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Neutrophils are highly abundant circulating leukocytes that are amongst the first cells to be recruited to sites of
infection or sterile injury. Their ability to generate and release powerful cytotoxic products ties with their role in host
defence from bacterial and fungal infections. Neutrophilic inflammation is tightly regulated to limit the amount of
‘bystander injury’ caused. Neutrophils were in the past regarded as short-lived, indiscriminate killers of invading
microorganisms. Neutrophils are recognised to also have important anti-inflammatory functions that are critical for

the resolution of inflammation and return to homeostasis.
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1. Neutrophil Apoptosis—A Powerful Anti-Inflammatory
Signal

Neutrophil apoptosis is triggered in aged neutrophils as part of homeostasis, but it may also be induced in specific
situations. For example, phagocytosis and intracellular killing of serum or antibody-opsonised pathogens induces a
specialised cellular differentiation programme that culminates in phagocytosis-induced cell death (PICD) ([LI2E]4]
and see reactive oxygen species (ROS) below). Given the anti-inflammatory nature of neutrophil apoptosis, this

mechanism is perfectly suited for promoting tissue repair once the infection has been cleared.

In the absence of pathogens, insoluble antibody complexes, powerful pro-inflammatory stimuli that are abundant in
biological fluids in autoimmune disease (e.g., the synovial fluid in rheumatoid arthritis), are internalised by
neutrophils by receptor-dependent macropinocytosis 2. Using a separate pathway, the immune complexes also
promote ROS-dependent neutrophil apoptosis. Immune complex-induced neutrophil apoptosis is mechanistically
distinct from PICD BB This anti-inflammatory mechanism is likely relevant for immune complex-driven
autoimmune diseases, such as rheumatoid arthritis and lupus &, In addition, it may be involved in clearing excess
antibody and promoting repair processes after infectious diseases, when rheumatoid factor, an Fc region binding

IgM, is temporarily expressed, generating large circulating immune complexes [EIi20,

2. Apoptotic Neutrophils Generate ‘Find-Me’ and ‘Eat-Me’
Signals to Promote Efferocytosis and Macrophage
Polarisation
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Irrespective of its mode of induction, by maintaining the integrity of its plasma membrane, neutrophil apoptosis
offers a window of opportunity for clearance of the dead cells without eliciting inflammation. To this end, apoptotic
neutrophils promote their own clearance by macrophages via a specialised phagocytosis mechanism known as
efferocytosis (Figure 1; reviewed in 11l12)) Efferocytosis not only prevents secondary necrosis of the apoptotic

neutrophils; it is also anti-inflammatory, promotes pro-resolving pathways, and initiates repair.
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Figure 1. Anti-inflammatory neutrophil functions linked to apoptosis and efferocytosis. (A) Apoptotic
neutrophils and their extracellular vesicles release ‘find-me’ signals, including nucleotides (ATP, UTP),
lysophosphatidylcholine, and sphingosine-1-phosphate to attract macrophages. ‘Find-me’ signals bind to cognate
receptors on macrophages. (B) Apoptotic neutrophils and blebs display ‘eat-me’ signals on their plasma
membrane. These include phosphatidylserine (PS) and lyso-PS, which are recognised by macrophage receptors
(e.g., BAI1 and TIM family) or that are recognised via bridging molecules, such as protein S and Gas6 that bind to
TAM family macrophage receptors. (C) Neutrophil efferocytosis. Macrophages engulf apoptotic neutrophils and
digest them in an immunologically silent fashion in an efferosome or LAPosome. Released apoptotic cell and fatty
acid metabolites ligate metabolite sensing receptors (LXR, PPAR), upregulating transcription of anti-inflammatory
cytokines and potentiating efferocytosis. Other signals promoting macrophage reprogramming to the anti-

inflammatory phenotype (also known as M2) include ROS, lyso-PS, and neutrophil extracellular vesicles.

