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Molecular regulation of neutrophil
swarming in health and disease: Lessons
from the phagocyte oxidase

Zhimin Song,"** Sourav Bhattacharya,”* Regina A. Clemens,”** and Mary C. Dinauer?>**

SUMMARY

Neutrophil swarming is a complex coordinated process in which neutrophils sensing pathogen or damage
signals are rapidly recruited to sites of infections or injuries. This process involves cooperation between
neutrophils where autocrine and paracrine positive-feedback loops, mediated by receptor/ligand pairs
including lipid chemoattractants and chemokines, amplify localized recruitment of neutrophils. This re-
view will provide an overview of key pathways involved in neutrophil swarming and then discuss the
cell intrinsic and systemic mechanisms by which NADPH oxidase 2 (NOX2) regulates swarming, including
modulation of calcium signaling, inflammatory mediators, and the mobilization and production of neutro-
phils. We will also discuss mechanisms by which altered neutrophil swarming in disease may contribute to
deficient control of infections and/or exuberant inflammation. Deeper understanding of underlying mech-
anisms controlling neutrophil swarming and how neutrophil cooperative behavior can be perturbed in the
setting of disease may help to guide development of tools for diagnosis and precision medicine.

INTRODUCTION

Neutrophils are the most abundant white blood cells in humans and are in the first line of host defense. In addition to fighting infections and
participating in tissue repair, neutrophils are also involved in inflammatory and autoimmune diseases and cancer.'™ Neutrophils are pro-
duced and stored in the bone marrow and originate from hematopoietic stem and progenitor cells (HSCPs). Under the influence of both extra-
cellular and intracellular molecules, such as cytokines and transcription factors, HSCPs develop into neutrophils following lineage determi-
nation and committed granulopoiesis.’** Neutrophils have a short half-life and are continuously generated and released into the
peripheral blood at steady state. In the setting of acute infection or inflammation, the hematopoietic system switches from steady state to
demand, or “emergency,” granulopoiesis to adapt to the increased demand for neutrophils.” Neutrophils have lobulated nuclei, giving
them flexibility to transmigrate through the endothelium and into the tissue interstitium. Neutrophils are recruited to the inflammatory sites
via a multiple-step process mediated by their adhesion and migration guided by chemokines, lipid chemoattractants, complement factors,
formyl-peptides and their relevant receptors.’**” Once neutrophils are recruited to the site of inflammation, they clear pathogens through
phagocytosis, degranulation, the release of reactive oxygen species (ROS) and neutrophil extracellular traps (NETs)."* Neutrophil activation
and migration are enhanced through autocrine and paracrine feedback amplification.® Neutrophils can communicate with other cells,
including immune cells and non-immune cells, through the release of cytokines, signaling molecules or exosomes.'**® Recent studies
have illustrated a phenomenon called neutrophil swarming, a rapid focal accumulation of neutrophils mediated by intercellular communica-
tion that generates feedforward loops to coordinate neutrophil recruitment at local sites.””'* Neutrophil swarming has emerged as an impor-
tant neutrophil response with implications for microbial infection, inflammation, immune regulation, tissue destruction and repair. The mech-
anisms underlying swarming have been the subject of several recent reviews.>”'""'*'* Here, we first provide an overview of the current
understanding of cellular and molecular mechanisms involved in initiation and modulation of neutrophil swarming. We then highlight
emerging direct and indirect evidence that show how NADPH oxidase 2 (NOX2) and related signals regulate neutrophil swarming as well
as disease states potentially associated with aberrant neutrophil swarming.

NEUTROPHIL SWARMING SIGNALS

Neutrophil swarming is a conserved response among species and has been studied in mice and zebrafish in vivo using intravital imaging, and
in human neutrophils in vitro using engineered platforms or other settings.'”'>*° Both Pathogen Associated Molecular Patterns (PAMPs) and
Damage-Associated Molecular Patterns (DAMPs) can trigger neutrophil swarming (Figure 1). Neutrophil swarming occurs widely in different
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Figure 1. Initial and stop signals of neutrophil swarming

Both Pathogen Associated Molecular Patterns (PAMPs) and Damage-Associated Molecular Patterns (DAMPs) can trigger neutrophil swarming. After tissue injury
or infection, pioneer neutrophils are recruited to the site of inflammation or infection. These pioneer neutrophils produce chemoattractants such as LTB4 and
CXCL2, which further coordinate a feedforward loop to amplify the intercellular signaling and swarm aggregation. Calcium, complement, ATP, connexin 43
and integrins positively regulate the chemoattractants’ signals during the swarming process, whereas NOX2 is a negative regulator. Desensitization of the
GPCRs by GPCR kinase 2 (GRK2) is essential to stop neutrophil swarming. Lipoxin A4 (LXA4), resolvin E3 (RVE3), and w-OH-LTB4 also contribute to the
termination of neutrophil swarming.

tissues, such as skin, ear, liver, lung, spleen, lymph node and brain,'" suggesting that swarming is a conserved protective mechanism in the
host response to tissue injury and can also facilitate pathogen containment.

Although much remains to be learned regarding various mechanisms regulating neutrophil swarming, studies have begun to define the
initiating signals and subsequent feedback loops that coordinate this process. In the initial steps, “pioneer” neutrophils that encounter path-
ogens, injured or dying cells initiate a signal relay to recruit additional neutrophils to the site.”"'#'% 112" For example, calcium alarm sig-
nals in frontline neutrophils at wound sites initiate production of the lipid mediator leukotriene B4 (LTB4) to promote neutrophil activation and
recruitment.'® Feedforward loops involving intercellular communication via neutrophil-produced chemoattractants such as LTB4 and chemo-
kines attract additional neutrophils, leading to a rapid and exponential accumulation of neutrophils at local sites (Figure 1).”~'>** Neutrophil
delivery into the tissues also requires a continuous supply of neutrophils from the blood stream — and neutrophil accumulation can thus be
blunted if neutrophils are not available. Thus, neutrophils and other cells produce not only mediators important locally for neutrophil accu-
mulation, but also engage those that act systemically, most notably the IL-1-G-CSF axis. This sustains neutrophil recruitment into tissues by
rapidly mobilizing neutrophils into the peripheral blood from the marrow storage pool and by increasing granulopoiesis.””*

