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Abstract

Uncontrolled inflammation is linked to poor outcomes in sepsis and wound healing, both of 

which proceed through distinct inflammatory and resolution phases. Eicosanoids are a class of 

bioactive lipids that recruit neutrophils and other innate immune cells. The interaction of ceramide 

1-phosphate (C1P) with the eicosanoid biosynthetic enzyme cytosolic phospholipase A2 (cPLA2) 

reduces the production of a subtype of eicosanoids called oxoeicosanoids. We investigated the 

effect of shifting the balance in eicosanoid biosynthesis on neutrophil polarization and function. 

Knockin mice expressing a cPLA2 mutant lacking the C1P binding site (cPLA2αKI/KI mice) 
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showed enhanced and sustained neutrophil infiltration into wounds and the peritoneum during 

the inflammatory phase of wound healing and sepsis, respectively. The mice exhibited improved 

wound healing and reduced susceptibility to sepsis, which was associated with an increase in 

anti-inflammatory N2-type neutrophils demonstrating proresolution behaviors and a decrease in 

proinflammatory N1-type neutrophils. The N2 polarization of cPLA2αKI/KI neutrophils resulted 

from increased oxoeicosanoid biosynthesis and autocrine signaling through the oxoeicosanoid 

receptor OXER1 and partially depended on OXER1-dependent inhibition of the pentose phosphate 

pathway (PPP). Thus, C1P binding to cPLA2α suppresses neutrophil N2 polarization, thereby 

impairing wound healing and the response to sepsis.

INTRODUCTION

Wound healing is a multi-stage physiological response comprised of four distinct phases: 

coagulation, inflammation, proliferation, and remodeling1. A hallmark of healthy wound 

progression is the transition from the inflammatory phase to proliferation and, ultimately, 

tissue remodeling1. During the inflammatory stage of mammalian wound healing, 

circulating neutrophils are recruited into damaged tissues to rapidly eliminate pathogens 

and remove damaged cells and debris from the wound site2. The infiltration of neutrophils 

initiates inflammation, and their timely clearance by macrophages through efferocytosis is 

crucial for proper progression into subsequent phases of wound healing2. The physiologic 

condition of sepsis is also initially characterized by a hyperinflammatory stage, as shown 

by the presence of fever, tachycardia, tachypnea, and altered leukocyte numbers along 

with a known site of infection2. As with wound healing, neutrophil infiltration, in this 

case to the site of infection, is also required to clear pathogens and damaged tissue3. 

Efferocytosis is also a key step in the septic response for eventual resolution and recovery4,5. 

However, both wounds and the septic response can become stalled in the inflammatory stage 

causing delayed healing or resolution as well as sustained hyperinflammation linked to the 

overproduction of inflammatory mediators such as interleukin 6 (IL-6) and tumor necrosis 

factor (TNF)6,7. Because neutrophils rely on many proinflammatory mechanisms to combat 

pathogens, the specific behaviors of neutrophils in a wound site or at a site of infection 

are of great importance. Indeed, previous research suggests that moderate suppression of 

neutrophil infiltration is generally a hallmark of better healing outcomes and survival in 

sepsis models8,9. Furthermore, prolonged and sustained increases in neutrophils, known as 

neutrophilia, in the wound or infected environment are strongly linked to poor outcomes in 

both wound healing and sepsis10,11.

Neutrophils are recruited to the site of injury or infection by cytokines, chemokines, and 

bioactive lipid mediators such as eicosanoids, including the subclasses of leukotriene B4 

(LTB4) and other leukotrienes8,12. Once at the site of injury or infection, neutrophils use a 

combination of phagocytosis and secretion of antimicrobials to kill invading pathogens and 

remove damaged cells12,13. Prolonged neutrophil activity also induces damage to healthy 

tissue14,15, and much of this neutrophilia-induced damage results from the activity of 

reactive oxygen species (ROS) secreted by neutrophils during a persistent and sustained 

inflammatory response16. In addition to ROS, neutrophils secrete chromatin “traps” termed 

neutrophil extracellular traps (NETs) comprised of chromosomal DNA, active proteases, 

Maus et al. Page 2

Sci Signal. Author manuscript; available in PMC 2023 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and globular proteins to ensnare extracellular invaders and deliver a concentrated dose of 

antimicrobial components17. However, evidence suggests that NETs can also participate 

in the pathogenesis of autoimmune and inflammatory disorders18 as well as occlude the 

vasculature, causing delayed wound healing19,20.

Neutrophilia-induced damage may be related to the subtype of neutrophil because a 

proinflammatory neutrophil would foster ROS and NET production. Although macrophage 

polarization is well established, neutrophil polarization is a relatively new scientific field 

initially characterized by Fridlender et al. in 200921. Indeed, neutrophils were presumed 

to be metabolically inert due to their transient appearance during infection and relatively 

short lifespan, but it is now accepted that neutrophil behavior switches between a 

proinflammatory, cytotoxic phenotype, termed the N1 subtype, and an anti-inflammatory, 

proresolution phenotype, termed the N2 subtype21. These distinct neutrophil populations 

are typically determined by their functional phenotype22,23. For example, proinflammatory 

N1 neutrophils show higher ROS, NET generation, and production of inflammatory 

cytokines, such as TNF, compared to N2 neutrophils, which present with lower amounts 

of these inflammatory phenotypes while also demonstrating increased production of the 

proresolution cytokine vascular endothelial growth factor (VEGF)22,23 Specific cell surface 

receptors are also reported markers for these two neutrophil subtypes, intercellular adhesion 

molecule-1 (ICAM-1) and C-X-C motif chemokine ligand 10 (CXCL10, also known as 

IFN-γ-inducible protein-10) for N1 and interleukin 8 (IL-8) and C-X-C motif chemokine 

receptor 2 (CXCR2) for N222,23.

Although eicosanoids have not been characterized for specific roles in neutrophil 

polarization, various eicosanoids have been implicated in pro-inflammatory and pro-

resolution phases of sepsis and wound healing, both of which are mediated by neutrophil 

behavior8,12,16,24–27. Ceramide 1-phosphate (C1P) is a sphingolipid that promotes the 

production of prostaglandins, a subset of eicosanoids, by binding to the enzyme that 

mediates the first rate-determining step in eicosanoid biosynthesis, group IVA cytosolic 

phospholipase A2 (cPLA2α)24,28–37. The association of cPLA2α with C1P enhances its 

association with cellular membranes, specifically the Golgi apparatus24,28,31–37. Mutations 

in cPLA2α that block C1P binding (R57A, K58A, R59A) decrease the production of 

prostaglandins such as PGE2 in vitro and in vivo24,28,31–37. Furthermore, loss of association 

of cPLA2α with C1P in fibroblasts redirects the cellular localization of the enzyme to 

the cytoplasm and induces a class switch in eicosanoid biosynthesis leading to enhanced 

5-HETE biosynthesis24,31. In this study, we observed a positive outcome for sepsis survival 

and chronic wound healing in a genetically engineered mouse model24,31 in which the 

C1P interaction site in cPLA2 was ablated by knockin (KI) of a cPLA2α allele encoding 

a protein with three amino acid substitutions in the C1P binding site (cPLA2αKI/KI 

mice). These positive outcomes correlated with neutrophilia in acute wounds and in the 

peritoneum following sepsis induction despite neutrophilia at these sites being generally 

associated with poor outcomes10,11. This “neutrophil conundrum” provided the opportunity 

to answer fundamental questions in the field of wound healing and inflammatory responses. 

Specifically, why do sustained and prolonged increases in neutrophils occur, and why is 

neutrophilia unresolved in non-healing wounds? Our study sheds light on these questions 

because we show that loss of the C1P-cPLA2α interaction increased the biosynthesis 
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of a specific class of eicosanoids, 5-hydroxyeicosatetraenoic acid (5-HETE) and 5-oxo-

eicosatetraenoic acid (5-oxo-ETE), in primary neutrophils, which activated oxoeicosanoid 

receptor 1 (OXER1) to enhance neutrophil infiltration, suppress the pentose phosphate 

pathway (PPP), and simultaneously polarize neutrophils to an anti-inflammatory, N2 

phenotype. Thus, C1P, a bioactive sphingolipid generated by direct phosphorylation of 

ceramide by ceramide kinase (CERK)28–30, is shown as a negative regulator of neutrophil 

polarization to the N2 subtype through association with cPLA2α and suppression of 5-

HETE biosynthesis. Overall, our study suggests the model that enhancement of 5-HETE 

and 5-oxo-ETE biosynthesis or CERK inhibition are potential avenues for therapeutic 

approaches to treat chronic, non-healing wounds and sepsis by reducing the induction 

of inflammatory neutrophils, thereby allowing for progression of these multi-phasic 

physiologic responses to resolution. Our study further suggests that the type of polarization 

of the neutrophils is more important than the neutrophilia itself.