| 3. ‘Find-Me’ Signals

Recognition of apoptotic cells by macrophages is promoted via soluble mediators, or ‘find-me’ signals, that are
actively released by apoptotic cells and/or extracellular vesicles (Figure 1A; reviewed by [£2)). Low concentrations
of nucleotides ATP and UTP released by apoptotic neutrophils act as ‘find-me’ signals that bind to the macrophage
P2Y2 purinergic receptor 4l while the lipid mediators lysophosphatidylcholine (LPC) and sphingosine 1-
phosphate bind to macrophage G2A and S1P1-5 receptors, respectively L2168l Besides acting as
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chemoattractants, ‘find-me’ signals were also reported to have immunomodulatory functions, enhancing the
phagocytic activity of macrophages, and mediating anti-inflammatory effects by modulating cytokine production 7
(181191 although some of the underlying mechanisms remain to be fully explored. A recent metabolomics analysis
performed with a range of apoptotic immune cells suggested that shared core metabolites act in a cooperative

fashion as ‘find-me’ signals (22,

| 4. ‘Eat-Me’ Signals

Apoptotic cells also display prominent ‘eat-me’ signals on their surface. These ‘eat-me’ signals are recognised by
specialised phagocytic receptors (Figure 1B) and trigger internalisation of the apoptotic corpse. The most
prominent ‘eat-me’ signal is the display of the membrane lipid phosphatidylserine (PS) on the outside of the cell.
Viable cells are characterised by phospholipid asymmetry. This is due to flippase transporters, which actively limit
PS to the inner leaflet of the plasma membrane. In apoptotic cells, flippases are inactivated in a caspase-
dependent fashion; simultaneously, scramblases are activated, further disturbing PS asymmetry [21[22]123]
Recognition of PS can be direct via PS receptors, including BAI1 or TIM (T cell/transmembrane, immunoglobulin,
and mucin) family receptors. In addition, Tyro/AxI/Mer (TAM) family receptors recognise PS indirectly via soluble
bridging molecules, such as protein S and Gas6 (reviewed by [24)). Interestingly, in addition to enabling
efferocytosis, TAM receptor activation was reported to elicit additional anti-inflammatory functions, suppressing
inflammatory cytokine production and promoting macrophage polarisation toward an alternative or M2-like
phenotype 23126 A number of ‘eat-me’ signals other than PS exist, e.g., calreticulin and pentraxin 3; these may be

expressed in a cell type-specific fashion and act to further promote efferocytosis alongside PS.

In contrast with apoptotic neutrophils, viable cells display ‘do not eat-me signals’ on their surface which interfere
with their uptake by macrophages by efferocytosis. ‘Do not eat-me signals’ even counteract the internalisation of
PS-displaying cells 24, For example, the ‘do not eat-me’ signal CD47 binds to its macrophage receptor SIRPa,

interfering with the internalisation of bound cells by employing the phosphatase SHP1/2 (for details see review [28)),

| 5. Efferocytosis

Following uptake of the apoptotic neutrophil by the macrophage by efferocytosis, degradation of the apoptotic cell
ensues (Figure 1C). Degradation was reported to occur by a Rab5, Rab7, and Rab17-dependent variant of the
traditional endocytic pathway in an immunologically silent fashion 2939 Separately, efferocytosis was also
reported to occur via an LC3-associated phagocytosis pathway, short LAP, a non-canonical form of autophagy (211,
LAP stands in sharp contrast to the pro-inflammatory degradative pathway by which degradation of microbes
occurs following phagocytosis. LAP employs the phagocyte’s autophagic machinery to degrade the internalised
apoptotic material in an anti-inflammatory fashion. Instead of generating an autophagosome, in LAP, LC3 is
conjugated to the phagosome or ‘LAPosome’ 132l | AP-deficient animals accumulate apoptotic bodies in their
tissues that are reminiscent of the dead cells found in the circulation of systemic lupus erythematosus (SLE)

patients, and genetic links between autoimmunity and defective LAP have been identified [3l34] As with classical
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autophagy, LAP ultimately results in the release of apoptotic metabolites into the macrophage; it upregulates fatty

acid oxidation, which has been proposed to be critical for the anti-inflammatory nature of efferocytosis.

