been re-
ported in allergic diseases.90

Another mechanism by which neutrophils perpetuate autoim-
munity is the exposure of intracellular antigens to extracellular 
space through NETs, ROS, and degranulation (Figure  4).1,131 For 
instance, translocation of granular proteins, such as MPO and 
proteinase 3, to extracellular space can cause the generation of 
anti-neutrophil cytoplasmic antibodies (ANCAs) in susceptible in-
dividuals.131 ANCAs can directly stimulate neutrophils and mono-
cytes for the production of cytokines, but they can also induce 
further NET release.6 These autoantibodies are elevated in pa-
tients with autoimmunity, especially in ANCA-associated vasculi-
tis (Table 3).132 Precision therapies for ANCA-associated vasculitis 
include biologic agents targeting CD20+ B cells.133,134 Such ther-
apies aim at ANCA-producing B cells, thus indirectly interfering 
with pathological activation of neutrophils, whereas alternative 
approaches directly interfering with NET release are currently 
being explored.135 Notably, ANCA levels can also increase tem-
porarily following infections, as recently reported for COVID-19 
patients.80

Certain diseases, such as psoriasis, share features of autoinflam-
mation and autoimmunity (Table 3). Thus, immune complexes, IFN-I, 
and Th17 cells have been implicated in the pathogenesis of psoria-
sis.136 Disruption of skin homeostasis due to environmental and ge-
netic factors results in distressed or pyroptotic keratinocytes that 
release self-nucleic acids complexed with antimicrobial peptides and 
stimulate skin-resident myeloid cells.54,137 Psoriatic inflammation 
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in mice can be triggered by topical application of the TLR7-ligand 
imiquimod,138 which essentially mimics innate immune activation by 
these immune complexes. In this experimental model, neutrophils 
are recruited to the skin within hours of induction of inflammation 
and persist until resolution.28 Similarly, in patients, neutrophils make 
up a large fraction of the inflammatory infiltrate both in fresh and 
established psoriatic lesions.136 In fact, an important hallmark of 
psoriasis is accumulation of neutrophils in the cornified layer of the 
epidermis, called Munro's microabscesses. Cytokines produced by 
neutrophils, such as TNF, IL-1β, IL-6, and IL-18, foster skin-resident 
IL-17-producing T cells, including Th17 and CD8+ cells, as well as 
local inflammation, culminating in tissue damage.139 Biologics target-
ing Th17 cell activation or activity, including anti-IL-23 and anti-IL-17 
monoclonal antibodies, have proven very efficacious in controlling 
disease in psoriasis patients.136 Since IL-17 indirectly reinforces neu-
trophilic responses, blocking this cytokine strongly antagonizes cu-
taneous neutrophilia.140 Recently, a novel gold nanoparticle-based 

methotrexate formulation has been shown to inhibit proliferation 
and IL-17 production of human CD4+ T cells, thereby alleviating 
psoriatic inflammation in mouse models of psoriasis.138 Similar to 
direct inhibition of IL-17 signaling, methotrexate-gold nanoparticle 
treatment markedly reduced neutrophil counts in the skin, highlight-
ing the close relationship of IL-17 production and neutrophils in the 
pathogenesis of disease with aberrant type 3 immune responses.

7  |  NEUTROPHIL S WITHOUT BORDERS: 
NON-IMMUNE FUNC TIONS UNVEILED

Neutrophils are short-lived cells with limited transcriptional ac-
tivity and low tissue abundance at steady state. These properties 
were regarded incompatible with the concept of plasticity and 
tissue-specific adaptations, which, for instance, macrophages are 
renowned for. Development of single-cell-based high-throughput 

F I G U R E  4  Neutrophils contribute to pathology of autoinflammatory and autoimmune diseases. A key driver of autoinflammation is IL-1β, 
a cytokine that potently stimulates neutrophil survival and activity. Neutrophils can also contribute to the production of IL-1β, thus creating 
an inflammatory positive feedback loop. Increased IL-1β signaling prompts activated neutrophils to perpetuate autoinflammation through 
effector functions and cytokine release. In autoimmunity, neutrophils enhance activation of self-reactive adaptive immune cells, especially 
T helper 17 (Th17) cells driving type 3 immune diseases. Thus, immune complexes exposed upon NET formation can stimulate plasmacytoid 
dendritic cells (pDCs) via endosomal Toll-like receptors (TLRs) to produce type I interferons (IFN-I). This, in turn, leads to IL-23 release by 
conventional DCs (cDCs) and subsequent priming of Th17 cells. Neutrophils can also facilitate autoantibody production since they release 
various autoantigens upon activation, through degranulation, ROS production, and NET release. Both Th17 cells and autoantibodies can 
further activate neutrophils and cause tissue pathology.
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technologies and transgenic reporter mouse models challenged 
the dogma that neutrophils are merely effector myeloid cells 
(Box  1).11,153,154 Firstly, neutrophils were shown to persist in cir-
culation and in tissues155 for extended periods of time that would 
allow tissue-specific adaptations (Figure 1). For instance, in hepatic 
injury, neutrophils contributed to tissue repair and their depletion 
significantly impaired wound healing and revascularization.156,157 
In another study, lung neutrophils stimulated angiogenesis upon 
radiation-induced damage.155 More recently, neutrophils were 
found to shuttle preexisting matrix from healthy parts of the tissue 
to the wounded area to promote early wound repair.158 This fasci-
nating study identified matrix transport to be the prevailing mode 
of matrix reorganization at early wound repair, preceding de novo 
matrix synthesis carried out by fibroblasts. Such adaptations foster 
non-canonical functions, such as angiogenesis, tissue repair, and 
even neuronal development. These novel findings suggest there is 
more to discover regarding non-canonical functions of neutrophils 
(Box 2).

8  |  CONCLUSIONS

From the description of NETs almost two decades ago, up until now, 
the field of immunology has become less conservative on what 
neutrophils are capable of. Beyond pathogen elimination, which 
still is their prevailing purpose, neutrophils communicate signals of 
activation, suppression, and migration, guide antigen presentation, 
and modulate local immune responses. If not regulated properly, 
neutrophils can inflict damage, but importantly, they can also con-
tribute to tissue maintenance and repair. The compelling question 
is what guides a neutrophil to assume a specific role or function? 
Understanding this requires to further dissect cell-intrinsic and 
extrinsic mechanisms in different immunological contexts. With 
each new piece of the puzzle, we get one step closer to manipu-
lating neutrophil behavior, which opens novel therapeutic avenues 
for life-threatening infections, immune-mediated diseases, and even 
defects of tissue repair and regeneration.
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