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Introduction
Neutrophils are the most abundant immune cells, constituting 
about 60% to 70% of all leukocytes in human blood (1, 2). Neutro-
phils act as the first responders of the innate immune system, and 
their crucial role in fighting invading pathogens is well established 
and best exemplified by the severe susceptibility of neutropenic 
patients to infections (3, 4). The works of Paul Ehrlich in the late 
nineteenth century first recognized heterogeneity of leukocytes 
and identified one unique cell with a polymorphous nucleus as the 
“neutrophil” (1, 5). Neutrophil function was subsequently stud-
ied by Élie Metchnikoff, widely considered the father of cellular 
innate immunity, who first described recruitment of phagocytic 
cells to an injury in starfish embryos (6, 7).

However, until recently, the prevailing view of neutrophils was 
that of simple foot soldiers of the innate immune system: equipped 
with a lethal arsenal of proteases and oxidants, neutrophils rapidly 
invade sites of infection to eradicate pathogens and prevent their 
spread (8, 9). Upon completion of their tasks, neutrophils were 
thought to commit suicide on the battlefield. Overexuberant neu-
trophil recruitment was associated with collateral tissue damage, 
defective healing, and chronic inflammation (2). Adding to this was 
the discovery of NETosis (10), a novel killing mechanism by which 
neutrophils release neutrophil extracellular traps (NETs), nuclear 
DNA coated with histones, proteases, and granular and cytosolic 
proteins to entrap bacteria. While effective in capturing bacteria, 
NETs produced in infections and noninfectious perturbations have 
been postulated to cause bystander tissue damage (11).

The prevailing and rather simplistic view of the neutrophil has 
undergone substantial revision in the past decade, and numerous 

novel paradigms have emerged (12). Advanced techniques, such 
as intravital microscopy, genetic fate mapping, and single-cell 
sequencing, have driven considerable research in the field, spawn-
ing studies into more complex neutrophil biology. Furthermore, 
the identification of Ly6G as a lineage-specific neutrophil mem-
brane protein that can be used to track or deplete neutrophils 
and the generation of the “Catchup mouse,” a Ly6G neutrophil- 
specific, Cre-based reporter system driven by the Ly6G promoter 
combined with fluorescent tdTomato expression, have substan-
tially advanced the study of neutrophils in vivo (13).

It is now apparent that neutrophils have crucial homeostat-
ic functions in various organ systems (14, 15): they interact with 
cells of the innate and adaptive immune system to direct immune 
responses (16), are implicated in chronic inflammatory diseases 
(17), experience shaping by the microbiome (18), and contribute 
to injury repair. Tumors may also hijack these properties to aid in 
growth and metastasis (19). Yet, despite encouraging advance-
ments in many areas in recent years, some fundamentally unre-
solved questions remain (20). In this Review, we outline the neu-
trophil’s role in tissue injury and repair, focusing on its emerging 
role in resolving inflammation and participation in repair. Since 
the mechanisms by which neutrophils are integrated in resolution 
are likely context-dependent, we also highlight neutrophil contri-
butions to repair in different organs.

Neutrophil recruitment
Tissue injury leads to the release of an array of signals, includ-
ing damage-associated molecular patterns (DAMPs) from dam-
aged cells or pathogen-associated molecular patterns (PAMPs) in 
infection. Tissue-resident cells including macrophages, dendritic 
cells, and endothelium detect these signals, initiating neutrophil 
recruitment. As the first wave of infiltrating cells, neutrophils 
integrate these cues into a directed movement toward the injury 
site (21). Neutrophils express a multitude of receptors, including 
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neutrophil migration was observed in humans (32). FPR2 mediates 
both pro- and antiinflammatory effects through binding of dif-
ferent chemotactic ligands (33). In atherosclerosis, binding of the 
resolving ligand annexin A1 (AnxA1) dampened neutrophil recruit-
ment, leading to improved atherosclerotic lesions (34). Conversely, 
cathelicidin-related antimicrobial peptide (CRAMP), a proinflam-
matory FPR2 ligand, promoted atherosclerosis and was found to be 
deposited by neutrophils (35). Neutrophils produce leukotriene B4 
(LTB4) in response to fMLP and sense LTB4 via the LTB4 receptor 
(24). Through this mechanism, neutrophils beget an abundance of 
additional neutrophils, an effect known as “neutrophil swarming” 
(36). LTB4 released from early-recruited neutrophils acts as a relay 
chemoattractant to mediate this phase of exponential neutrophil 
influx (24, 36). In a mouse model of skin injury, LTB4 was required 
for the recruitment of more distant neutrophils, while more proxi-
mal neutrophils in LTB4-deficient mice could still undergo chemo-
taxis to the injury site (37). The size of an injury could dictate how 
many neutrophils are recruited by the primary end-target signal 
(e.g., fMLP) and how many are recruited by relay chemoattractants 

GPCRs, Fc receptors, adhesion receptors, cytokine receptors, and 
pattern recognition receptors, that allow recognition and response 
to injury and infection (22, 23). Neutrophil recruitment can be 
divided into an early phase induced by short-term signals and an 
amplification phase with robust neutrophil infiltration driven by 
more persistent signals (24). The general recruitment cascade of 
the neutrophil is an orchestrated process and has been extensively 
reviewed (4, 25, 26); thus, we will limit our focus to recruitment 
during sterile injury.