RESULTS

Ablation of the C1P-cPLA2α interaction enhances neutrophil infiltration and promotes 
wound healing and survival outcome in sepsis

Our laboratory previously demonstrated improved healing of acute wounds by constraining 

C1P production through genetic ablation or pharmacological inhibition of CERK or ablation 

of the C1P interaction site in the direct target of this bioactive lipid, cPLA2α24,31. The 

increased healing rate in these models is suggestive of compression of one or more of the 

phases of wound healing. The inflammatory phase, in particular, is associated with high 

amounts of C1P, and this is the phase linked to the stalled healing of chronic wounds 

due to neutrophilia38. To examine the inflammatory phase of wound healing, we utilized 

knockin mice expressing enhanced green fluorescent protein (EGFP) from the Lysozyme M 
(MLys) locus (MLys-EGFP mice), which labels neutrophils as well as other granulocytes 

and macrophages, in an acute model of wound healing39,40. In vivo fluorescence imaging 

of EGFP-expressing cells in cPLA2α+/+ and cPLA2αKI/KI mice following acute dermal 

wounding demonstrated significantly increased immune cell infiltration into cPLA2αKI/KI 

wounds as early as 4 hours (hrs) post-injury and remained higher for over 24 hrs (Fig. 1A). 

To determine the ratios of neutrophils to macrophages, we employed immunohistological 

staining for well-established, cell-specific markers41–44, and by the 6-hr time point, 

cPLA2αKI/KI mice showed a significantly higher presence of neutrophils in the wound 

tissues compared to cPLA2α+/+ mice (Fig. 1B). Similarly, macrophage markers CD6845 

and F4/8046 were higher in cPLA2α+/+ mice compared to cPLA2αKI/KI mice (Fig. 1B), 

indicating lower macrophage-mediated inflammatory response in the mutants.

Neutrophil infiltration was also examined using an Escherichia coli intraperitoneal (IP) 

injection model of sepsis. As with acute wound healing, neutrophil infiltration, in this 

case in the peritoneum, was increased significantly at both early (4 hrs) and late (12 

hrs) time points after IP injection in the cPLA2αKI/KI mice (Fig. 2A). The cPLA2αKI/KI 

mice also demonstrated a shift toward neutrophil-mediated inflammatory response at time 

points T=4 hours and T=12 hours post-IP injection as opposed to the macrophage-mediated 

inflammation observed in cPLA2α+/+ mice (Fig. 2A). Thus, the t½ for the neutrophil 
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resolution profile for the cPLA2αKI/KI mice was significantly increased to ~16 hrs versus 

~12 hrs for the cPLA2α+/+ mice although the numbers of neutrophils were trending lower 

in cPLA2αKI/KI mice versus cPLA2α+/+ mice at 24 hours (Fig. 2A). Because increased 

neutrophil infiltration is linked to reduced survival in the cecal ligation and puncture 

(CLP) model of sepsis, we examined whether the cPLA2αKI/KI mice showed a worse 

survival outcome in this model. Survival was significantly increased in cPLA2αKI/KI mice 

versus cPLA2α+/+ and cPLA2α−/− mice (Fig. 2B). Furthermore, cPLA2αKI/KI mice also 

demonstrated significantly increased closure rates in regard to the healing of pressure 

ulcers using the Stadler model47,48(Fig. 2C–D). These data demonstrated that C1P is a 

negative regulator of neutrophil infiltration, acute and chronic wound healing, and sepsis 

outcome through direct association with cPLA2α. Furthermore, our data demonstrate that 

neutrophilia induced by the loss of the C1P-cPLA2α interaction positively correlates with 

better healing and survival outcomes, which is in stark contrast to the expected and reported 

clinical and pre-clinical manifestations for these disease states10,11.

C1P attenuates neutrophil infiltration by suppressing 5-oxo-ETE biosynthesis and OXER1 
activation

Because ablation of the C1P-cPLA2α interaction enhanced neutrophil infiltration in vivo, 

we examined the migration of neutrophils across an inflamed human endothelial monolayer 

in response to the chemoattractant lipolysaccharide (LPS) in trans-endothelial migration 

(NTEM) assays. In this regard, cPLA2αKI/KI mouse primary neutrophils (PNs) displayed a 

nearly 4-fold increase in NTEM over cPLA2α+/+ and cPLA2α−/− neutrophils after only 4 

hours (Fig. 3A). Neutrophil chemotaxis is strongly controlled by eicosanoids, specifically 

lipoxygenase-derived eicosanoids such as leukotrienes, the biosynthesis of which depends 

on the activation of a phospholipase A2 such as cPLA2α39. Whereas leukotrienes were 

not detected in our NTEM system, cPLA2αKI/KI neutrophils possessed a lipidomic 

profile of increased 5-HETE and 5-oxo-ETE compared to cPLA2α+/+ and cPLA2α−/− 

cells, whereas cPLA2αKI/KI and cPLA2α−/− had decreased prostaglandin D2 (PGD2) and 

prostaglandin E2 (PGE2) compared to cPLA2α+/+ cells (Fig. 3B,C). These modulations in 

eicosanoid biosynthesis were biologically relevant, because inhibiting 5-HETE and 5-oxo-

ETE production with a 5-lipoxygenase–activating protein (FLAP) inhibitor, MK886, or 

blocking OXER1, the target receptor of 5-HETE and 5-oxo-ETE, with Gue1654 reduced 

the NTEM of cPLA2αKI/KI PNs to that of cPLA2α+/+ PNs (Fig. 3D). The addition of 

biologically relevant amounts of 5-HETE rescued the effect of MK886, but not that of 

Gue1654, demonstrating the specificity of the inhibitors for 5-HETE biosynthesis or OXER1 

(Fig. 3D). The lipid profile of cPLA2α+/+ or cPLA2αKI/KI PNs treated with MK886 showed 

reduced 5-HETE and 5-oxo-ETE, but PNs treated with Gue1654 maintained HETE and 

PGE2 abundances similar to their DMSO-treated controls (Fig. 3E) despite having decreased 

migration equal to cPLA2α+/+ cells. These data further demonstrate the specificity of these 

compounds for particular aspects of either 5-HETE biosynthesis or 5-HETE and 5-oxo-ETE 

receptor (OXER1) activation. These data also show that loss of the C1P-cPLA2α interaction 

in primary neutrophils enhances NTEM through the induction of 5-HETE and 5-oxo-ETE 

biosynthesis and subsequent activation of OXER1.
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C1P associates with cPLA2α to polarize neutrophils to an N1 subtype and suppress 
polarization to the N2 subtype

Ablation of the C1P-cPLA2α interaction enhanced neutrophil migration in vitro and in 

vivo, inducing neutrophilia in the inflammatory phase of wound healing and sepsis that was 

unexpectedly linked to improved healing and survival, outcomes that appear to contradict 

the reported effects of neutrophilia8–11,38. To investigate this apparent conundrum, our 

laboratory explored the hypothesis that the neutrophils from the cPLA2αKI/KI mice 

were less inflammatory, which might explain why the neutrophilia was more prohealing 

and proresolution than proinflammatory. To explore this concept of neutrophil polarity, 

we employed cellular assays for key characteristics of N1- vs N2-subtype neutrophils 

and demonstrated that activated cPLA2αKI/KI neutrophils exhibited the proresolution N2 

phenotypes of reduced NETs (Fig. 4A), lower ROS (Fig. 4B), higher VEGF (Fig. 4C), 

and decreased TNF (Fig. 4D) compared to activated cPLA2α+/+ or cPLA2α−/− neutrophils. 

cPLA2αKI/KI neutrophils also uniquely showed enhanced phagocytosis for bacterial removal 

(Fig. 4E). Lastly, cPLA2αKI/KI neutrophils produced less epithelial damage across all 

time points evaluated (Fig. 4F). These N2-associated behaviors could be recapitulated in 

cPLA2α+/+ PNs and reversed in cPLA2αKI/KI PNs by inhibition of 5-HETE biosynthesis 

and OXER1 signaling or addition of exogenous 5-HETE or 5-oxo-ETE (Fig. S1A–F). 