LTB4 is indispensable in neutrophil swarming

LTB4 plays a central role in initiating neutrophil swarming.'®'>""” LTB4 is primarily produced by neutrophils and macrophages and is syn-
thesized in several rate-limiting steps.”’ Free arachidonic acid (AA) is generated by phospholipase A (PLA) from membrane phospholipids.
AA is then metabolized to Leukotriene A4 (LTA4) by arachidonate 5-lipoxygenase (5-LO) and 5-Lipoxygenase Activating Protein (FLAP)
through a two-step reaction, and LTA4 is further converted to LTB4 through LTA4 hydrolase.”*> LTB4 and related enzymes 5-LO, FLAP
and LTA4 are packaged and released in exosomes, which then work through autocrine and paracrine routes to mediate the neutrophil
chemotaxis.”>?” LTB4 signaling is mainly mediated through two GPCRs, a high-affinity receptor BLT1 (LTB4R1) and a low-affinity receptor
BLT2 (LTB4R2). The importance of LTB4, its receptors, and components of the synthesis pathway have been well demonstrated across spe-
cies, both in vitro and in vivo. Mouse neutrophils lacking BLT1 had severely impaired swarm formation to focal laser injury.'” The size of
human neutrophil swarms triggered by zymosan was also reduced in the presence of BLT1 and BLT2 antagonist U75302 and
LY255283."> 5-LO translocation in neutrophils within clusters was detected by spinning-disk microscopy following acute laser wounding
in zebrafish.'® CRISPR/Cas9-mediated knockdown of Bit1 and Lta4h reduced the neutrophil recruitment at the wound sites of zebrafish.'’
These experiments demonstrate that LTB4/LTB4R signaling is indispensable for neutrophil swarming in different species. Of note, LTB4 can
also be synthesized transcellularly. 5-LO is primarily expressed in leukocytes, but LTA4H is expressed in many cells lacking significant 5-LO
activity.” Lta4h*® neutrophils and Alox5<°
cannot form swarms by themselves.” This result supports the notion of neutrophil swarming as a highly coordinated process within a group
of neutrophils, not simply a sum of individual neutrophil activities.”*® Recently, a genetically encoded biosensor was developed for visual-
izing LTB4 levels.”” This technology might be a powerful tool for future studies analyzing the spatiotemporal dynamics of LTB4 activity dur-

neutrophils mixed together can form swarms normally in response to C. albicans, but they

ing neutrophil swarming in vivo.
Signals regulating LTB4 production affect neutrophil swarming

Given the central role of LTB4 in driving neutrophil swarming, many pathways found to regulate swarming converge at LTB4 synthesis. In a
zebrafish wound model, the damage signal ATP is released via connexin-43 (Cx43) hemichannels in clustered pioneer neutrophils contacting
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necrotic tissue. ATP signaling through P2X1 receptors induces calcium influx (“calcium alarm signal”), which further promotes local LTB4 pro-
duction in neutrophils,'® suggesting that ATP-Cx43-calcium-LTB4 signaling is important in the initial phase of neutrophil swarming. Comple-
ment-regulated LTB4 production is also important in neutrophil swarming.'>*%** Mouse neutrophils incubated with C. neoformans in the
presence of C3~~ plasma were not able to form swarms and notably demonstrated impaired LTB4 production,®’ suggesting a comple-
ment-LTB4 axis in regulating mouse neutrophil swarming in response to C. neoformans in vitro. Furthermore, human neutrophils in response
to patterned zymosan particles also showed reduced swarming in heat-inactivated serum compared to regular serum, suggesting heat-labile
factors such as complement contribute to neutrophil swarming.'® In vivo, C3 deficiency or C5aR antibody blockade reduced LTB4 production
and pulmonary intravascular cluster formation in a C. albicans induced sepsis model.*” Taken together, complement-induced LTB4 produc-
tion is vital in neutrophil swarming. Finally, the enzymatic activity of NOX2 and its effect on intracellular calcium can regulate LTB4 production
and neutrophil swarming.'®?***~% We will discuss this in more detail in NOX2, swarming, and neutrophilic hyperinflammation.

Chemokines and cytokines that regulate neutrophil swarming

The chemokine CXCL2 works synergistically with LTB4 signaling in neutrophil swarming. Neutrophils lacking the CXCL2 receptor, CXCR2,
showed impaired aggregation in laser-induced focal damage to mouse ear dermis.'” The presence of CXCL2 was also confirmed in mouse
neutrophil clusters by immunofluorescence staining.'? Blockade of CXCR1 and CXCR2 alone did not affect human neutrophil swarming in
response to patterned zymosan particle clusters; however, blockade CXCR1 and CXCR2 together with inhibition of BLT1 and BLT2 addition-
ally reduced the chemotactic index compared to inhibition of BLT1 and BLT2 alone.'” These results suggest that CXCL8 (CXCR1/CXCR2
ligand) cooperates with LTB4 to promote neutrophil swarming.