DAMPs released from necrotic tissues directly recruit neutro-
phils (27). Neutrophil-derived ATP can augment chemotaxis in an 
autocrine fashion, providing signal amplification for neutrophil 
migration (28). Additional early signals are provided by N-formyl 
peptides such as fMet-Leu-Phe (fMLP), a key chemoattractant that 
is canonically thought to be bacteria-derived but is also released 
from damaged mitochondria during tissue necrosis. fMLP acts 
via formyl peptide receptors 1–3 (FPR1–3) (refs. 29, 30, and Fig-
ure 1). FPR1 deficiency in mice was shown to prevent neutrophil 
migration toward a focal hepatic injury (31), and a similar role in 

Figure 1. Spatiotemporal neutrophil response in focal necrotic liver injury. Left: Early neutrophil recruitment phase. Neutrophils are recruited as early 
as 15 to 30 minutes to the site of injury and fully cover the necrotic area within 4 hours. Their adhesion to hepatic sinusoids is achieved by binding of 
MAC-1 to endothelial ICAM-1. Recruitment occurs via CXC chemokine gradients along the endothelium, and closer to the focal necrosis, chemotaxis is 
guided by danger signals such as the N-formyl peptides, ATP and HMGB1. In a second phase known as neutrophil swarming, additional neutrophils are 
recruited and leukotriene B4 (LTB4) provides signal amplification. Tissue-resident macrophages called Kupffer cells serve as sentinels, detecting DAMPs 
and mediating recruitment of neutrophils. Right: Late neutrophil reverse migration phase. Over the next few hours, neutrophils phagocytose debris, dis-
mantle vessels, and show a random back-and-forth movement. At the injury border, neutrophils show a directed movement away from the injury toward 
vessels, eventually clearing the injury site via the vasculature. CTSC is required for reverse migration by activating neutrophil serine proteases. Neutro-
phils migrate toward the lung vasculature, upregulating CXCR4 and eventually traveling to bone marrow, where they die by apoptosis. Some neutrophils 
die on site and are phagocytosed by resident or infiltrating macrophages, leading to macrophage phenotype switching and release of pro-resolving 
mediators. LTB4R, leukotriene B4 receptor.
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Neutrophil-mediated tissue injury
Considering the lethal cargo they carry to the site of perturbation, 
such as ROS and proteolytic and antimicrobial proteins, neutro-
phils have considerable potential to cause tissue damage (44, 45). 
Neutrophil contributions to tissue damage include the release of 
neutrophil-derived serine and matrix metalloproteases (MMPs) 
that cleave extracellular matrix (ECM) components, thereby 
destroying existing tissue architecture (46). In acute respiratory 
distress syndrome (ARDS), endothelial damage and vascular leak-
age was mediated by local release of elastase, MMPs, and ROS 
(47). In ischemic stroke, neutrophil accumulation and adherence to 
endothelium resulted in impaired perfusion (48), and ROS produc-
tion was shown to directly damage endothelium and brain paren-
chyma (49). Extensive literature exists on the role of neutrophils 
and NETs in tissue damage (46, 50–53). Furthermore, neutrophils 
are also implicated in the pathogenesis of various chronic inflam-
matory conditions (17), such as rheumatoid arthritis (54), systemic 
lupus erythematosus (55), cancer (56), inflammatory bowel disease 
(57), atherosclerosis (58), and metabolic syndrome (59).

Neutrophils constantly face the predicament of eradicating 
pathogens while preserving tissue integrity, and this crucial bal-
ance might be influenced by circadian rhythm (60–62). Neutro-
phils liberated from bone marrow into the circulation undergo 
diurnal phenotypic changes termed “aging” (60). These aged neu-
trophils (CD62LloCXCR4hi) are repositioned from the circulation to 
tissues toward the end of their life cycle (60). Adrover et al. recent-
ly identified an intrinsic program mediating neutrophil aging, 

such as LTB4. Indeed, following a tiny laser injury, fMLP played 
little to no role in neutrophil recruitment (37), whereas in a larger- 
scale necrotic injury, fMLP played a dominant role (31).