Generation of NETs (NETosis) and ROS production were both increased in cPLA2αKI/KI 

neutrophils (to amounts similar to cPLA2α+/+ neutrophils) by inhibiting 5-HETE production 

using MK886 or OXER1 signaling using Gue1654 and could be suppressed in cPLA2α+/+ 

neutrophils by adding 5-HETE or 5-oxo-ETE (Fig. S1A,B). Similarly, proresolution VEGF 

production was increased in cPLA2αKI/KI PNs as well as enhanced in cPLA2α+/+ PNs by 

the presence of 5-HETE, whereas the opposite was observed for the inflammatory cytokine 

TNF, which was reduced by 5-HETE and 5-oxo-ETE in neutrophils from both genotypes 

(Fig. S1C,D). Phagocytosis was increased in cPLA2αKI/KI PNs compared to cPLA2α+/+ 

PNs. Inhibition of OXER1 signaling using Gue1654 also induced a large reduction in 

phagocytosis in both the cPLA2αKI/KI PNs and the cPLA2α+/+ PNs, whereas 5-HETE and 

5-oxo-ETE treatment induced significant increases in cPLA2α+/+ PNs (Fig. S1E). Lastly, 

decreased epithelial damage caused by cPLA2αKI/KI PNs in comparison to cPLA2α+/+ 

PNs was also linked to 5-HETE and 5-oxo-ETE production and OXER1 signaling (Fig. 

S1F). These data demonstrate that the increases in 5-HETE and 5-oxo-ETE biosynthesis 

observed in cPLA2αKI/KI PNs enhanced PN functions associated with a less inflammatory 

N2 phenotype while suppressing proinflammatory phenotypes linked to the N1 phenotype.

To confirm that cPLA2αKI/KI PNs were more polarized toward the proresolution N2 

subtype, we examined reported markers for the N1 and N2 subtypes23 in NTEM assays. 

Compared to cPLA2αKI/KI PNs, the cytotoxic N1-subtype neutrophil marker ICAM-123 

was increased in cPLA2α+/+ PNs upon activation with LPS (Fig. 4G). Similarly, the 

perfusion recovery marker, CXCL10, another N1-subtype marker23, was also increased 

in activated cPLA2α+/+ PNs significantly more than in cPLA2αKI/KI PNs (Fig. 4H). In 

contrast, the neutrophil attractant IL-8, a reported N2-subtype marker23, was decreased 

in both cPLA2α+/+ and cPLA2αKI/KI PNs (Fig. 4I). On the other hand, the chemokine 

receptor, CXCR2, another reported N2-subtype marker23, was decreased significantly in 

cPLA2α+/+ PNs upon activation, but in contrast to IL-8, the amounts were unaffected 
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and sustained in cPLA2αKI/KI PNs (Fig. 4J). Thus, cPLA2αKI/KI PNs demonstrated lower 

abundance of N1-subtype markers with concomitant maintenance of the N2-subtype marker, 

CXCR2, following activation. Lastly, cPLA2αKI/KI PNs had a thinner, less granulated nuclei 

compared to cPLA2α+/+ cells (Fig. 4K), a morphology that favors diapedesis and cell 

mobility during migration through tight tissue spaces50,51. Unlike cPLA2αKI/KI PNs, the 

nuclei of cPLA2α+/+ PNs presented with a reduced tubular shape, which is indicative of 

chromatin decondensation and granular protein disintegration commonly associated with 

increased NET production and the N1 phenotype52,53. Collectively, these data demonstrate 

that cPLA2αKI/KI PNs are polarized to a less inflammatory, N2-subtype.

The N2 phenotype induced by the ablation of the C1P-cPLA2α interaction is associated 
with suppression of the pentose phosphate pathway

To investigate the mechanism by which OXER1 signaling contributed to the N2 

phenotype, we subjected cPLA2α+/+ and cPLA2αKI/KI PNs to unbiased proteomics because 

neutrophils tend to respond to stimuli in a rapid and transient fashion by modulating their 

proteome. Proteomic analysis of these PNs revealed five factors that were significantly 

differentially abundant in cPLA2α+/+ and cPLA2αKI/KI neutrophils (Fig. 5A). One of them, 

6-phosphogluconolactolase (PGLS), which was decreased in cPLA2αKI/KI PNs, is directly 

linked to the oxidative branch of the pentose phosphate pathway (PPP), which generates 

NADPH and ribose 5-phosphate from glucose-6-phosphate (Fig. 5B). An additional key 

PPP enzyme, 6-phosphogluconate dehydrogenase (PGD), was also significantly decreased in 

cPLA2αKI/KI PNs, which could be recapitulated in cPLA2α+/+ PNs by inhibiting 5-HETE 

and 5-oxo-ETE biosynthesis or signaling (Fig. 5C).

We next examined whether modulation of PGD affected the polarization of neutrophils 

using physcion, an inhibitor of PGD. Physcion reduced PGD activity in cPLA2α+/+ PNs, 

effectively reproducing the cPLA2αKI/KI PPP phenotype of reduced PGD abundance, 

without further reducing PGD activity in cPLA2αKI/KI PNs or influencing the activity of 

glucose 6-phosphate dehydrogenase (G6PD), an enzyme that functions upstream of PGLS 

and PGD in the PPP (Fig. 5D). Inhibition of PGD did not significantly affect the migration 

of cPLA2α+/+ neutrophils in NTEM assays (Fig. 5E). Although the enhanced NTEM 

phenotype of cPLA2αKI/KI PNs was not recapitulated in cPLA2α+/+ PNs by physcion, 

inhibition of PGD with this compound decreased ROS and TNF production (Fig. 6A,B) and 

increased VEGF production in cPLA2α+/+ PNs (Fig. 6C), mimicking the abundance of these 

markers in cPLA2αKI/KI PNs. NETosis and epithelial damage were unaffected by blocking 

the PPP through PGD inhibition (Fig. 6D,E), and phagocytotic activity was diminished in 

cPLA2αKI/KI PNs when PGD was inhibited, whereas exogenous 5-HETE could overcome 

this effect and enhance phagocytosis (Fig. 6F).

The ability of the 5-HETE and 5-oxo-ETE biosynthetic pathway to suppress PGD 

production and activity translated to the HL-60 cell model of neutrophil polarization. 

Specifically, treatment of HL-60 cells, a human granulocyte precursor cell line, with 5-oxo-

ETE mimicked the effect of the reported N2 polarization factor transforming growth factor–

β (TGF-β)23,54 on significantly reducing PGD abundance (Fig.7A) but did not affect the 

response to the neutrophil polarization factor, all-trans retinoic acid (ATRA) (Fig. 7A), 
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which is reported to induce an N1 phenotype, as shown by enhancement of ICAM-1 

abundance23, 55–59. The effect of 5-oxo-ETE on the suppression of PGD required the 

OXER1 receptor, because Gue1654 blocked this effect (Fig. 7B). Additionally, 5-oxo-ETE 

induced CXCR2 production while suppressing ICAM-1 production (Fig. 7A). In congruence 

with our findings with physcion in the PNs, modulation of PGD expression using genetic 

approaches showed that PGD is a major upstream regulator of neutrophil polarization. PGD 

overexpression induced an N1 phenotype, as shown by significantly enhanced production 

of ICAM-1, ROS, and TNF with concomitant decreases in CXCR2 and VEGF (Fig. 

7C and S2A). In contrast, PGD knockdown induced the opposite effect, provoking an 

N2 phenotype (Fig. 7D and S2B). These data demonstrated that suppression of the PPP 

is downstream of OXER1 signaling reducing specific neutrophil functions such as ROS 

generation and TNF production while stimulating VEGF production, all of which are key 

elements of neutrophil polarization (Fig. 7, C and D). Furthermore, enhanced NTEM, 

suppressed NETosis, and a reduction in neutrophil-mediated epithelial damage linked to 

the N2 phenotype of cPLA2αKI/KI PNs were PPP-independent but downstream of OXER1 

signaling.

Suppression of the PPP by 5-oxo-ETE signaling contributes to neutrophil N2 polarization

There are no reports specifically linking OXER1 signaling to regulation of the PPP pathway, 

but the OXER1 pathway has been reported to induce the mitogen-activated protein kinase 

(MAPK) pathway60, which has been reported as an upstream activation pathway for the 

PPP61–64. Treatment of HL-60 cells with 5-oxo-ETE induced the activation of the MAPK 

pathway, as shown by enhanced phosphorylation of MAPK kinase MEK (Fig. S3). Pre-

treatment of HL-60 cells with the MEK inhibitor PD-325901 prior to 5-oxo-HETE treatment 

reduced the phosphorylation of MEK, blocked the induction of CXCR2, and partially 

alleviated the suppression of PGD and ICAM-1 (Fig. S3). The MEK inhibitor also reduced 

the ability of 5-oxo-ETE to reduce ROS and TNF and increase VEGF (Fig. S3). These data 

show that 5-oxo-ETE, through OXER1, promotes activation of the MAPK pathway, which 

contributes to the N2 polarization of neutrophils by inhibiting the PPP (Fig. 8).