Integrins and extracellular matrix in neutrophil swarming

Integrins and extracellular matrix are also involved in mediating neutrophil swarming. fMLF-primed human neutrophils formed clusters on
immobilized fibrinogen (Fn) and B-glucan, but not Fn or B-glucan alone. While Fn and B-glucan are both recognized by Complement
Receptor 3 (CR3, CD11b/CD18, aMB2), the binding domains are distinct, suggesting that engagement of both the C3R I-domain (Fn)
and lectin-like domain (B-glucan) may be required for clustering.% Blockade of CR3 or VLA3 (a3B1) but not VLA5 (a581) or VLAS (a6B1)
by corresponding antibodies completely inhibited human neutrophil cluster formation on Fn+p-glucan,® suggesting that human neutrophil
swarming is regulated by multiple integrins. Further evidence for the role of integrins in neutrophil swarming comes from mouse studies.
In vitro, CD11b-deficient neutrophils could not form stable clusters around C. neoformans.®’ However, since CD11b is important for neutro-
phil recognition of Cryptococcus, it is unclear whether decreased swarming in this setting is due to lack of pathogen recognition, or a
requirement for CD11b/B2 integrin in organizing the neutrophil swarm. In vivo, integrins have been demonstrated to assist in neutrophil
localization in the central swarm. After focal laser injury, collagen fibers in the wound center are physically displaced by the dense neutrophil
cluster and co-injection of WT and neutrophils deficient in CD11b, CD18, CD11a or the integrin-associated adaptor Talin demonstrated that
integrins are required for neutrophil accumulation in the collagen-free zone.'? In contrast to the in vitro studies with human neutrophils,
recruitment and clustering of Itgb1™~ neutrophils were similar to WT neutrophils in this model.'? Whether these conflicting results are
due to differences in species or the in vitro versus in vivo model system is unclear. Taken together, the involvement of integrins in neutrophil
swarming is complex and may depend on the cellular context, extracellular matrix, phases of neutrophil swarming etc. Furthermore, the
underlying mechanism through which integrins regulate neutrophil swarming, including whether these involve integrin-dependent produc-
tion of LTB4, still need further investigation. More studies are required to fully outline the spatiotemporal involvement of integrins and extra-
cellular matrix.

Stop signals for neutrophil swarming

How neutrophil swarming is terminated and resolved is still largely unknown. Recently, GPCR desensitization has been proposed to be essen-
tial to both limit neutrophil swarm size, and to allow neutrophils to fully arrest within the developing swarm.?> GPCR kinases (GRKs) are crucial
for GPCR desensitization and have been shown to induce arrest of neutrophil migration when they sense high concentrations of chemoat-
tractants. Kienle et al. utilized intravital microscopy of lymph nodes during P. aeruginosa infection, combined with in vitro co-culture
modeling, to demonstrate that GRK2 provides an essential “stop” signal in neutrophil swarms. Grk2~/~ neutrophils formed larger clusters
in vitro around P. aeruginosa aggregates, but notably lacked the arrest phase and moved out of neutrophil clusters again at high speed. Inter-
estingly, this disorganization led to impaired phagocytosis and control of bacteria growth,”” suggesting that neutrophil arrest in the central
swarm is necessary for efficient host defense. CXCR1 desensitization in neutrophils was also reported in an injury model of zebrafish,* sug-
gesting that GPCR desensitization might be a conserved mechanism for preventing excessive neutrophil aggregation. The lipid pro-resolving
mediators lipoxin A4 (LXA4) and resolvin E3 (RVE3) have also been identified as stop signals for human neutrophil swarming in vitro."” w-OH-
LTB4, an LTB4 metabolite synthesized by the enzyme omega-hydroxylase, has also been shown to be a natural inhibitor of LTB4-mediated
responses by competition for BLT1 receptor binding.*” Human neutrophils showed strong LTB4 production with stimulation by the bacterial
chemoattractant fMLF after preincubation with Salmonella typhimurium. When the bacteria:neutrophil ratio was increased, the transforma-
tion of LTB4 to w-OH-LTB4 was suppressed.”’ Though the underlying mechanism is unclear, it suggests neutrophils may favor LTB4 to w-OH-
LTB4 transformation when the microbe numbers are decreased and contribute to resolution of neutrophil swarming. However, whether LXA4,
RVE3 and w-OH-LTB4 participate in controlling the neutrophil swarming in vivo and how they coordinate the initiation, maintenance, and res-
olution signals still needs further investigation.
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Communication with other cells during neutrophil swarming

Neutrophil swarm formation also initiates the recruitment of other cells, including monocytes and macrophages, to the swarm location. In
laser-induced tissue injury in mice, monocytes and macrophages often assemble around the neutrophil cluster and may have a role in con-
taining neutrophil swarm growth at the wound site.'” In studies analyzing the response to bioparticles in vitro, monocytes only accumulate
when neutrophils are present, suggesting that the neutrophil swarm is a required first step for secondary recruitment of monocytes.*' In addi-
tion, tissue-resident macrophages can sense death signals from injured cells and extend processes to cloak the tissue microlesions to prevent
neutrophil swarm initiation and neutrophil-driven tissue damage.”’ Taken together, cross-talk between neutrophils, monocytes and macro-
phages likely plays an important role in regulating initiation and modulation of swarm growth.

CALCIUM SIGNALING REGULATES NEUTROPHIL SWARMING

It is well known that calcium plays a vital role in neutrophil activation and function. Intracellular calcium levels are tightly controlled and in
resting cells, calcium is sequestered within intracellular organelles including the endoplasmic reticulum (ER) and in the extracellular space.
In non-excitable cells, including neutrophils, the primary mechanism of calcium entry into the cell is termed store-operated calcium entry
(SOCE), whereby receptor signaling cascades lead to calcium release from the ER. Calcium sensing STIM proteins in the ER undergo confor-
mational change and gate plasma membrane Ca®* release-activated Ca®* (CRAC) channels, comprised of ORAI family members, to permit
sustained calcium entry from the extracellular space and activation of downstream calcium-dependent signaling.”*** The role of calcium in
regulating neutrophil swarming is emerging. Based on the current knowledge of mechanisms driving neutrophil swarming, there are several
pathways that are anticipated to be calcium-regulated.

Calcium-dependent regulation of swarming mediators

LTB4 is a notable example of a mediator of neutrophil swarming that is exquisitely sensitive to intracellular calcium levels, where activation of
key components of the LTB4 synthesis pathway, phospholipase A (PLA) and 5-LO, are dependent on calcium signaling.”® Though calcium is
not responsible for cytosolic phospholipase A2 catalysis, it is needed for translocation of cPLA2 from cytosol to nuclear membrane and endo-
plasmic reticulum.*® Calcium can also bind to the N-terminal of 5-LO and is required for 5-LO translocation from cytosol to nuclear membrane
and enzyme activation.”’** Signaling though multiple receptor families including Gg-associated GPCRs (e.g., CXCR2, CXCR1, C5aR) and
tyrosine kinase-associated receptors (TKARs) initiate SOCE. TKARs include key neutrophil receptors such as integrins, C-type lectin receptors,
and Fc receptors; therefore, swarms that receive signals from these receptors may rely on calcium signaling for swarm amplification through
LTB4 production. Although calcium-dependent LTB4 production is clearly an important mediator that influences neutrophil swarm formation,
calcium signaling promotes many other neutrophil processes.” SOCE via ORAI1 is also required for integrin outside-in signaling,”” and there-
fore may participate in neutrophil accumulation at the center swarm. Whether other calcium-dependent neutrophil processes such as degran-
ulation and cytokine/chemokine production contribute to swarming remains to be studied.