Although it is conceivable that neutrophils respond to DAMPs 
or PAMPs in a similar fashion, growing evidence suggests that 
these signals can be integrated differently (38). An elegant study 
using zebrafish larvae showed that H2O2 was required for neutro-
phil recruitment to sterile injury but not infection with Pseudo-
monas aeruginosa (39). Along the same lines, in zebrafish, IL-1β 
signaling and myeloid differentiation primary response protein 
88 (MYD88) signaling mediated neutrophil migration to sterile 
injury, but were not required for the neutrophil response to E. coli 
(40). Recently, a study in zebrafish demonstrated that recruit-
ment of neutrophils to sterile injury was CXC chemokine recep-
tor 1–mediated (CXCR1-mediated), while recruitment to infection 
required CXCR2 (41). Intravital imaging in the liver revealed that 
in a model of sepsis, neutrophils were actively recruited by inter-
action of neutrophil CD44 and endothelial hyaluronic acid (42). 
Conversely, in sterile injury, neutrophil adhesion was mediated 
by interaction of macrophage 1 antigen (MAC-1) and endothelial 
intercellular adhesion molecule 1 (ICAM-1), while further recruit-
ment was orchestrated by CXC chemokine gradients followed by 
FPR-dependent danger signals from necrotic cells (ref. 31 and Fig-
ure 1). The brain is physiologically devoid of neutrophils, and in 
sterile brain injury, neutrophil recruitment was dependent on very 
late antigen 4 (VLA-4) (43), emphasizing neutrophils’ utilization 
of different molecules to infiltrate different organs.

Figure 2. The pro-resolving/pro-repair neutrophil. Neutrophils use different strategies to initiate tissue repair, which often occur simultaneously or 
sequentially. From left to right: Neutrophils undergo apoptosis and expose “eat-me” signals such as phosphatidylserine on the cell surface, leading to 
phagocytosis by resident macrophages and inducing a pro-repair feed-forward loop. Neutrophils phagocytose debris, thereby clearing the injury site of 
proinflammatory stimuli, removing dead tissue, and making channels for angiogenesis. Neutrophils release numerous mediators that promote angiogen-
esis and tissue repair and modulate the inflammatory milieu. Neutrophils release microvesicles containing AnxA1. These microvesicles dampen further 
neutrophil recruitment and induce macrophage phenotype switching toward a repair phenotype. Neutrophils express receptors such as CCR5 that can 
function as cytokine scavengers to reduce the availability of proinflammatory cytokines for other neutrophils. Neutrophils release NETs, which can trap 
proinflammatory chemokines.
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(68). Neutrophil depletion inhibited corneal angiogenesis and 
reduced protein levels of VEGF and the proinflammatory cytokines 
MIP-1α and MIP-2. It has been proposed that neutrophils make the 
tunnels or sleeves that allow for revascularization into tissue in 
injured organs (69). Notably, the proangiogenic role of neutrophils 
extends further to other physiologic and pathophysiologic settings. 
A recent study identified a role for neutrophils in maintaining nor-
mal pregnancy and placental development by inducing proangio-
genic T cells (70). Proangiogenic neutrophils were shown to pro-
mote tumor growth, perhaps through angiogenesis (71).

Intriguingly, all the toxic substances made by neutrophils, 
including NETs, oxidants, and proteases, may serve important 
healing functions. For example, neutrophil-mediated resolution 
was recently described in gout, a neutrophil-predominant joint 
inflammation. Surprisingly, this study showed that aggregation 
of NETs promoted resolution of inflammation by degrading cyto-
kines and chemokines, thus disrupting the recruitment of addi-
tional inflammatory cells (ref. 72 and Figure 2). NETosis-defi-
cient mice showed increased chronic inflammation, and adoptive 
transfer of in vitro aggregated NETs reduced this phenotype by 
degrading proinflammatory cytokines through NET-bound prote-
ases (72). The idea of antiinflammatory NET functions warrants 
further validation, but is an intriguing concept. Much like NETs, 
oxidants can also have dual functions, and while their inflammato-
ry properties are well documented, ROS can also suppress inflam-
mation independent of their role in NETosis (52). In fact, even pro-
teases have been shown to be both potently inflammatory and to 
play key roles in revascularization and healing (69).

Some investigators have attempted to explain the dichotomy 
of beneficial and detrimental roles of neutrophils with different 
neutrophil subsets, but the existence of neutrophil subsets and 
whether they reflect differential adaptation to local environments 
are unclear. Indeed, it was recently postulated that neutrophils 
can obtain different polarization states in the tumor microenvi-
ronment, leading to the terms “N1” (antitumorigenic) and “N2” 
(protumorigenic) (73), analogous to the M1/M2 concept in mac-
rophages. Transition between N1 and N2 neutrophils was TGF-β–
mediated, and transcriptomic analysis confirmed N1 and N2 
neutrophils to be separate populations (74). Temporal neutrophil 
polarization was also recently shown following MI, with N2 neu-
trophils increasing during the healing phase (75). These studies 
discuss the possible existence of specialized repair neutrophils; 
however, lineage-tracing studies are needed to clarify the exis-
tence of bona fide neutrophil subsets (76).