DISCUSSION

Previously our laboratory showed that C1P increased during the inflammatory phase of 

human wound healing and then decreased during the initiation of the proliferation phase65. 

Further, loss of the ability of cPLA2α to bind C1P or inhibition of C1P biosynthesis 

enhanced wound maturation showing C1P to be a negative regulator of the later stages 

of acute wound healing24,31,65. Herein, we show that C1P, through association with 

cPLA2α, also plays a key role in the inflammatory phases of multiphasic physiologies 

such as the immune response to septic challenge as well as the wound healing process, 

specifically the enhancement of inflammatory phenotypes. This was shown by experiments 

with knockin mice expressing a form cPLA2α that is unable to bind C1P, which provided 

beneficial survival for mice subjected to the cecal ligation and puncture model of sepsis 

as well as to the healing of pressure ulcers. Poor outcomes in these disease states are 

correlated with neutrophilia in the inflammatory phase leading to tissue destruction10,11,38. 

Unexpectedly, we observed increased and sustained neutrophil numbers in the wound site 
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and the peritoneum in these mice despite the common association of neutrophilia with poor 

outcomes in patients10,11,38. This unexpected positive outcome caused what we term the 

“neutrophil conundrum” and raised the key mechanistic question as to how neutrophilia 

was correlated with better healing and survival outcomes. Our model suggests that C1P is 

an important mediator of polarizing neutrophils to an N1 subtype through association with 

its direct target, cPLA2α. Indeed, blockage of this interaction polarized neutrophils to an 

N2 subtype that was less inflammatory and more proresolution regardless of the number of 

neutrophils attracted to the wound site, and thus, neutrophilia, in this context, was beneficial.

Our findings also suggest the plausible hypothesis that the stalling of wounds in the 

healing process is caused by sustained increases in C1P in the wound, which would 

drive the production of inflammatory, cyclooxygenase (COX)-derived prostaglandins 

such as PGE2
24,28,31–37,65–69. Indeed, inhibition of CERK or ablation of the cPLA2α-

C1P interaction led to the loss of these inflammatory mediators and induction of 5-

oxo-ETE biosynthesis, which is a plausible key mechanism regulating the transition 

from the inflammatory stage to proresolution and induction of the proliferation and 

remodeling stages. These findings may also explain reported observations, such as the 

link between amounts of PGE2 in non-healing pressure ulcers70, as well as the link 

between aging and poor healing outcomes, because C1P amounts increase with aging71. 

Our laboratory previously demonstrated a critical role for C1P in recruiting cPLA2α to 

the Golgi apparatus in response to inflammatory agonists to induce the formation of 

prostaglandins by providing arachidonic acid to COX24,27,31–37,65–69. Indeed, C1P drives 

PGE2 biosynthesis at the expense of 5-oxo-ETE biosynthesis through differential cellular 

localization24,27,31–37,65–69,72, but our findings show that suppression of C1P biosynthesis 

could reverse the process and suppress inflammation, fostering the transition to resolution 

and healing31. Thus, the clinical implications of this finding are high because our data imply 

that either inhibition of CERK or induction of 5-oxo-ETE biosynthesis will suppress the N1 

subtype of neutrophils and induce a prohealing and proresolution phenotype leading to the 

healing of stalled pressure ulcers. In regard to sepsis, this same therapeutic manipulation 

may reduce the hyperinflammatory stage, allow for resolution and less tissue and immune 

system damage, and limit the negative transition to the immune suppressive stage, which is 

linked to increased mortality73,74. CERK inhibitors are still in the stage of 1st generation 

molecules such as the nanomolar CERK inhibitors, NVP-231 (Novartis) and SYR382141 

(Takeda), but treatment of mice post-wounding with SYR382141 enhances acute wound 

healing and is well-tolerated by the mice with no noticeable side effects31. Therefore, 

the inhibition of CERK may be a plausible avenue to treat disease states linked to 

hyperinflammatory stalling, and evolution of the current CERK inhibitors could make this a 

future therapeutic reality.

As noted previously, the observed phenotypic differences in neutrophils were linked to 

neutrophil polarization (N1 vs N2) through specific phenotypic presentations and cell 

surface markers. As to the latter, the N1-subtype marker ICAM-1 increased nearly 50% 

in cPLA2α+/+ neutrophils after 6 hours of NTEM but remained relatively unchanged 

in cPLA2αKI/KI cells. ICAM-1 is cleaved in a dose-dependent manner by neutrophil 

elastase in humans75, which correlates to the slight increase in neutrophil elastase present 

in wound tissue of cPLA2αKI/KI mice. Similarly, both cPLA2α+/+ and cPLA2αKI/KI 
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neutrophils showed increases in CXCL10 over 6 hours, but cPLA2αKI/KI cells produced 

significantly less CXCL10 despite having more active neutrophil recruitment. This is in 

contrast to reports that antibodies recognizing CXCL10 reduce neutrophil recruitment to 

oxidative stress–induced neutrophilic airway inflammation by up to 72%76 and suggest 

context-driven recruitment of N1 vs N2 neutrophils. For markers of anti-inflammatory N2 

neutrophils, we first examined IL-8. Unlike ICAM-1, which is induced by proinflammatory 

cytokines, IL-8 is a neutrophil attractant produced by mononuclear phagocytic cells and 

other noninflammatory cells77. Although some research suggests that IL-8 can itself 

cause neutrophil-dependent tissue damage78, work in tumor identification has established 

IL-8 as a standard proresolution N2 marker that enhances the immunosuppressive 

microenvironment23,79. In this study, cPLA2α+/+ neutrophils decreased IL-8 production 

after 6 hours of NTEM, which was also observed for cPLA2αKI/KI neutrophils. In 

contrast, CXCR2 decreased significantly over time in cPLA2α+/+ neutrophils, which was 

sustained in cPLA2αKI/KI cells. CXCR2 ligands, CXCL1 and CXCL2/3, are chemotactic 

for neutrophils, thus CXCR2 is thought to recruit neutrophils independently of the 

presence of cytokines with proinflammatory properties80. This fortifies the hypothesis that 

cPLA2αKI/KI neutrophils can recruit more neutrophils to a wound without incurring a 

hyperinflammatory cytokine storm resulting in tissue damage. Indeed, previous work in 

bovine models demonstrate that increased CXCR2 corresponds to enhanced neutrophil 

phagocytosis of bacterial pathogens81, which our data showed is reliant upon OXER1 

signaling. However, the existing research on N1 and N2 polarization is not unanimous on 

phenotypic observations. For instance, murine tumor models suggest that neutrophils high 

in CXCR2 and IL-8 have a decreased ability to kill parasitic protozoa23. Thus, the complex 

microenvironment appears to influence neutrophil behavior in a manner that requires further 

understanding. Additionally, our data showed that the N2-subtype marker IL-8 did not differ 

between the genotypes, which suggests that either IL-8 is not a marker for N2-subtype 

neutrophils in all contexts or the cPLA2αKI/KI PNs are a mixed N1/N2 subtype analogous 

to an M1/M2 macrophage82,83. Because the biological phenotypes match the N2-subtype, 

the former possibility is more likely in this context, but future research is needed within 

the neutrophil polarization field in this regard. Furthermore, the question remains as to what 

is the normal physiological response where N2 neutrophils are recruited and needed. Our 

study suggests that for wound healing, a logical mechanism would be that at the end of 

the inflammatory stage of wound healing as C1P amounts decline, 5-HETE biosynthesis 

is activated in the neutrophils present in the wound site. 5-oxo-ETE would strongly recruit 

N2 neutrophils just prior to or during efferocytosis to complete the clearance of pathogens, 

apoptotic bodies, and damaged tissue while simultaneously producing VEGF to initiate the 

revascularization that is linked to the proliferation and remodeling stages.