Direct evidence for calcium signaling as a regulator of neutrophil swarms

Several studies have established a role for calcium signaling in the initiation and propagation of neutrophil swarms. To investigate whether
calcium signal alone is sufficient in triggering neutrophil swarming, Khazen et al. performed an elegant experiment using an optogenetically
activatable STIM1. Using this model, this group demonstrated that STIM1 activation and subsequent SOCE-initiated neutrophil clustering.®
The size and number of the clusters were reduced when STIM1 was photoactivated in the presence of BLT1/BLT2 antagonists, suggesting that
calcium signaling in pioneer neutrophils attracts neighboring neutrophils via LTB4 dependent mechanisms.*****° Spatiotemporal dynamics
of calcium signals in neutrophil swarming around fungal particles zymosan were also defined using calcium dye Indo-1 by time-lapse imaging.
The first pioneer neutrophils showed a strong calcium elevation upon contact with zymosan and cell arrest, followed by a transient calcium
wave in neutrophils within a radius of 100-150 um. These neutrophils then joined the cluster contacting zymosan and acquired sustained cal-
cium elevation, suggesting that the strong calcium signal in the cluster center will amplify further waves of neutrophil recruitment in a calcium-
dependent feedforward loop. Staining of propidium iodide did not show cell death in the neutrophil cluster center with zymosan, suggesting
initial neutrophil swarming is not triggered by DAMPs in this setting.”® The zymosan receptor Dectin-1 triggers strong activation of SOCE
dependent on STIM1 and ORAI1,>*°" however whether this signaling pathway is responsible for the intracellular calcium signal generated
by the pioneer neutrophils remains to be seen. As discussed above, studies in zebrafish have demonstrated that sterile tissue injury can
also initiate a calcium alarm signal via ATP release from connexin-43 (Cx43) hemichannels and subsequent ATP sensing by P2X1 receptor
channels.'® Calcium influx through these P2X1 channels is required for neutrophil cluster formation via LTB4. However, pharmacological
inhibition of P2X receptors or connexins did not affect mouse neutrophil cluster formation in response to zymosan,” suggesting that stim-
ulus-specific signal pathways are involved during neutrophil swarming in different species. Together these studies suggest that elevation in
cytosolic calcium is crucial for both PAMP- and DAMP-triggered neutrophil swarming.

Priming modulates neutrophil calcium signaling

Primed neutrophils may have enhanced calcium influx following a second stimulus, which could augment neutrophil swarms. GM-CSF primed
neutrophils showed more sustained elevation of intracellular calcium than unprimed neutrophils with the stimulation of soluble complexes or
in response to chemotactic factors.””*> However, there was no difference of the elevation of intracellular calcium between GM-CSF primed
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Figure 2. NADPH oxidase limits LTB4 and cytokine production induced by fungal particles

NOX2 is a multi-subunit enzyme, including two membrane-bound subunits CYBB and CYBA, cytosolic subunits NCF2, NCF1 and NCF4, and a small GTPase Rac.
Cytosolic subunits are recruited to the plasma membrane CYBB/CYBA heterodimer after neutrophil activation by soluble or particulate stimuli, such as the fungal
cell wall particle zymosan. The assembled oxidase then catalyzes electron transfer from NADPH to oxygen to generate superoxide, which is the precursor of other
ROS. The electron transfer across the plasma membrane leads to depolarization, which decreases the driving force of calcium entry. Intracellular calcium
elevation activates cytosolic PLA2 (cPLA2), which leads to the release of arachidonic acid (AA) from membrane phospholipids. AA is then metabolized to
Leukotriene A4 (LTA4) by arachidonate 5-lipoxygenase (5-LO) and 5-Lipoxygenase Activating Protein (FLAP), and LTA4 is further converted to LTB4 through
LTA4 hydrolase. 5-LO is a rate-limiting enzyme for LTB4 synthesis and its activation is also dependent on calcium. LTB4 binds to its receptor BLT1, which
further increases the intracellular calcium signal through an autocrine or paracrine route. Zymosan can activate TLR or Dectin-1 on neutrophils, which leads to
pro-inflammatory cytokine production via TLR-MyD88-AP1/NF-kB and in parallel, Dectin-1-Card9- NF-kB. NOX2 can inhibit these signaling pathways or
directly inhibit NF-kB, which limits the production of pro-inflammatory cytokines. In the absence of NOX2, the negative membrane potential in CGD
neutrophils leads to overload of intracellular calcium, which triggers increased LTB4 production and a further enhanced LTB4-BLT1 feedback loop.
Therefore, more pro-inflammatory cytokines are produced without the dampening of signal transduction pathways by NOX2.

neutrophils and unprimed neutrophils in calcium-free media with the presence of EGTA, > suggesting extra calcium elevation in primed neu-
trophils is primarily due to calcium influx. Intriguingly, Hopke et al. showed that the addition of GM-CSF or G-CSF enhanced the swarming of
human neutrophils to C. albicans, although effects on intracellular calcium were not studied.* Exposure to bacteria may also exert priming
effects impacting calcium influx. For example, preincubation of human neutrophils with Salmonella typhimurium increased the LTB4 produc-
tion triggered by the bacterial chemoattractant fMLF, which is associated with augmented calcium influx in primed neutrophils.*® This sug-
gests that bacterial infection may boost neutrophil swarming in a calcium-LTB4 dependent manner.