It is quite intriguing that neutrophils in all organs have 
evolved to provide healing properties despite vast differences in 
architecture and specific tissue cell types. Nevertheless, below, 
we summarize the role of neutrophils as repair cells in various 
organs (Figure 3).

Neutrophils in lung repair. Early evidence indicated that neu-
trophil α-defensins induce lung epithelial cell proliferation in 
vitro (77), and a recent study by Blázquez-Prieto et al. identi-
fied a role for neutrophils in lung repair via MMP-9 activity (78). 
The authors noted increased lung damage but reduced levels of  
MMP-9 in neutrophil-depleted mice with ventilator-associated 
lung injury. Similar findings were made in the bronchoalveolar 
lavage (BAL) fluid of neutropenic patients. Therapeutic adminis-

whereby Bmal1 (brain and muscle Arnt-like 1) regulated CXCR2 
activation, resulting in diurnal transcriptional changes, and these 
changes were antagonized by CXCR4 (61). Using mouse models 
of constitutive neutrophil aging, the authors found that improving 
recruitment of aged neutrophils to tissues under homeostasis and 
having more neutrophils in tissues resulted in enhanced antimicro-
bial clearance in kidney infection. Furthermore, clearance of aged 
neutrophils from the vasculature protected from cardiac damage 
following myocardial infarction (MI), emphasizing the importance 
of diurnal neutrophil compartmentalization (61).

Neutrophils in tissue repair
In recent years it has become apparent that resolution of inflam-
mation is an active process in which neutrophils play a seminal 
role. In most injuries, which are usually traumatic in nature, there 
is resolution involving controlled neutrophil activation and deacti-
vation, while inflammation that involves an “unnatural stimulus,” 
e.g., high-fat diets, alcohol, and drugs like acetaminophen or bleo-
mycin, will lead to inadvertent and perpetual neutrophil activa-
tion and injury. In addition, ischemia/reperfusion associated with 
transplantation, or even MI and strokes, may also cause neutro-
phils to injure self. However, we would argue that as we have not 
evolved molecular mechanisms to deal with these perturbations, 
neutrophils have difficulty discerning and responding appropri-
ately to these insults, resulting in their induction of maladaptive 
effector functions. Conversely, in trauma and other injuries, the 
neutrophil evolved a proper response to ensure survival, and 
absence of neutrophils might delay proper healing.

Neutrophils contribute to tissue repair via multiple mecha-
nisms, and the response is often time-dependent (Figure 2 and 
ref. 45). As professional phagocytes, neutrophils are involved in 
clearing necrotic tissue and cellular debris. It is essential for tissue 
repair that cellular remnants are removed to prevent persistent 
proinflammatory signaling. It is unclear whether neutrophils also 
remove injured cells, but this would explain the many studies that 
show decreased area of injury if neutrophils are depleted before 
experimentation. The majority of neutrophil-depleting studies 
address acute injury without measuring repair that occurs days 
or weeks later, leaving the impression that neutrophils simply 
induce more injury. However, neutrophils contribute to resolution 
of inflammation and repair by releasing a plethora of presynthe-
sized mediators such as growth factors and proangiogenic factors 
(63). A case in point is MMP-9, which is produced by neutrophils 
in great abundance and is capable of degrading DAMPs such as 
HMGB1 and HSP90, thus dampening the recruitment of addition-
al inflammatory cells (64).

Angiogenesis is essential for healing, and new vasculature 
delivers oxygen and nutrients that facilitate tissue regrowth (65). 
Growing evidence suggests that neutrophils promote angiogenesis 
following injury to help in repair. Indeed, a subset of proangiogen-
ic CXCR4hiVEGFR+CD49d+ neutrophils was recently described 
in humans and mice (66, 67). In a model of avascular pancreatic 
islet transplantation, the neutrophils recruited by VEGF-A expres-
sion in pancreatic islet cells expressed high levels of MMP-9 (67), a 
potent activator of VEGF activity. MMP-9–deficient mice showed 
impaired revascularization (67). In a model of toxic corneal inju-
ry, neutrophils invading the cornea expressed high levels of VEGF 
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tem requires the immune system (86). In a model of spinal cord 
injury (SCI), Stirling et al. demonstrated a beneficial role for neutro-
phils (87) wherein neutrophil depletion delayed recovery, impaired 
wound healing, and reduced astrocyte reactivity (87). Moreover, 
secretory leukocyte protease inhibitor (SLPI), which is secreted 
by neutrophils and astrocytes in the spinal cord, was shown to be 
beneficial in SCI (88). Similarly, in a model of optic nerve injury, 
neutrophils produced high levels of the atypical growth factor onco-
modulin, thereby contributing to optic nerve repair (89). Neutro-
phil depletion or an oncomodulin antagonist prevented optic nerve 
regeneration (89). It was recently shown that neutrophils play a 
crucial part in removal of debris following peripheral nerve injury 
(90). Neutrophil depletion significantly impaired clearance of nerve 
debris, demonstrating an important role for neutrophil-mediated 
phagocytosis as an initiating step of tissue repair (90).