Mechanistically, proteomic analysis indicated cPLA2αKI/KI neutrophils had decreased 

PGLS, which is part of the oxidative branch of the PPP. This enzyme is responsible 

for the production of 6-phosphogluconate, which the second of two NADPH-producing 

enzymes in the oxidative PPP, PGD, utilizes as a substrate. Accordingly, PGD amounts 

were also significantly decreased in cPLA2αKI/KI neutrophils before and after chemokine 

challenge. The PPP has been linked to some neutrophil behaviors such as NETosis57, ROS 

production84, and phagocytosis85. For example, Amar et al. showed that activated human 
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neutrophils shunted metabolic activity away from pyruvate-generating glycolysis in favor 

of the PPP, thereby enhancing the antimicrobial function of neutrophils85. Additionally, 

the PPP enzymes G6PD and PGD produce NADPH to fuel superoxide production 

through NADPH oxidase during NET formation86. Various aspects of the cPLA2αKI/KI N2 

phenotype could be recapitulated in cPLA2α+/+ PNs by inhibiting PGD with the compound 

physcion, and our findings are in line with physcion reported as having anti-inflammatory87 

and antimicrobial activities88. Whereas physcion alone was unable to decrease NETosis or 

epithelial damage in cPLA2α+/+ PNs, inhibition of the PPP reduced ROS production in line 

with other studies. Suppression of PGD with physcion also decreased TNF production and 

increased VEGF production in cPLA2α+/+ PNs analogous to cPLA2αKI/KI PNs and an N2 

phenotype. Physcion reduced cPLA2αKI/KI phagocytosis to that of cPLA2α+/+ neutrophils, 

but this phenotype was only recovered by treatment with a combination of physcion and 5-

HETE. Whereas PGD knockdown stimulated the same phenotypes as physcion in the HL-60 

model, increased expression of PGD induced the opposite phenotype. These data confirm 

the major role that this enzyme plays in regulating neutrophil polarization. Thus, neutrophil 

behaviors in regard to ROS, TNF, and VEGF production as well as ICAM-1 and CXCR2 

production can be tilted in favor of an anti-inflammatory phenotype by decreasing PGD 

using physcion, and these PN behaviors show complete dependence on the PPP downstream 

of OXER1 signaling. On the other hand, NETosis, endothelial damage assayed by increases 

in Syndecan-1, and phagocytosis were PPP-independent in this context although rigidly 

dependent upon OXER1 signaling (Fig. 8).

This study also explored the cell signaling pathway mediating OXER1-induced suppression 

of PGD. Our laboratory found that inhibition of MEK, a key enzyme in the MAPK pathway, 

blocked the ability of 5-oxo-ETE to reduce PGD and drive polarization of the HL-60 cells to 

an N2 phenotype. Our results support the previous report by Konya and co-workers showing 

that that the activation of OXER1 induced activation of the MAPK pathway60. Our findings 

suggest that FDA-approved therapeutics that target the MAPK pathway may be effective in 

enhancing both wound healing and the recovery of patients from sepsis89. Aiding these types 

of therapeutics would be the knowledge of mechanisms downstream of OXER1 signaling 

linked to the PPP-independent phenotypes, such as those damaging the endothelial layer and 

driving NTEM. As to the latter, OXER1 activation has been reported to induce migration 

and chemotaxis of breast cancer cells and Chinese Hamster Ovary cells through the AKT 

pathway90,91, which makes this signaling pathway a major candidate for future studies92 on 

5-oxo-ETE–induced NTEM.

The data presented in this study strongly suggest that 5-HETE and 5-oxo-ETE metabolism 

and OXER1 signaling are potent regulators of neutrophil behavior that tips the scale toward 

proresolution mechanisms allowing wounds to progress to proliferation and remodeling 

stages at a much faster rate as well as promoting the survival of mice to sepsis. Suppression 

of the PPP downstream of OXER1 signaling was required for key aspects of the polarization 

of neutrophils to the N2 subtype. Lastly, this study strongly supports a proinflammatory 

role for C1P through direct binding of cPLA2α to divert arachidonic acid generation to the 

production of proinflammatory prostaglandins at the expense of 5-HETE and 5-oxo-ETE 

biosynthesis, which may provide a serendipitous opportunity to induce this eicosanoid 
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“class-switch” for the development of new therapies, thereby providing better clinical 

outcomes for both sepsis and chronic wound patients.

MATERIALS AND METHODS

Reagents

Materials and sources are provided in the Supplementary Materials (table S1).

Genotyping of cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice

In this study, both cPLA2α knockout (KO) mice that globally lacked cPLA2α (cPLA2α−/−) 

and cPLA2a knock-in (KI) mice that globally lacked the C1P interaction site in cPLA2α 
(cPLA2αKI/KI) were utilized as previously described by us24,31,93,94. These mouse models 

were designed using a construct with an inserted cassette containing puromycin resistance, 

a premature stop codon flanked by loxP sites, and three mutated amino acids (R57A, 

K58A, R59A) in the endogenous cPLA2α locus24. This design enabled the generation of 

cPLA2α KO mice producing the truncated protein in all tissues, and cPLA2α KI mice 

by the addition of cytomegalovirus (CMV)-driven expression of CRE recombinase24,31. 

Genotyping of cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice was performed by first 

collecting genomic DNA using an Accustart II genotyping kit followed by polymerase chain 

reaction (PCR) as previously described by us24,31,93,94 using the following primers: KO: 

PLA2 58534-58556 (P1), PLA2 58780-58757 (P2), and KI: PLA2 58534-58556 (P1), PLA2 

58780-58757 (P2), and SV40 2590-2567 (P3). 50ng of genomic DNA was used for each 

reaction at the following reaction cycles repeated 33 times, 94°C for 1 min, 59°C for 1 min, 

and 72°C for 2 min. Reaction products expected are as follows cPLA2α- cPLA2α+/+: 237bp, 

cPLA2αKI/KI: 412bp, and cPLA2α−/−: 361bp and were examined using a 2% agarose gel.

PGD gene gain of or loss of function

HL-60 cells (2×106) in 5ml 5% FBS medium were plated in a 10-cm cell culture dish and 

transfected with Silencer Select Negative Control No.1 siRNA (Thermo Fisher Scientific, 

4390844) or two different, Silencer select siRNA-PGDs (Thermo Fisher Scientific, 

4390824, ID: s10394 (siPGD#1) and s10395 (siPGD#2)) using Lipofectamine RNAiMAX 

Transfection Reagent (Thermo Fisher Scientific, 13778150) following manufacturer 

instructions. For overexpression of PGD, cells were transduced with Control Lentiviral 

Activation Particles (Santa Cruz, sc-437282) or PGD synthase Lentiviral Activation 

Particles (Santa Cruz, sc-405437-LAC and sc-405437-LAC-2) with 5ug/ml polybrene 

(Millipore Sigma, TR-1003-G) in a 5% FBS medium. 18 hours of post-transfection or 

post-transduction, the medium was replaced with a full medium for additional 30 hours.

Cecal Ligation and Puncture (CLP) Surgical Procedure

Male mice (6–12 weeks of age) were anesthetized with isoflurane at 5% for induction and at 

3% for surgical procedures. A longitudinal midline incision was made with a scalpel, being 

careful not to penetrate into the peritoneal cavity. After the initial incision, entry into the 

peritoneal cavity (mice, 1.5–2 cm was completed to gain access to the cecum. The cecum 

was ligated with 2.0 silk ties at the designated position for the desired severity grade (High-

grade/Severe ~75% ligation). The cecum was perforated with a 26-gauge needle by single 

Maus et al. Page 12

Sci Signal. Author manuscript; available in PMC 2023 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



through-and-through puncture midway between the ligation and the tip of the cecum in a 

mesenteric-to-antimesenteric direction. After removing the needle, extrude a small amount 

(droplet) of feces from both the mesenteric and antimesenteric penetration holes. Peritoneum 

and abdominal musculature were closed by applying simple running sutures. Mice were 

injected with prewarmed normal saline (37 °C; 5 ml per 100 g body weight) subcutaneously 

and monitored every 30 minutes for 3 hours. Post- surgical recovery monitoring occurred 

every 6–12 hours for 5 days.

IP Injection and FACS Neutrophil and Macrophage Sorting

cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice (male, 6–12 weeks of age) were subjected 

to a 1×104 E. coli injection IP (Thermo Fisher Scientific #E13231). At the indicated 

times, peritoneal cells were extracted, centrifuged, and re-suspended in FACS buffer with 

0.5 μL Ly6G+ (BD biosciences #551461) and F4/80 (Invitrogen/Thermo Fisher Scientific 

#MF48000/BD biosciences#553142) antibodies for flow cytometry.

Chronic Wound Healing in Mice

Chronic would closure rate was examined in male mice (8–12 weeks of age) using a 

previously described pressure ulcer model of ischemia-reperfusion injury47. Specifically, 

dorsal skin was shaved, gently pulled and placed between two round ceramic magnetic 

plates (1000 G magnetic force). The magnets were cycled (on for 12 hours, then removed for 

12 hours) 3 times, leaving a 5-mm pressure ulcer. Wound images were analyzed using the 

Fiji image J bundle. Wounds were tracked as percent of initial wound size over 10 days.