NOX2, SWARMING, AND NEUTROPHILIC HYPERINFLAMMATION

NADPH oxidase 2 (NOX2) is the major source of reactive oxygen species in activated neutrophils. NOX2 is an enzyme with multiple sub-
units, including two membrane-bound subunits CYBB and CYBA, cytosolic subunits NCF2, NCF1 and NCF4, and the small GTPase Rac.
During neutrophil activation, cytosolic subunits and Rac are recruited to the phagosome and plasma membrane. The assembled oxidase
then mediates electron transfer from NADPH to oxygen to generate superoxide, which is the precursor of other ROS (Figure 2).>*> NOX2
assembly in neutrophils can be triggered through activation of signaling pathways downstream of several receptor families, including
GPCRs (e.g., formyl peptide receptor, LTB4 receptor, other chemokine receptors) and tyrosine kinase-associated receptors (e.g., integrins,
Fcy receptors, C-type lectin receptors such as Dectin).”® Inactivating NOX2 mutations result in the inherited immunodeficiency, chronic
granulomatous disease (CGD), which is associated with recurrent bacterial and fungal infections as well as aberrant inflammation, including
neutrophilic hyperinflammation. Genetic variants in NOX2 subunits that partially reduce NOX2 activity, while not associated with infections,
are linked to autoimmune and inflammatory disorders, such as systemic lupus erythematosis, rheumatoid arthritis, and inflammatory
bowel disease.” Thus, NOX2-derived ROS are not only important for host defense against microbes, but also participate in immune
regulation.”
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Experimental studies support a role for increased acute recruitment of neutrophils as one component of the dysregulated inflammation
associated with CGD. We demonstrated that CGD mice display neutrophilic hyperinflammation following inhalation of sterile fungal
PAMPs (zymosan particles).”*** Histologically, the lungs of CGD mice display significantly larger neutrophil foci in lung parenchyma
compared to wild type (WT) mice at 8 h following zymosan challenge, which continued to increase in size over the next 16 h. Although
the dynamics of neutrophil behavior have not yet been visualized using intravital microscopy, these foci are reminiscent of those formed
by neutrophil swarms. Studies with mouse neutrophils demonstrated that CGD neutrophils spontaneously formed larger and increased
numbers of neutrophil clusters in vitro within the first 60 min of exposure to zymosan.” These findings are further supported by a recent
study by Hopke et al., who used video microscopy to show that human CGD neutrophils formed significantly larger swarms against
C. albicans in vitro.**

NOX2 activity limits neutrophil swarms via electrogenic effects on calcium signaling and LTB4

Insight into the mechanisms driving this exaggerated swarming response in the absence of NOX2 points back to the central role of LTB4 in
neutrophil swarming.” The 5-LO inhibitor Zileuton and BLT1 antagonist U75302 significantly inhibited CGD neutrophil cluster formation with
zymosan in vitro and, importantly, reduced the size of neutrophil foci in CGD lung in the first 24 h following challenge with zymosan in vivo.*

Prior studies focused on the role of ROS in leukotriene degradation; however, the addition of ROS scavengers superoxide dismutase (SOD)
and catalase only modestly increased the LTB4 production in WT mouse neutrophils.** Myeloperoxidase (MPO) inhibitors 4-aminobenzoic
acid hydrazide or exogenous H,O, or H,O, generation system by glucose/glucose oxidase, with or without MPO, also did not affect LTB4
levels in WT mouse neutrophils in response to zymosan, suggesting that increased production of LTB4 is not due to ROS-mediated degra-
dation of LTB4.>*> Though in cell-free systems, LTB4-mediated chemotaxis is decreased by hydroxyl radicals, there is still no direct evidence
that LTB4 is degraded by NOX2-derived ROS in cells.”’ >

A key feature of NOX2 is that this complex is an electron transport system, where the transfer of an electron across the membrane to ox-
ygen in the extracellular (or phagosomal) space also generates an intracellular proton (Figure 2). The neutrophil resting membrane potential
(V) is around —70mV and theoretical calculations estimate that unchecked, NOX2 activation could drive V., to +200mV.?° However, compen-
satory mechanisms counter-balance this depolarizing force, including the voltage-gated proton channel (HvenT), which opens to allow H+
efflux, pH maintenance, and continued oxidase activity.®'** The measured V,, during ROS production is thus ~+30-40mV, still comparable
in magnitude to a neuronal action potential.*” As discussed above, calcium entry in non-excitable cells occurs primarily via SOCE, which dis-
plays an inverse relationship of Ca?*/V,, where the influx of positively charged Ca®* is enhanced by the negative V... Factors that result in V,,
depolarization inhibit calcium influx. The effect of ROS-mediated depolarization was first demonstrated when the Ligeti lab observed
enhanced calcium influx in CGD neutrophils, then connected this finding to hyperpolarization in the absence of NOX2 function.®*~*® Calcium
entry is also impaired in Hven1™/~ neutrophils due to increased ROS-driven depolarization.®® Our study confirmed that LTB4 production is
tightly correlated to calcium influx, and that calcium influx is enhanced in CGD neutrophils (Figure 2).** This suggests that the electrogenic
interaction between NOX2 and calcium signaling is reflected in calcium overload and excessive LTB4 production driving neutrophil swarming
in CGD. Notably, intracellular calcium also activates signaling pathways that promote NOX2 activation, suggesting that electrogenic inhibi-
tion of calcium signaling may be a central feedback mechanism for regulating ROS production and other calcium-dependent neutrophil
processes.