Neutrophils in cutaneous wound healing. Neutrophils also play a 
crucial role in cutaneous wound repair, and neutropenic patients 
often suffer from impaired wound healing (44). Neutrophils are 
the first immune cells to arrive at cutaneous wounds in an effort 
to sterilize the injury (44). Liu et al. recently demonstrated a criti-
cal role for neutrophils in wound repair, as FPR1/2-deficient mice 
showed reduced neutrophil recruitment to wounds, which exhib-
ited delayed healing (91). In a previous study, neutrophil depletion 
delayed wound healing in older mice but not young mice, an effect 
that was reversed in older mice upon G-CSF injections (92). In 
another study, MMP-8–deficient mice displayed delayed healing 
and reduced neutrophil infiltration at early stages but persistent 
inflammation at later stages (93). Mechanistically, TGF-β signal-
ing and neutrophil apoptosis were impaired in MMP-8–deficient 
mice (93). Moreover, human neutrophils that migrated to skin 
wounds showed transcriptional differences and upregulated lev-
els of cytokines and chemokines that promote angiogenesis and 
keratinocyte and fibroblast proliferation compared with circulat-

tration of MMP-9 significantly reduced tissue damage in acute lung 
injury (78). NADPH oxidase, a membrane-bound enzyme complex 
associated with intracellular membranes of phagosomes, known 
for its antimicrobial function through the production of ROS (79, 
80), was recently discovered to also contribute to the attenuation 
of lung inflammation (81). NADPH oxidase–deficient mice devel-
oped progressive inflammation, augmented NF-κB activation, and 
elevated proinflammatory cytokines upon intratracheal zymosan 
or LPS challenge (81). In a subsequent study, the authors showed 
that NADPH oxidase deficiency led to increased neutrophil 
recruitment to the lungs following injury and that the NADPH oxi-
dase’s protective effect required activation of nuclear factor eryth-
roid 2–related factor 2 (Nrf2), a redox-sensitive antiinflammatory 
transcription factor (82). Zemans et al. recently demonstrated 
that neutrophil transmigration across lung epithelial cells, in vivo 
in mice and in vitro using human neutrophils, triggered repair of 
lung epithelium via β-catenin signaling (83). Mice treated with 
intratracheal LPS showed activation of β-catenin signaling in type 
II pneumocytes, mediated by elastase-induced cleavage of E-cad-
herin, thus promoting epithelial repair (83). Further elaborating on 
these findings, Paris et al. demonstrated decreased re-epitheliali-
zation and increased alveolar protein concentration in neutrophil- 
depleted or G-CSF–deficient mice in a model of acute lung injury 
mimicking ARDS (84). Unbiased proteomic analysis of BAL flu-
id revealed differential expression of MMP-2, MMP-9, and Fgf1, 
indicating that neutrophils could positively alter pathways related 
to epithelial regeneration (84). Neudecker et al. recently demon-
strated another mechanism by which neutrophils promote tissue 
repair, elegantly showing that intercellular transfer of microRNAs 
(specifically miRNA-223) from neutrophils to pulmonary epitheli-
al cells attenuated lung damage by repressing PARP-1 (85).

Neutrophils in central and peripheral nervous system repair. 
Regeneration after injury to the peripheral or central nervous sys-

Figure 3. Schematic overview of studies highlighting neutrophil contributions to the repair of tissue injury in different organ systems. Neutrophils were 
shown to contribute to repair of tissue injury in different organ systems. Some mechanisms such as those promoting angiogenesis seem to be universal, 
whereas others seem to be restricted to certain organs. Examples shown include liver, heart, lung, CNS/PNS, skin, and bone fractures.
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ing neutrophils (94). This could perhaps be related to the trans-
migration into a new environment. Cutaneous neutrophils also 
produce SLPI, and SLPI-deficient mice showed increased levels 
of inflammation and elastase as well as delayed wound healing 
(95). Chronic wounds have also been associated with increased 
protease levels, reduced neutrophil apoptosis, and neutrophil 
persistence, indicating that signals from the wound environment 
likely contribute to the fate of neutrophils (44). Interestingly, in 
diabetes, neutrophils were primed to undergo NETosis impairing 
normal wound healing in a high-glucose environment (96).