Acute Wound Healing in Mice

The acute wound closure rate was examined in male mice (10–14 weeks of age) as recently 

reported by us24,31. Specifically, a 5 mm biopsy punch was performed on the dorsum of each 

mouse. Wounds were dressed using Tegaderm (3M Medical) and imaged over the course of 

72 hours using an in vivo imaging system (IVIS), in particular, the Xenogen IVIS Spectrum 

system. Wound images were analyzed using the Living Image software (Perkin Elmer) 

and GFP fluorescence (RFUs) of regions of interest (ROI) were measured with excitation 

wavelength of 480 nm and emission wavelength of 550 nm. Wounds were tracked as percent 

of RFUs at time 0 over 72 hours for cPLA2α+/+ or cPLA2αKI/KI mice.

Western Immunoblotting

Total cellular protein (5–10 μg) was electrophoretically separated on 10% SDS-

polyacrylamide gels. Samples were electrophoretically transferred to PVDF membranes, 

blocked with non-fat milk, and probed with the indicated antibodies for proteins of interest 

as previously done95–99. Antibodies were purchased from Thermo Fisher Scientific (G6PD 

polyclonal, #PA5-27359; RRID_AB_2544835, 1:1000; PGD polyclonal, #PA5-83188; 

RRID_AB_2790344, 1:1000; TMX polyclonal, #PA5-116605, 1:1000; heat shock protein 90 

(HSP90) monoclonal, #MA1-10372, 1:1000, and β-actin monoclonal antibody, #MA1-140; 

RRID_AB_2536844, 1:1000); from Cell signaling Technology (Total MEK antibody, 

#9126s and phospho-MEK antibody, #3958s); and from Proteintech (CXCR2 antibody, 

#20634-1-AP, 1:1000; ICAM-1 antibody, #10831-1-AP).
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Cell Culture and Reagents

Human umbilical vein endothelial cells (HUVECs) (Lonza C2519A) were cultured 

in EBM-2 endothelial cell growth basal media (Lonza CC-3156) and SingleQuots™ 

supplement kit (Lonza CC-4176). Cells were maintained in a 95% air / 5% CO2 incubator 

at 37 °C. Cells were passaged every 3–5 days at > 90% confluency, and all experiments 

were performed within 8 passages. HL-60 cells (ATCC, CC240, Human) were cultured in 

ATCC-formulated Iscove’s Modified Dulbecco’ Medium (ATCC, 30–2005) with 20% fetal 

bovine serum and maintained in a 95% air/5% CO2 incubator at 37 °C. Cells were passaged 

and maintained at ~5×10^5 cells per ml density. The medium was renewed every 3 days. 

All experiments were performed under 15 passages. Cell lines were tested every two months 

for mycoplasma (universal mycoplasma detection kit, ATCC, #30-1012K) throughout the 

study starting two months after thawing cells received from ATCC. Parental cell lines were 

authenticated by STR (short tandem repeat) profiling.

HL-60 cells underwent N1 differentiation with ATRA (Cayman Chemical, #11017, 50 μM) 

for 3 days or N2 differentiation with TGFβ (Abcam, ab50036, 100 ng/ml) for 3 days. N0 

(untreated, naïve cells) control cells were with 0.1% DMSO which is with respect to the 

solvent of inhibitors (0.1% DMSO). Neutrophil-liked HL-60 cells used in the assays were 

from 1.25% DMSO treatment for 3 days. For combination treatment, Gue1654 (25 μM) with 

5-oxo-ETE or MEK inhibitor, PD0325901 (25 μM) (TOCRIS, #4192) with 5-oxo-ETE, cells 

were pre-treated with inhibitor for 30min before adding 5-oxo-ETE(1 μM).

Exogenous Addition of Small Molecule Compounds to Neutrophils

Eicosanoids and/or inhibitors (from Cayman Chemical) were applied at the following 

concentrations: 1.0 nM 5-HETE (#34210), 1.0 nM 5-oxo-ETE (#34250), 7.5 nM MK886 

(#21753), 25 μM Gue1654 (#29686), 100 nM physcion (Santa Cruz Biotech SC-205805). 

Cells were allowed to equilibrate with inhibitors for 30 minutes before experimentation.

Assays for PGD, G6PD, Cytokines, Phagocytosis, ROS Production, Cell Surface Markers, 
and NETosis

The following were utilized in this study: G6PD activity assay kit (Abcam #ab176722), 

PGD activity assay kit (Abcam #ab273328), NETosis assay kit (Cayman #601010), ROS 

detection assay kit (Cayman #601290), mouse VEGF kit (Thermo Fisher Scientific, 

#KHG0111 & #MMV00), mouse TNFα kit (Thermo Fisher Scientific, #BMS223-4 & 

#MTA00B), Phagocytosis assay kit (Cell Biolabs #CBA-222), Mouse Syndecan-1 ELISA 

kit (Abcam #ab273165), ICAM-1 ELISA kit (R&D Systems #MIC100), CXCL10 ELISA 

kit (R&D Systems #DY466-05), IL-8 ELISA kit (MyBioSource #MBS7606860), and 

CXCR2 ELISA kit (MyBioSource #MBS726530). All experiment assays followed the 

manufacturers’ instructions as done by us previously95. Treated cells were put in a serum-

free medium and stimulated with LPS (1 μg/ml) for 3 hrs before assay ROS, VEGF, and 

TNF.

Neutrophil trans-endothelial Migration Assay (NTEM)

HUVECs were seeded on the upper wells Corning® Transwell® polycarbonate membrane 

inserts with 3.0 μm pores (Sigma-Aldrich CLS3415) inserted into a 24-well tissue culture 
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plate at a density of 1.6 × 106 cells per ml in 250 μl volume. Inflammatory response 

was induced by adding TNFα (Cayman #32020, 20 ng/ml) 16–18 hours before addition 

of PNs. PNs were then isolated from mouse bone marrow and added to the upper well 

while HUVEC media containing lipopolysaccharides (LPS) from E. coli (Millipore Sigma 

#L3023, 1 μg/ml) was added to the bottom well as a chemoattractant. After time indicated 

(6 hours), cells from the lower well were counted using a hemocytometer to determine 

the number of neutrophils successfully migrated through the endothelial layer toward the 

chemoattractant.

Analysis of Eicosanoids by UPLC ESI-MS/MS

Eicosanoids were separated using a Shimadzu Nexara X2 LC-30AD coupled to a SIL-30AC 

auto injector, coupled to a DGU-20A5R degassing unit in the following way as previously 

described100–111. A 14-minute reversed phase LC method utilizing an Acentis Express C18 

column (150mm × 2.1mm, 2.7μm) was used to separate the eicosanoids at a 0.5 ml/min 

flow rate at 40°C as previously described by us100–111. The column was equilibrated with 

100% Solvent A [acetonitrile:water:formic acid (20:80:0.02, v/v/v)] for 5 min and then 10 

μl of sample was injected. 100% Solvent A was used for the first two minutes of elution. 

Solvent B [acetonitrile:isopropanol:formic acid (20:80:0.02, v/v/v)] was increased in a linear 

gradient to 25% Solvent B at 3 min, to 30% at 6 min., to 55% at 6.1 min, to 70% at 

10 min, and to 100% at 10.10 min. 100% Solvent B was held constant until 13.0 min, 

where it was decreased to 0% Solvent B and 100% Solvent A from 13.0 min to 13.1 

min. From 13.1 min to 14.0 min. Solvent A was held constant at 100%. Eicosanoids were 

analyzed by mass spectrometry using an AB SCIEX Triple Quad 5500 Mass Spectrometer 

as previously described by us100–117. Q1 and Q3 were set to detect distinctive precursor 

and product ion pairs. Ions were fragmented in Q2 using N2 gas for collisionally induced 

dissociation. Analysis used multiple-reaction monitoring in negative-ion mode. Eicosanoids 

were monitored using precursor → product MRM pairs. The mass spectrometer parameters 

as previously described by us100–117 were: Curtain Gas: 20; CAD: Medium; Ion Spray 

Voltage: −4500V; Temperature: 300°C; Gas 1: 40; Gas 2: 60; Declustering Potential, 

Collision Energy, and Cell Exit Potential vary per transition.