| 6. Neutrophil-Dependent Macrophage Reprogramming

Efferocytosis has long been regarded as non-inflammatory. This is (i) because it avoids the release of neutrophil
granule contents, limiting tissue injury B2 and (ii) because uptake of apoptotic neutrophils by macrophages was
observed to induce their production of anti-inflammatory cytokines (e.g., TGF-f3 and IL-10) and pro-resolving lipid
species (resolvins D1, D2, E4, lipoxin A4 and maresin) at the expense of pro-inflammatory cytokines (e.g., TNF, IL-
1B and IL-12) (Figure 1C; [B8l27I38))  This stands in sharp contrast to the pro-inflammatory cytokine profile
observed after phagocytosis of microbes and nurtured the notion that efferocytosis promotes macrophage
polarisation towards a pro-resolution phenotype (also referred to as M2). While the mechanism underpinning the
switch from pro- to anti-inflammatory cytokines has not yet been elucidated in its entirety, recent studies have
suggested an involvement of metabolic modulation of macrophages post-efferocytosis in conjunction with
metabolite sensing nuclear receptors to fine-tune anti-inflammatory processes and regulate the transcription of pro-
and anti-inflammatory cytokines. Apoptotic cell-derived metabolites were shown to drive enhanced transcription of
engulfment-related genes, including PS receptors and bridging molecules, further increasing macrophage
efferocytosis capacity. In addition, genetic experiments identified roles of nuclear fatty acid liver X receptors (LXR)
and peroxisome-proliferator-activated receptors (PPAR) for upregulation of TGF-f3 and IL-10, and the suppression
of TNF, IL-1B, and IL-12 324041 Recent elegant studies identified that oxidative fatty acid metabolism specifically
promotes IL-10 production by macrophages 2. Additionally, amino acids obtained from apoptotic cells, such as
arginine, are metabolised promoting the long-term potentiation of efferocytosis and contributing to the resolution of

inflammation (43,

| 7. Neutrophil Extracellular Vesicles

In recent years, extracellular vesicles (EVs) have emerged as a means by which cells communicate with one
another in a range of situations. Neutrophilic EVs (sometimes also referred to as microvesicles or ectosomes) are
produced by membrane blebbing (Figure 1) in response to a range of stimuli, including chemokines, cytokines,
bacteria, and bacterial products at sites of inflammation. They contain membrane receptors, surface proteins,
including the anti-inflammatory annexin-1 and PS, as well as active neutrophilic enzymes [#4143l[46] - Although
neutrophilic inflammatory EVs were reported to be generated under certain conditions 71148 in many other
studies, EVs generated by living or apoptotic neutrophils were shown to limit excessive inflammation in their
surroundings. EVs are reported to orchestrate anti-inflammatory reprogramming of macrophages, reducing
production of pro-inflammatory cytokines and increasing production of pro-resolving cytokines and lipid mediators,
as well as their ability to efferocytose 42149501 |ndeed, neutrophilic EVs were shown to dampen inflammation,
even in chronic inflammation, such as the rheumatic joint, acting on a range of cell types to protect cartilage 2152,
Mechanistically, the ability of neutrophil EV to reprogramme macrophages relies on their exposure of PS and

annexin-1. Annexin-1 binding to the macrophage FRP2 receptor was shown to be required for TGF-3 expression.
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In contrast, PS exposure by EVs modulated macrophage expression of IL-1(3, IL10, and IL-12. PS-binding to
macrophage MerTK was moreover required to enhance the efferocytic activity of macrophages 2. One recent
study reported macrophage reprogramming by living or apoptotic neutrophils, even in the absence of efferocytosis,
and identified that this involved transcriptional reprogramming of the macrophages and suppression of NF-kB
activation 231, However, it remains to be formally established whether this observation was indeed due to neutrophil
EVs.