Neutrophils in cardiovascular repair. MI is accompanied by a pro-
nounced neutrophilic infiltration, and the prevailing view has been 
that neutrophils augment cardiac damage (97). However, an ele-
gant study recently demonstrated that neutrophil depletion led to 
impaired cardiac function, increased fibrosis, and progressive heart 
failure following MI (98). Mechanistically, the authors found altered 
macrophage polarization states in neutrophil-depleted mice. Fur-
thermore, neutrophil gelatinase–associated lipocalin (NGAL) 
seemed to increase the capacity of cardiac macrophages to engulf 
apoptotic cells, and treatment with recombinant NGAL was able to 
restore this phenotype in neutrophil-depleted mice (98). A previous 
study identified that the cytokine oncostatin M (OSM), produced 
by neutrophils and macrophages, induced dedifferentiating cardio-
myocytes to release regenerating islet-derived protein 3β (REG3β), 
which then modulated the degree of macrophage accumulation in 
the heart to fine-tune wound healing (99). Furthermore, neutrophil- 
borne cathelicidin (mouse CRAMP, human LL-37) was recently dis-
covered to mediate arterial healing by promoting re-endothelializa-
tion after acute injury in mice and patients (100).

Neutrophils in bone fracture healing. The role of neutrophils in 
bone fracture healing is well recognized (101–103). Fracture heal-
ing is characterized by an inflammatory phase, a repair phase, and 
ultimately a remodeling phase (104). The initial inflammatory 
response starts with a fracture hematoma that serves as a scaffold 
for immune cells and progenitor cells (104). Neutrophils are found 
in abundance in the fracture hematoma, arriving within minutes 
after fracture, and comprise both mature neutrophils from the 
circulation and immature neutrophils from bone marrow (102). 
G-CSF applied locally to fractures was associated with a signifi-
cant improvement in healing and angiogenesis (105). In a mouse 
model of bone fractures, the authors noted that depletion of neu-
trophils led to impaired healing after fracture (106). Furthermore, 
they observed increased levels of inflammatory cytokines as well 
as altered monocyte and macrophage recruitment, indicating a 
crucial role for neutrophils in initiating the repair process. Along 
those lines, Bastian et al. recently discovered neutrophils in the 
fracture hematoma of human patients (107). These neutrophils 
costained with fibronectin, and hence this group proposed a 
mechanism of “emergency ECM production” by infiltrating neu-
trophils promoting early fracture healing (107).

Neutrophils in liver repair. The liver is an organ with a remark-
able regenerative capacity and thus is often used to scrutinize tis-
sue repair experimentally. Numerous studies suggest neutrophil 
involvement in the pathogenesis of acute and chronic liver diseas-
es (108–110). A fully healing model of thermal liver injury demon-
strated that neutrophils, guided by an intravascular chemokine 
gradient, were the first cells to arrive at the injury site, where they 

infiltrated the necrotic area (ref. 31 and Figure 1). Interestingly, 
neutrophil depletion resulted in increased cellular debris, delayed 
revascularization, and ultimately delayed healing (69). Intravi-
tal imaging revealed that neutrophils contributed to healing by 
phagocytosing debris and promoting vascular regrowth in part by 
making new sleeves for blood vessels to grow into (69). Along the 
same lines, a recent study identified a dual role for neutrophils in 
acetaminophen-induced acute liver injury, with neutrophil-medi-
ated injury amplification early on, but protective effects during the 
repair phase, as depletion increased liver damage (111). The early 
phase may reflect killing and/or removal of injured cells that pres-
ents as increased injury but is required for repair. A recent study by 
Saijou et al. (112) investigated the role of neutrophils in chronic liv-
er injury. Using a mouse deficient in tribbles pseudokinase (Trib1), 
which increases neutrophil counts, the authors found reduced liver 
fibrosis, increased intrahepatic neutrophils, and increased MMP-8 
and MMP-9 levels. Neutrophil infusion diminished fibrosis, while 
neutrophil depletion increased fibrosis (112). As a result, the authors 
concluded that neutrophils suppressed fibrosis in chronic liver 
injury potentially by promoting fibrolysis through the production 
of metalloproteases (112). Along the same lines, in chronic choles-
tatic liver injury, neutrophil depletion decreased MMP-8 levels and 
decreased collagen degradation (113). Clearly, in liver, neutrophils 
are very important in regulating regeneration versus fibrosis.

All in all, it is evident that regardless of the tissue, neutrophils 
contribute to healing. Some of the mechanisms, such as MMP 
delivery, appear to be nonspecific and occur in all organs, while in 
certain situations, including healing of the optic nerve, or regrowth 
of lung epithelial cells, there are clear specific effector functions.

Resolution of neutrophilic inflammation
Once their job is done, neutrophils must be removed from the 
injury site. Indeed, neutrophil clearance from the inflicted tissue 
is essential to induce a pro-resolution cascade (45). Clearance can 
occur either by apoptosis/necrosis and subsequent engulfment by 
macrophages (efferocytosis) or by overt egress of neutrophils from 
the tissue site, either via reverse migration back into the vascula-
ture or via expulsion to the external environment (as may occur 
in the intestinal tract, skin, and other mucosal tissues). Apoptot-
ic neutrophils expose phosphatidylserine on their surface, and 
their clearance by macrophages induces a pro-resolving cascade, 
including the release of repair cytokines such as TGF-β, IL-10, and 
VEGF, leading to macrophages reprogramming to an antiinflam-
matory phenotype (refs. 45, 114, and Figure 1). In addition, mac-
rophages release resolvins and lipoxins, further enhancing effe-
rocytosis (63). Tissue-resident macrophages are a major source 
of TNF-α in the inflammatory milieu. At lower concentrations, 
TNF-α promotes neutrophil survival; however, at higher concen-
trations, TNF-α has proapoptotic effects on neutrophils (115). 
Furthermore, the release of α-defensins by apoptotic neutrophils 
increases the phagocytic capacity of macrophages and dampens 
their release of inflammatory mediators (116).