NOX2 activity may limit neutrophil swarms by dampening their production of chemokines and cytokines

In addition to regulation of LTB4, NOX2 also limits neutrophil pro-inflammatory cytokine and chemokine production.”>“”~"* CXCL2 levels in
CGD mouse neutrophils and CXCL8 levels in human neutrophils treated with an NOX2 inhibitor DPI were significantly increased after zymosan
stimulation.”” Kobayashi et al. also demonstrated enhanced pro-inflammatory gene expression in human CGD neutrophils.”* The mecha-
nisms underlying this hyperactivation in the absence of NOX2 are multifactorial and only partially understood. Most studies focus on the direct
effects of ROS as a second messenger, such as oxidative modification of signaling pathways.”*”>’® For example, ROS-dependent NF-kB
oxidation has been shown to modify neutrophil IL18 production.”” Absence of NOX2 also results in enhanced activation of tyrosine phospha-
tase SHP2-Syk and downstream Card9-dependent NFkB and Card9-independent JNK-c-Jun in neutrophils stimulated with fungal particles.”?
Cytokine production may be directly related to the impact of ROS produced by NOX2 since the addition of exogenous oxidants hydrogen
peroxide or xanthine oxidase/hypoxanthine significantly reduced CXCL2 production, and the ROS scavenger catalase significantly increased
CXCL2 levels in mouse neutrophils stimulated with zymosan.”> However, whether excessive production of CXCL2/CXCL8 contributes to an
exaggerated swarming in neutrophils with NOX2 deficiency still needs further investigation. ROS also negatively regulates the levels of other
cytokines after fungal stimulation, including TNF-a,”? which may also contribute to limiting neutrophil swarming via direct or indirect effects
on neutrophil functions.

NOX2 activity regulates neutrophil accumulation through the IL-1-G-CSF axis

Mediators produced locally are important for rapid neutrophil accumulation at infected or inflamed sites, but to accelerate and sustain this
recruitment requires a continuous supply of neutrophils from the blood stream, including neutrophils newly released from the marrow storage
pool in response to systemic signals. An important pathway involves the local production of the alarmins IL-1et or IL1-B, leading to upregu-
lation of pro-inflammatory cytokine expression in the local environment. This includes G-CSF, a key cytokine that induces increased release of
marrow neutrophils into the bloodstream for delivery into inflamed sites, as well as stimulates emergency granulopoiesis.
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Neutrophils produce the chemoattractants LTB4 and CXCL2 to mediate neutrophil swarming in order to combat infections or inflammation. Neutrophils also
generate IL-1B, which is vital for neutrophil activation, and can locally regulate other cytokine production. This includes IL-1B-induced production of G-CSF,
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< Granulopoiesis

Figure 3. NADPH oxidase controls neutrophil swarming through limiting LTB4 and cytokine levels

which then acts systemically to increase neutrophil mobilization from the marrow into the peripheral blood and to increase granulopoiesis. In the absence of
NOX2, feedforward loops are greatly amplified. The increase in LTB4 and IL-1B levels, and indirectly, G-CSF, reflects not only increased production by
individual neutrophils but the much larger numbers of neutrophils present in the airways via the amplified feedforward loop.

Recent studies have revealed the IL-1B-G-CSF axis is amplified systemically in the absence of NOX2, and synergizes with increased LTB4 to
promote focal neutrophil accumulation in CGD mice during acute inflammation.”*** Neutrophils themselves can be an important source of
IL-1B in both infection and sterile inflammation.”*’#-%" CGD neutrophils produce increased IL-1B in response to fungal cell walls in vitro,”” and
many more IL-1B-expressing neutrophils, recruited via LTB4, accumulate in the lungs of CGD mice following inhalation of zymosan fungal
particles, resulting in markedly elevated IL-1B levels in the airways.”” This was accompanied by elevated local and plasma G-CSF levels
and increased marrow release of mature and immature neutrophils.”® Blocking either IL-16 or G-CSF limited the size of lung neutrophil
foci at 24 h, showing that the IL-1B- G-CSF axis contributes to the increased neutrophil inflammation in CGD, acting sequentially but
non-redundantly with LTB4 (Figure 3).*** These findings are also consistent with the importance of lipid mediator-cytokine cascades in
the acute inflammatory response, and how their dysregulation in the absence of NOX2 may contribute to increased neutrophil swarming
and neutrophilic inflammation.

Heterogeneity in neutrophil NOX2 responses

Given the multiple mechanisms by which ROS production regulates inflammatory responses, heterogeneity in NOX2 activation may be an
important modifier of neutrophil swarm dynamics. Numerous factors generate heterogeneity in oxidase activation. Neutrophils express abun-
dant cell surface markers,*” and many are involved in ROS production via direct activation by ligand-receptor recognition or priming the cell
for enhanced activation of NOX2.% Different receptors and agonist concentration can initiate varying strength and kinetics of NOX2 activa-
tion.®* For example, GPCRs tend to activate rapid but transient bursts of NOX2 activation that are sustained for seconds to minutes, while
Tyrosine Kinase-Associated Receptors (TKARs), at least in vitro, induce sustained ROS production for up to hours.” The cellular context
also dictates NOX2 activation where adhesion to the extracellular matrix, or concurrent priming signals from neighboring cells can augment
ROS production.®® In addition, metabolic pathways and membrane phospholipids regulate NOX2 activation status.*®° Diversity in neutrophil
phenotype and NOX2 activity can also arise through neutrophil maturation, in response to microenvironmental and tissue-specific cues, and
following infectious or inflammatory stimuli and with aging.®*""" Recent studies utilizing single cell RNAseq report the presence of transcrip-
tionally distinct subsets in healthy mice and humans that could lead to variable NOX2 activation among the neutrophil populations.”?° Other
studies have reported heterogeneity in the onset of ROS production within neutrophil phagosomes in the first 30 min following stimulation
with zymosan particles,”” which appears to reflect differences in timing of NOX2 assembly on individual phagosomes.”® Underlying mecha-
nisms and how this influences the kinetics and heterogeneity of neutrophil NOX2 responses remain to be clarified. Intriguingly, the overall
magnitude of an individual's neutrophil NOX2 ROS response to immune complexes, bacterial ligands, or pathogens is a fixed phenotype
and is heritable, suggesting that this may be at least in part genetically determined.”” Thus, there are multiple factors, both extrinsic as
well as neutrophil-intrinsic differences that can impact neutrophil NOX2 responses.