Isolation of Murine Bone Marrow-Derived Neutrophils

Mouse neutrophils were harvested from bone marrow from both male and female mice 

(10–14 weeks of age) as previously described118. In brief, bone marrow was flushed 

using 1x Hank’s Balanced Salt Solution (HBSS) (Thermo Fisher Scientific #14185052), 

washed, and centrifuged at 1545 x g for 30 minutes over a Percoll™ gradient (Fisher 

#45001748) consisting of 72%, 64%, and 52% solutions. After centrifugation, a pure, 

mature neutrophil population will be retained at the 72%−64% interface. Non-neutrophil 

layers were decanted and the neutrophil population is washed in 1x HBSS and counted using 

a hemocytometer. Neutrophils were used for experimentation immediately after isolation 

and were not maintained or passaged in media.

Unbiased Proteomics Analyses

Proteins were solubilized with 5% SDS, 50mM TEAB (pH 7.6), incubated at 95°C for 5 

minutes, and sonicated at 20% amplitude. Protein concentrations will be determined using 
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the Pierce 660 Assay (Thermo Fisher Scientific, # 23227), and equal amounts of protein 

will be digested using S-traps (Protifi). Briefly, proteins are reduced with dithiothreitol 

(DTT), alkylated with iodoacetamide (IAA), acidified using phosphoric acid, and combined 

with s-trap loading buffer (90% MeOH, 100mM TEAB). Proteins are loaded onto s-traps, 

washed, and finally digested with Trypsin/Lys-C overnight at 37°C. Peptides are eluted 

and dried with a vacuum concentrator. Peptides are resuspended in H2O/0.1% formic acid 

for global proteome LC-MS/MS analysis. Peptides are separated using a 75 μm × 50 

cm C18 reversed-phase-HPLC column (Thermo Fisher Scientific) on an Ultimate 3000 

UHPLC (Thermo Fisher Scientific) with a 120-minute gradient (2–32% ACN with 0.1% 

formic acid) and analyzed on a hybrid quadrupole-Orbitrap instrument (Q Exactive Plus, 

Thermo Fisher Scientific). Full MS survey scans were acquired at 70,000 resolution. 

The top 10 most abundant ions were selected for MS/MS analysis. Raw data files are 

processed in MaxQuant (www.maxquant.org) and searched against the current Uniprot 

human protein sequences database. Search parameters include constant modification of 

cysteine by carbamidomethylation and the variable modification, methionine oxidation. 

Proteins are identified using the filtering criteria of 1% protein and peptide false discovery 

rate. Label free quantitation analysis was performed using Perseus, software developed 

for the analysis of omics data119,120. Briefly, intensities were Log2-transformed, and then 

filtered to include proteins containing at least 60% valid values (reported LFQ intensities) 

in at least one experimental group. Finally, the missing values in the filtered dataset were 

replaced using the imputation function in Perseus with default parameters120. Statistical 

analyses were carried out using the filtered and imputed protein groups file. Statistically 

significant changes in protein abundance were determined using Welch’s t-test p-values and 

z-scores.

Histology and Immunohistochemistry

6 mm samples of wound tissue were excised at indicated time points (0- and 6-hours 

post-injury) from male mice (10–14 weeks of age); wounds were prepared for histological 

evaluation using the following procedure, as previously described by us121,122. Excised 

wounds were fixed by placing them in 4% paraformaldehyde for 24 hours, following 

fixation the wound was placed in a cassette that allowed for the dehydration of the tissue, 

followed by clearing of the tissue using xylene (Fisher brand), and finally imbedding 

the tissue in paraffin wax. Sections (5 μm) of the paraffin block were placed on clear 

glass slides for further treatment and staining. Staining with Masson’s trichrome and 

hematoxylin & eosin was performed. Rabbit monoclonal anti-Ly6g antibody (Abcam 

ab238132; RRID AB_2923218, 1:1000), rabbit polyclonal anti-neutrophil elastase (Abcam 

ab68672; RRID AB_1658868, 1:200), rabbit monoclonal anti-F4/80 (Abcam ab111101; 

RRID AB_10859466, 1:100), and rabbit polyclonal anti-CD86 (Abcam ab125212; RRID 

AB_10975465, 1 μg/ml) were used in immunohistochemical staining followed by anti-

Rabbit from Vectastain Elite kit (VectorLabs PK-6100) secondary and avidin-biotin 

complex enhancement. All sections were visualized with Vector NovaRED Chromogen 

kit (VectorLabs SK-4800) and counterstained with hematoxylin. Slides were viewed on 

Keyence BZ-X710 microscope and analyzed using the Fiji image J bundle for watershed cell 

counting or high contrast stained area calculation, where appropriate.
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Statistical analysis

Graphing and statistics were performed using Prism GraphPad (Prism Software, San Diego, 

CA). The following models were used for statistical analysis as described, unpaired t-

test with Welch’s correction were used when only two experimental groups were being 

compared. Repeated measures ANOVA were used when analyzing comparison groups that 

contained a dependent variable that was measured several times over the course of the 

experiment. One-way ANOVA with Tukey’s multiple comparisons test were used when 

comparing three or more independent groups. Two-way ANOVA with Šídák’s multiple 

comparisons were used when an examination of how the combination of two independent 

variables affected a dependent variable. Kaplan—Meier and Log-rank Mantel-Cox test were 

performed in order to determine if a statistical difference in the mortality of two groups was 

present, All data reported as boxplot or mean ± standard deviation (SD) where applicable; p 

< 0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Loss of the C1P-cPLA2α interaction enhances neutrophil infiltration and accumulation in 
acute wounds.
(A) The cPLA2α+/+;MLys-EGFP and cPLA2αKI/KI;MLys-EGFP mice were subjected to 

acute dorsal wounding and fluorescence imaging at the indicated times after injury. 

Fluorescence intensity was measured using Living Image Software (IVIS Imaging Systems) 

for fluorescent MLys-EGFP cells for each time point. The graph shows the quantification 

of fluorescence as fold-change relative to t=0. n = 5 (5 mice per genotype; 2 wounds/

mouse), which was repeated on at least two separate occasions. Boxplots show mean 

± SD. Data were analyzed using Repeated Measures ANOVA; *p < 0.05. Scale bar, 

1 cm. (B) Tissue sections from acute dorsal wounds in cPLA2α+/+;MLys-EGFP and 

cPLA2αKI/KI;MLys-EGFP mice at 0 and 6 h post-injury stained with neutrophil markers 
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Ly6G+ and Neutrophil elastase (N-elas) and the macrophage markers CD68 and F4/80. 

Neutrophils and macrophages were quantified by stained area per tissue field as fold-change 

relative to wild-type (cPLA2α+/+). Each time point represents n = 10 wounds from 5 

separate mice per genotype and was repeated in at least two separate occasions. Data 

are displayed as boxplots showing mean ± SD. Two-way ANOVA with Šídák’s multiple 

comparisons test **p<0.01, ***p<0.001). Scale bar, 500 μm.
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Fig. 2. Loss of the C1P-cPLA2α interaction induces peritoneal neutrophilia in E. coli infection, 
improves survival outcomes in sepsis, and enhances the closure rate of pressure ulcers.
(A) Quantification of neutrophils and macrophages in peritoneal cells isolated from 

cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice after intraperitoneal (IP) injection of E. coli. 
At the indicated times, peritoneal cells were extracted, sorted for neutrophil and macrophage 

markers (LY6G++ high and F4/80++ high, respectively), and quantified by FACS analysis. 

Data are displayed as mean ± SD and were statistically analyzed by unpaired t-test with 

Welch’s correction; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n=4–8 mice 

per genotype for each noted time point and repeated on at least two separate occasions. 