Cells in the inflamed tissue produce pro-resolving lipid medi-
ators such as lipoxin A4 (LXA4) (4, 117, 118). LXA4 inhibits neutro-
phil migration and promotes efferocytosis by macrophages (119). 
Moreover, neutrophils and other cells in the inflammatory milieu 
produce specialized pro-resolving mediators, including resolvins 
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and protectins, which stop neutrophil migration at later stages by 
interfering with chemotactic signals (120). Upregulation of CC 
chemokine receptor 5 (CCR5) was shown to scavenge proinflam-
matory cytokines, reducing their availability for additional neu-
trophils (121). In summary, pro-resolving lipid mediators decrease 
vascular permeability, inhibit further neutrophil recruitment, 
induce neutrophil apoptosis, and promote efferocytosis at sites of 
inflammation, thus triggering a resolving cascade (63).

Microvesicles (also known as microparticles or ectosomes) are 
extracellular membrane vesicles initially identified as a mechanism 
of cell-cell communication (122, 123) and have since been implicat-
ed as a neutrophil-mediated killing mechanism to restrict bacterial 
growth (124). Moreover, microvesicles were shown to be involved 
in the pro-resolving role of neutrophils. Release of microvesicles 
exposes phosphatidylserine on the cell surface, which promotes 
antiinflammatory cytokine release by macrophages and dendritic 
cells (125–127). A recent study using isolated human neutrophils 
cocultured with macrophages in vitro demonstrated that TNF-α 
stimulation generated microvesicles from neutrophils, exposing 
phosphatidylserine and annexin A1, which in turn induced macro-
phage release of TGF-β (125). Another study described a protective 
role for neutrophil microvesicles in arthritis (128). Administration 
of annexin A1–containing microvesicles promoted arthritis recov-
ery, and mice with impaired microvesicle release showed more 
severe arthritis. In mice, IL-10 production by neutrophils seems 
to contribute to resolution of injury, but current evidence argues 
against human neutrophils as a source of IL-10, suggesting that this 
mechanism is not common to all mammals (129–132).

As mentioned, annexin A1 is a pro-resolving protein stored 
in large amounts in neutrophil granules (63). Glucocorticoids, 
potent antiinflammatory drugs, operate by increasing annexin A1 
synthesis (133) and promote the relocation of annexin A1 to the 
cell surface, leading to neutrophil apoptosis, which increases the 
capacity of macrophage efferocytosis (134–136). Recently, a study 
described monocyte recruitment driven by neutrophil-derived 
annexin A1 in a model of peritonitis, leading to antiinflammatory 
cytokine release and resolution of inflammation (137).

Clearly there is much evidence to support the view that 
neutrophils undergo apoptosis at the site of injury and are sub-
sequently cleared by local macrophages. Indeed, persistence 
of neutrophils results in additional tissue damage and chronic 
inflammation. However, a number of issues remain unresolved. In 
various models of sterile inflammation, neutrophils entered and 
disappeared well before monocytes were recruited, and depletion 
of monocytes and/or macrophages had no impact on neutrophil 
disappearance (69). In addition, intravital microscopy carefully 
tracking both neutrophils and mononuclear cells failed to show 
any overt phagocytosis of neutrophils by mononuclear cells (69). 
Indeed, the study revealed that neutrophils migrated back into 
the vasculature, in a process known as reverse transmigration (24, 
69). The first in vivo evidence of reverse transmigration was pro-
vided by Mathias et al., who demonstrated neutrophils migrating 
away from a wound back to the vasculature using intravital imag-
ing in zebrafish (138). Similarly, human neutrophils were found 
to display bidirectional movements through endothelial mono-
layers in vitro (139). Neutrophils undergoing reverse transendo-
thelial migration had a distinct phenotype (ICAM-1hiCXCR1lo), 

and in patients with systemic inflammation this population was 
increased. In subsequent studies in mice, neutrophils were also 
shown to exhibit reverse transmigration in ischemia/reperfusion 
injury. This process was dependent on the ability of neutrophils to 
proteolytically degrade the junctional adhesion molecule JAM-C 
(140). Additional work concluded that neutrophil elastase was 
critically involved to promote transendothelial migration in mice 
by degrading JAM-C (141). Reverse migration was also reported in 
a model of focal hepatic sterile injury, but in this case the neutro-
phils initially performed important repair functions before return-
ing back to the vasculature (ref. 69 and Figure 1). Neutrophils at 
the injury border showed directional movement away from the 
injury; however, the chemotactic cues involved were not elucidat-
ed. Using photoactivation, neutrophils were observed migrating 
from the liver parenchyma back into the vasculature, stopping in 
the capillaries of the lung, where they upregulated CXCR4, and 
ultimately homing back to the bone marrow, presumably dying 
via apoptosis (ref. 69 and Figure 1). Interestingly, mice deficient 
in cathepsin C (CTSC) (rendering them unable to activate various 
proteases) had normal numbers of neutrophils migrating to the 
injury but fewer neutrophils leaving the injury, and this disrupted 
the normal revascularization process (69).