Since NOX2 activity is important in the regulation of calcium signaling and LTB4 synthesis, it is interesting to consider how factors that
impact NOX2 activity may affect the efficiency of LTB4 production and the neutrophil swarming response. Experimental support for this
concept comes from a recent study where $100A8-Cre-mediated deletion of Ncf2 in neutrophils yields “Ncf2519048Cre neytrophils with
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~20% NOX2 activity of WT neutrophils.’® LTB4 production by Ncf2°70948C" neytrophils stimulated with zymosan in vitro was significantly
higher than Ncf2"" neutrophils but not as elevated as Ncf2™/~ neutrophils entirely lacking NOX2 activity,'™ supporting the notion that
NOX2 activity limits LTB4 production in a dose-dependent manner. Moreover, Ncf25'9948¢ mice had increased neutrophilic lung inflamma-
tion at 24 h following zymosan inhalation. Notably, the size of focal neutrophil lung infiltrates, while larger than those seen in WT mice, were
smaller than in Ncf2~/~ mice,'” suggesting this dose-dependence also translates to neutrophil swarming triggered in vivo. Thus, heteroge-
neity in NOX2 activation driven by variation in cellular or disease context may serve as a spatiotemporal tuner of neutrophil swarm formation.

ROS, size matters?

It has been proposed that ROS are sensors for microbe size.”’ In vitro, human neutrophils only formed swarms when the size of zymosan par-
ticle patterns was larger than 17.5 um (more than three zymosan particles in a cluster), suggesting that neutrophil swarming may also be
related to the size of target microbes.’® ROS localization could contribute to this size discrimination, since phagocytosis of small microbes
triggers intracellular ROS production, whereas microbes that are too large to ingest, such as fungal hyphae, trigger extracellular ROS produc-
tion.”””” ROS regulate NF-kB activity through multiple mechanisms, such as direct oxidation of NF-kB (p50) to inhibit its DNA binding activity
orindirect inhibition of upstream NF-kB activating pathways by oxidation, such as IkBa, IKK and Akt.'“" Intracellularly produced ROS may have
more access to these signaling pathways. This notion is supported by studies demonstrating that intracellularly produced neutrophil ROS
limits their cytokine production, such as IL-1B, CXCL-2 and TNF-a,’””” whereas extracellular ROS triggered by Candida hyphae did not
dampen neutrophil IL-18 expression, associated with recruitment of more neutrophils to form clusters compared to phagocytosed Candida
spores.”” How differences in the localization of NOX2-generated ROS regulates neutrophil swarming to combat microbes of different sizes
and its impact on LTB4 production is unknown and will require further investigation.

PHYSIOLOGIC ROLE OF NEUTROPHIL SWARMS

Neutrophil swarming can be viewed as a distinct functional response by neutrophils involving a coordinated group behavior leading to a rapid
influx of neutrophils at local sites. Despite the growing body of literature elucidating the molecular mechanisms that support neutrophil
swarming, the biologic importance of swarming in controlling infections as well as responding appropriately to injury remains to be fully eluci-
dated. Given the importance of neutrophils in host defense against bacterial and fungal pathogens, it is reasonable to hypothesize that
neutrophil cooperative behavior is an important mechanism for organizing the host response to infection. Numerous studies utilizing in vivo
imaging have demonstrated that neutrophil swarms form almost ubiquitously in response to a nidus of infection.'®"%* In several studies,
neutrophil depletion or blocking neutrophil receptors required for entry into the infection site results in increased pathogen growth or
dissemination, including S. aureus.'%"%® In addition, neutrophil swarms mediated by Cx43 can restrict opportunistic bacterial infection in
a wound infection model in zebrafish.'® While supporting the notion that neutrophil swarms contribute to host defense, these experiments
do not distinguish between a general requirement for neutrophil recruitment and neutrophil-dependent microbial killing versus specific fea-
tures of swarm organization. Indeed, Kienle et al. recently demonstrated that swarm formation alone is not sufficient for bacterial contain-
ment. GRK2 mediates GPCR desensitization and Grk2~/~ neutrophils formed larger clusters compared to WT in response to sterile or infec-
tious stimuli.”” However, without GPCR desensitization these neutrophils also rapidly exit the clusters, resulting in a lack of “focus” and poor
bacterial control when challenged with Pseudomonal infection. The development of micropatterning chips by Irimia’s group for in vitro
studies has enabled more direct inquiry into the role of swarming in pathogen containment and killing. By printing reproducible clusters
of fungal particles onto a slide, these investigators were able to demonstrate that neutrophil swarms delay germination and fungal growth,
and identified factors, including LTB4 signaling, NOX2, and NET formation that were important for pathogen control.’>** Although studies of
other pathogens remain limited, this technology is a powerful tool to directly query the signaling pathways that are necessary for swarm or-
ganization and pathogen killing.

Although swarming is certainly a mechanism to recruit large numbers of neutrophils, the physical structure of neutrophil swarms in relation
to the surrounding tissue may also be relevant for swarm function. Studies by Waite et al. showed that during Listeria infection, myeloid
swarms in the spleen restricted blood flow to the infected region and supported bacterial containment'® In the skin, intravital imaging
also demonstrates degradation of the collagen ECM matrix by the neutrophil swarm,'” however whether this process plays a physiological
role in host defense, wound healing, or even hemostasis is unknown and will be an important area for further studies.

NEUTROPHIL SWARMS IN DISEASE

As we learn in more depth the complex array of signals that allow the neutrophil cooperative behavior in swarming and the biological
function of this behavior, this knowledge reveals an equally complex number of ways that swarming could become dysfunctional in disease
states. Excessive swarming may also lead to collateral tissue damage. Neutrophils are inherently toxic cells, releasing abundant quantities
of proteases and reactive oxygen species that not only kill pathogens but are also injurious to host tissues. As such, the feedforward ampli-
fication that drives swarm formation could quickly become a liability if inadequately regulated. CGD is an excellent example where neutro-
phil swarms may be deleterious and contribute to disease pathology. As also discussed above, CGD is notable not only for susceptibility to
bacterial and fungal infection, but also hyperinflammation. The mechanisms driving inflammation in CGD are likely multifactorial, but the
current evidence in mice and human cells suggests that dysregulated calcium signaling, LTB4-dependent, and LTB4-independent mech-
anisms that in part involve the IL-1-G-CSF axis contribute to enhanced swarm formation. The combination of poor pathogen control and
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exaggerated swarming likely compound the severity of the disease. Similarly, exaggerated local LTB4/BLT1 signaling was associated with
excessive neutrophil infiltration and poor control of methicillin-resistant Staphylococcus aureus (MRSA) skin infection in diabetic mice.'®
Aberrant LTB4 production is also thought to be detrimental in diseases including arthritis and atherosclerosis.’®® Joint inflammation in
K/BxN serum-transfer arthritis model involves LTB4, IL-1, and CCR1 and CXCR2 ligands and is increased in CGD mice.t" 107198 NOX2-defi-
cient neutrophils also show enhanced proinflammatory genes expression and diminished anti-inflammatory functions including less sup-
pressive activity to T cells and lower PD-L1 expression.'®” Whether LTB4 drives pathological neutrophil swarming within the joint space
remains to be seen. While further studies are required, this suggests that targeting swarming using LTB4 or calcium channel inhibitors
might be a novel therapeutic approach for the inflammatory manifestations of CGD or other diseases manifested by excessive neutrophil
swarming.