| 8. Reactive Oxygen Species (ROS)

Due to their essential function in microbial killing by neutrophils, ROS are vital for host immunity, but excessive
ROS generation can drive oxidative damage to the host; for this reason, the generation of ROS is tightly controlled.
Key to the generation of ROS is the activation of the NADPH oxidase, which occurs in a strictly regulated fashion
that involves phosphoinositide-driven translocation events, as well as protein phosphorylation. The NADPH
oxidase is assembled at a membrane (typically either phagosomal or plasma membrane); it is made up of
membrane associated (gp91Pho* and p22P"°%) and cytosolic components (p67P"°X, p47PNoX  pAQPNOX) in the
presence of activated (GTP-loaded) Rac which binds p67P"% (reviewed in B4). Once assembled, the NADPH
oxidase transfers NADPH-derived electrons to molecular oxygen, generating superoxide on the outside of the cell
(which may be the inside of the phagosome). Further enzymatic reactions that are less tightly controlled generate
increasingly more cytotoxic species, culminating in the generation of hypochlorous acid from hydrogen peroxide by
myeloperoxidase, which is delivered from primary/azurophilic granules 4. Missense mutations in any one of the
subunits of the NADPH oxidase affect its function in human and mouse, causing chronic granulomatous disease
(CGD) in humans 2, Fascinatingly, ROS also have anti-inflammatory functions, at least some of which are due to
their key role in apoptosis. Phagocytosis of microorganisms triggers activation of the NADPH oxidase, which in turn
promotes PICD (58 and Figure 1B). The same observation applies to immune complex-induced neutrophil
apoptosis B, Experimental evidence suggests that the NADPH oxidase promotes efferocytosis of apoptotic PS-
exposing neutrophils for the optimal resolution of inflammation. NADPH oxidase-dependent oxidation of the fatty
acyl groups of PS culminated in the generation of lyso-PS, generating improved ligands for PS receptors, including
CD36 and G2A BAB8l |nterestingly, ROS-dependent lyso-PS generated by viable neutrophils even promoted
efferocytosis of these non-apoptotic cells, suggesting a potential role of lyso-PS in orchestrating the removal of

excess neutrophils following their recruitment to inflammatory sites 59,

In keeping with these observations, mice lacking NADPH oxidase components were found to be prone to acute
hyperinflammatory reactions in sterile inflammation models, exhibiting excessive inflammatory cell infiltrates and
pro-inflammatory cytokine signatures (e.g., BY61) Failure of prompt efferocytosis of apoptotic cells promoted not
only acute inflammation, but, in the long run, development of autoimmune disease, including SLE 62, Genome-
wide association studies identified patients carrying NADPH oxidase subunit mutations that reduced its activity in
SLE cohorts (e.g., 363 These observations also held true in mouse models B4I[6368] Efferocytosis of apoptotic
neutrophils by CGD macrophages, or those from CGD mouse models, was also reported to be affected: CGD

macrophages were found to suffer from poor efferosome acidification and delayed clearance of ingested apoptotic
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cells 71, Impaired efferocytosis resulted in poor macrophage reprogramming from pro-inflammatory (M1) to pro-
resolving (M2), and reduced generation of anti-inflammatory mediators, including TGF-3 and prostaglandin D2
(PGD2) BEISATI | this regard, it is also interesting that, in the context of liver repair after acute acetaminophen
(paracetamol) injury in the mouse, H,O, released by neutrophils was sufficient to promote inflammatory monocyte
differentiation to pro-repair macrophages by activating AMPK [l even in the absence of neutrophil apoptosis and
efferocytosis.

Taken together, these observations suggest important anti-inflammatory roles of NADPH oxidase-mediated
generation of ROS, that counterintuitively suppress excessive bystander host injury from being generated due to
neutrophilic inflammation.
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