Reverse transmigration may explain why neutrophils end up 
causing ARDS following severe injuries. One could imagine that a 
massive injury, wherein many neutrophils reverse-transmigrated, 
could lead to systemic inflammation. Indeed, in mice and humans 
with acute pancreatitis, neutrophils with a reverse transmigration 
phenotype were found in both the peripheral blood and the lungs 
and correlated with severity of lung injury (142). JAM-C–deficient 
mice had higher numbers of reverse-transmigrated neutrophils in 
blood and lung vasculature and increased lung injury. The authors 
hypothesized that pancreatic downregulation of JAM-C permitted 
neutrophil reverse transmigration, overwhelming the lung.

Molecular mechanisms of reverse transmigration are large-
ly unresolved. In zebrafish, the HIF-1α pathway was implicated 
in neutrophil retention at wound sites (143), and as this mole-
cule disappears there may be fewer retained neutrophils within 
the injury site. High CXCL8 concentrations have been shown to 
function as a chemorepellent (144). An intriguing study recently 
demonstrated that CXCL8a/CXCR2 signaling promotes reverse 
migration of neutrophils in sterile injury in vivo in zebrafish and 
in human neutrophils (41). Collectively, these studies suggest 
that reverse migration contributes to the resolution of inflamma-
tion, albeit with the possible caveat that during severe injury this 
could cause additional inflammation elsewhere. Many questions 
remain regarding the precise mechanisms and cues that dictate 
reverse migration versus apoptosis as well as the presence of this 
phenomenon in humans in vivo. Considering the billions of neu-
trophils produced daily, it is remarkable that their exact turnover 
in inflammatory settings as well as in homeostasis is still poorly 
understood. To that end, the proportion of neutrophils that are 
phagocytosed, reverse-migrated, or cleared to the external envi-
ronment is enigmatic and warrants more investigation (20).

Concluding remarks
Timely and effective tissue repair after injury is of utmost impor-
tance and as such has been optimized to perfection over millions 
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gation. Uncovering the precise cues that distinguish self-limiting 
inflammation from chronic inflammation and identifying the neu-
trophil’s contribution will be crucial to improve current therapies. 
Finally, much of the current literature depends on animal models, 
since it is difficult to do these experiments in humans. Neverthe-
less, impaired wound healing has been described as a clinical fea-
ture of congenital neutrophil disorders in humans (146, 147). Case 
reports also showed wound healing improvements in neutropenic 
patients receiving G-CSF (148, 149), and in one study assessing 
dental extraction in neutropenic patients, delayed wound healing 
was the most prevalent complication (150). As such, the limited 
human data do support a role for neutrophils as players in wound 
healing and warrant attention in the development of strategies to 
improve wound repair.
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of years of evolution. The immune system is employed as an inte-
gral machinery to drive tissue repair. Inflammation following 
sterile injury, such as trauma, is characterized by an initial hyper-
inflammatory phase aimed at eliminating potential microbial 
invaders and clearing the injury site of debris. In this early phase, 
neutrophil-induced tissue damage might be inevitable in light of 
the important task at hand and might even be necessary to initiate 
proper tissue restoration. Neutrophils phagocytose cellular debris 
but then importantly contribute to neovascularization and pro-
mote normal collagen deposition and remodeling (69, 145). The 
view of neutrophils as unrestrained killers seems evolutionarily 
flawed, and we would argue that neutrophils both partake in the 
proinflammatory response to tissue injury and also pave the way 
for its antiinflammatory and repair phases. Whether these phases 
are mediated by different polarization states of the neutrophil or 
bona fide pro- and antiinflammatory subsets remains unclear. 
Ultimately, it is essential for neutrophils to leave the site either by 
apoptosis or by reverse transmigration. Failure to clear the space 
of neutrophils may lead to disrepair and chronic inflammation. In 
a perturbed system, such as diabetic ulcer wounds, neutrophils 
might actually enhance damage as a result of an undermined opti-
mal tissue repair cascade and alterations in necessary cues.

We believe targeting neutrophils at different phases of 
inflammation might eventually show promising results — but our 
understanding of the fine temporal and spatial dynamics of these 
remarkable cells is still incomplete and warrants further investi-
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