Tissue- and pathogen-specific factors are likely important in determining whether swarming is helpful or harmful to the host response.
While swarm formation at the site of a skin lesion might be beneficial for pathogen containment and organization of the healing wound, robust
swarming in vital organs such as heart or brain could lead to irrecoverable tissue injury. Similarly, in a C. albicans yeast sepsis mouse model,
LTB4-mediated intravascular swarms caused a "traffic jam” within the small capillaries and resulted in pulmonary hemorrhage and hypox-
emia.” The clearance of C. albicans was comparable between Ltb4r~/~ mice and WT mice at 24 h, which suggests that excessive neutrophil
swarms and intravascular inflammation, rather than impaired pathogen control led to the worse outcomes. Pathogens are well-practiced at
using virulence factors to escape innate immune recognition and killing; thus the swarming response also represents a prime target for bac-
terial and fungal virulence factors.

Systemic factors that alter neutrophil NOX2 activity, priming or differentiation state such as chronic illness may alter neutrophil swarming
due to changes in cell surface receptors or intracellular signaling mediators that impact intra- and intercellular communication.®*="* Indeed,
patients following solid organ or hematopoietic stem cell transplantation are known to be at high risk for bacterial and fungal infection, and
are well-known to have functional defects in neutrophil chemotaxis, ROS generation, and intracellular killing. A recent study demonstrated
that neutrophils from these patients often showed smaller swarms and regardless of swarm size, defective ability to control C. albicans growth
and escape in vitro."'” Others report that the size of neutrophil swarms in response to zymosan was reduced in patients after major trauma
(particularly in the early phase), acute generalized exanthematous pustulosis (AGEP) and sepsis.'” In cirrhosis, neutrophil swarms from pa-
tients showed reduced ability to control fungal growth, despite a similar swarm size compared to healthy controls, suggesting that in this
setting global impairment of neutrophil function impairs neutrophil bactericidal responses with the swarm.""’

Patients with cystic fibrosis, characterized by mutations in the CFTR chloride channel, develop recurrent pulmonary bacterial infections due
to abnormal mucociliary clearance as well as primary neutrophil dysfunction due to loss of CFTR. Even in the absence of acute infection, this is
a chronic systemic illness with marked changes in pulmonary bacterial colonization and often low grade chronic inflammation."'? In a micro-
scale cluster neutrophil swarming assay, cystic fibrosis (CF) neutrophils formed larger swarms on C. albicans clusters compared to non-CF
neutrophils. However, when taken from hospitalized CF patients, neutrophils formed smaller swarms compare to outpatient CF neutro-
phils,""? suggesting that neutrophil swarming is altered both by acute and chronic aspects of cystic fibrosis disease. Although larger, neutro-
phil swarms from CF-hospitalized patients had a reduced ability to restrict fungal growth as compared to neutrophils from non-CF or CF out-
patients. Taken together, this suggests that altered swarm function under disease conditions may impair control of infections, and much work
is required to better understand the mechanisms by which these systemic diseases alter swarm formation and function, which may provide
new targets for diagnosis and drug development.

CONCLUSIONS AND REMAINING QUESTIONS

The cooperative behavior exhibited by swarming neutrophils is a remarkable example of intercellular communication between immune cells.
Although the past decade has seen significant advances from the descriptive and mechanistic studies performed using animal models and
new in vitro modeling systems, many questions remain. In particular, there is a great need to better understand the biological role of this
group behavior in host defense, inflammation, and wound healing. Are swarms necessary for host defense? What are the necessary features
of the swarm that enable bacterial control? What is the role of neutrophil swarms in acute vs. chronic inflammation? Is the organization of the
neutrophil swarm instructive or destructive for the subsequent wound healing process? NOX2 is emerging as an important regulator of
neutrophil function, and current evidence suggests that NOX2 is similarly important for the regulation of swarm formation through the elec-
trogenic effects of the oxidase on calcium signaling and downstream mediators including LTB4, via direct effects of ROS on multiple signaling
pathways, and perhaps additional components that regulate swarming but are not yet identified. Further investigation into how NOX2 reg-
ulates swarming and how swarming contributes to inflammatory pathology is anticipated to both deepen our understanding of the funda-
mental mechanisms driving neutrophil swarming, as well as provide insight into the mechanisms that drive inflammatory pathology in
CGD. Moreover, many acquired disorders as well as aging are associated with impaired neutrophil chemotaxis and NOX2 activity, both of
which could alter swarming behavior and have important implications for host defense and inflammation. Finally, this observation of intercel-
lular communication that markedly impacts neutrophil migratory behavior also provokes the question of whether other neutrophil functions
such as phagocytosis or degranulation, typically considered to be cell autonomous functions, may be similarly modulated by group behavior.
For example, does phagocytosis of a particle or pathogen by one neutrophil release signals that alter the phagocytic capacity of neighboring
cells? How are neutrophils otherwise communicating to coordinate the behavior of the group? The gaps in knowledge remain quite vast, how-
ever progress in these areas have great potential to offer more complete understanding of neutrophil behavior in disease and to identify new
therapeutic targets to modulate inflammation and host defense.
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