(B) Survival of cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice subjected to cecal ligation 

and puncture to induce sepsis. The Kaplan-Meier method was used to estimate survival 
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and statistically analyzed with respect to survival using the Log-rank Mantel-Cox test 

(cPLA2αKI/KI vs cPLA2α−/− **p = 0.0034, cPLA2αKI/KI vs cPLA2α+/+ *p = 0.0430, n=15–

20 mice per genotype repeated on more than two occasions). (C and D) Quantification 

(C) and representative images (D) of wound closure in cPLA2α+/+ and cPLA2αKI/KI mice 

subjected to the Stadler model of pressure ulcers by ischemia and reperfusion. At the 

indicated times, wound area was assessed by change in area versus day 0. Boxplots are 

displayed. Data analyzed using Repeated Measures ANOVA; **p < 0.01, ****p<0.0001); 

n= 5–8 mice per genotype repeated on more than two occasions). Scale bar, 5 mm.
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Fig. 3. Loss of the C1P-cPLA2α interaction enhance trans-endothelial migration of primary 
neutrophils through the induction of 5-HETE and 5-oxo-ETE biosynthesis and OXER1 
activation.
(A) Quantification of neutrophil trans-endothelial migration (NTEM) of primary neutrophils 

(PNs) from cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− mice. (B) Eicosanoid profile 

of cytokine- and chemoattractant-activated neutrophils after 4 hours of NTEM. (C) 
Quantification of the eicosanoid, PGD2, PGE2, 5-HETE, and 5-oxo-ETE after 4 hours 

NTEM. (D) NTEM after 4 hours in the presence of vehicle (DMSO), the FLAP inhibitor 

MK886, the OXER1 antagonist Gue1654, and 5-HETE as indicated. (E) Quantification of 

eicosanoids in cPLA2α+/+ and cPLA2αKI/KI PNs treated with DMSO vehicle (−), MK886, 

and Gue1654 as indicated. Data for all panels are displayed as boxplots (one-way ANOVA 
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with Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001). NTEM assays were n=6 biological replicates/group, and eicosanoid analyses were 

n=4 biological replicates/group; all experiments were repeated on at least two separate 

occasions.
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Fig. 4. cPLA2αKI/KI primary neutrophils exhibit proresolution and anti-inflammatory 
phenotypes and polarization to the N2 subtype.
(A) NETosis assays measuring neutrophil elastase activity, (B) fluorescence-based ROS 

assays, (C) VEGF secretion, (D) TNF secretion, and (E) phagocytosis of E. coli by 

cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− primary neutrophils after 4 hours of NTEM. 

(F) Quantification of Syndecan-1, a marker of endothelial damage, in culture media from 

cPLA2α+/+, cPLA2αKI/KI, and cPLA2α−/− primary neutrophils after NTEM for the indicated 

durations. Data in (A) to (F) were analyzed by one-way ANOVA with Tukey post-hoc; *p 

< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n=6 biological replicates/group/time 

point, repeated on at least two separate occasions. (G to J) Quantification of neutrophil 

polarization markers in primary neutrophils from cPLA2α+/+ and cPLA2αKI/KI mice that 
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were unchallenged (Un) or after 6 hours NTEM. N1 markers ICAM-1 (G) and CXCL10 (H) 

and N2 markers IL-8 (I) and CXCR2 (J) were assayed. Data in (G) to (J) were analyzed 

by one-way ANOVA with Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01; n=4 

biological replicates/group, repeated on two separate occasions. (K) Hematoxylin and eosin 

staining showing morphology of primary neutrophils from cPLA2α+/+ and cPLA2αKI/KI 

mice before challenge and after 6 hours of NTEM. Images are representative of n = 3 

independent experiments. Scale bar, 10 μm.
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Fig. 5. Loss of the C1P-cPLA2α interaction in primary neutrophils suppresses the pentose 
phosphate pathway.
(A) Quantification of pentose phosphate pathway (PPP) components Sucla2, PGLS, Cope, 

Tmx1, and Ebp in unchallenged cPLA2α+/+ and cPLA2αKI/KI primary neutrophils from 

unbiased proteomics analysis. LFQ, label-free quantification. Unpaired t-test with Welch’s 

correction; *p<0.05, **p<0.01, n=5 samples from 5 different mice for each genotype 

obtained on two separate occasions. (B) In the oxidative PPP, G6PD utilizes glucose-6-

phosphate to generate NADPH and 6-phosphoglucolactone, which gluconolactolase (PGLS) 

converts to 6-phosphogluconate. PGD utilizes 6-phosphogluconate to generate ribulose-5-

phosphate and NADPH. (C) Quantification of and immunoblotting for PGD and G6PD in 

protein extracts from cPLA2α+/+ and cPLA2αKI/KI primary neutrophils treated with DMSO 
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vehicle, 5-HETE, or MK886 for 2 hours. FC to WT POI = fold change relative to wild-type 

protein of interest. POI was further quantified relative to the loading control (HSP90). (D) 
Enzyme activity assays for PGD and G6PD using protein extracts from cPLA2α+/+ and 

cPLA2αKI/KI primary neutrophils treated with DMSO vehicle or physcion. (E) NTEM of 

cPLA2α+/+ and cPLA2αKI/KI primary neutrophils treated with DMSO vehicle, physcion, 

or a combination of physcion plus 5-HETE. All data are displayed as boxplots (C-E 

analyzed by Two-way ANOVA with Šídák’s multiple comparisons; *p<0.05, **p<0.01, 

****p<0.0001; n=3 to 4 biological replicates/group repeated on two separate occasions for 

each genotype.
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Fig. 6. The PPP is linked to specific neutrophil behaviors.
(A) TNF production, (B) ROS production, (C) VEGF production, and (D) NET production 

was quantified in cPLA2α+/+ and cPLA2αKI/KI primary neutrophils pre-treated with DMSO 

vehicle, physcion, or a combination of physcion plus 5-HETE for 30 minutes and collected 

after 6 hours NTEM. (E) Quantification of the damage marker Syndecan-1 in cPLA2α+/+ 

and cPLA2αKI/KI primary neutrophils after 30 minute pre-treatment with DMSO vehicle, 

physcion, or a combination of physcion plus 5-HETE followed by 12 hours NTEM. (F) 
Phagocytosis of bacteria was measured in cPLA2α+/+ and cPLA2αKI/KI primary neutrophils 

pre-treated for 30 minutes with DMSO vehicle, physcion, or a combination of physcion 

plus 5-HETE and collected after 6 hours NTEM. Data displayed are mean ± SD. Two-way 
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ANOVA with Šídák’s multiple comparisons; *p<0.05, ***p<0.001, ****p<0.0001; n=4 

biological replicates/group for each genotype repeated on two separate occasions.
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Fig. 7. 5-oxo-ETE–dependent activation of OXER1 polarizes HL-60 cells to an N2 phenotype, in 
part by suppressing the PPP.
(A and B) HL-60 cells were treated with DMSO (no polarization, N0), the N1 polarization 

inducer all-trans retinoic acid (ATRA) for 3 days, the N2 polarization inducer TGFβ for 3 

days, or with 5-oxo-ETE or 5-oxo-ETE plus Gue1654 for 12 hrs. Gue1654 was pre-treated 

for 30 min pior to the addition of 5-oxo-ETE for 12 hrs. Protein extracts were used 

for immunoblotting and quantification of PGD, the N1 marker ICAM-1, the N2 marker 

CXCR2, and β-actin (ACTIN). In (B), protein extracts were also used to measure PGD 

enzymatic activity. Data are displayed as boxplots (mean ± SD) analyzed by either unpaired 

t-test with Welch’s correction (graphs with two groups) or one-way ANOVA with Tukey’s 

multiple comparisons test (graph with three groups); *p<0.05, **p<0.01, n=3 to 4 biological 
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replicates/group repeated on at least two separate occasions. (C and D) Lentiviral-mediated 

PGD overexpression (A) and siRNA-mediated PGD knockdown (B) in HL-60 cells. Cells 

were treated with high-titer control lentivirus (CMV), PGD lentivirus (PGD-OE), scrambled 

control siRNA (siCON), or PGD-targeting siRNAs (siPGD1 and siPGD2) for 48 hrs. Protein 

extracts were used for immunoblotting and quantification of PGD, ICAM-1, CXCR2, and 

β-actin and for PGD activity assays. Data for PGD enzymatic activity are displayed as 

boxplots (mean ± SD) and were analyzed by one-way ANOVA with Tukey’s multiple 

comparisons test; *p < 0.05, , n=4 (biological replicates/group) repeated on two separate 

occasions. Data for protein quantification are displayed as boxplots (mean ± SD) and were 

analyzed by one-way ANOVA with Tukey’s multiple comparisons test; *p<0.05, **p<0.01, 

****p<0.0001, (p > 0.05), n=3 to 4 (biological replicates/group) repeated on two separate 

occasions.
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Fig. 8. Schematic representation of the proposed model of the C1P-cPLA2α interaction 
modulating neutrophil polarization.
cPLA2α not bound to C1P increases 5-HETE and 5-oxo-ETE production and paracrine 

and autocrine signaling through OXER1, resulting in activation of the MAPK pathway and 

downstream suppression of the PPP. This lipid profile correlates with decreased endothelial 

damage (Syndecan-1), NETosis, ROS production, and TNF production and increased 

neutrophil phagocytosis, VEGF production, and NTEM. Alternatively, C1P recruits cPLA2α 
to the Golgi apparatus and increases COX-2–derived eicosanoids (PGE2 and PDE2), 

decreases 5-HETE and 5-oxo-ETE biosynthesis, and results in pro-inflammatory neutrophil 

behaviors.
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