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Abstract

Neutrophils are key effector cells of the innate immune system, serving as a first line of defense in 

the response to injury and playing essential roles in the wound healing process. Following 

myocardial infarction (MI), neutrophils infiltrate into the infarct region to propagate inflammation 

and begin the initial phase of cardiac wound repair. Pro-inflammatory neutrophils release 

proteases to degrade extracellular matrix (ECM), a necessary step for the removal of necrotic 

myocytes as a prelude for scar formation. Neutrophils transition their phenotype over time to 

regulate MI inflammation resolution and stabilize scar formation. Neutrophils contribute to the 

evolution from inflammation to resolution and scar formation by serving anti-inflammatory and 

repair functions. As anti-inflammatory cells, neutrophils contribute ECM proteins during scar 

formation, in particular fibronectin, galectin-3, and vimentin. The diverse and polarizing functions 

that contribute to MI wound repair make this innate immune cell a viable target to improve MI 

outcomes. Thus, understanding the signaling involved in neutrophil physiology in the context of 

MI may help to identify novel therapeutic targets.
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Introduction

Myocardial infarction (MI) occurs when blood flow in the coronary arteries is reduced to the 

point where oxygen and nutrient demands of the heart cannot be met. In response to MI, 

neutrophils are early responders, infiltrating from the circulation into the myocardium to 

coordinate the initial pro-inflammatory response. Neutrophils are recruited from the bone 

marrow at the onset of MI and increase in numbers in the circulation. Within the circulation, 

neutrophils firmly adhere and crawl along the blood vessel wall using diapedesis. Once 

migrated into the tissue, neutrophils are chemotactically drawn to the infarct site to serve 

numerous functions including propagation of inflammation, degranulation and reactive 

oxygen species production, phagocytosis of cellular debris, and eventually inflammation 

resolution and scar formation.

In the mouse model of permanent occlusion MI, neutrophil numbers peak at MI days 1–3, 

and by one month after MI, there is little inflammation and few neutrophils in the infarct 

region. We have recently shown that neutrophils polarize after MI, exhibiting a pro-

inflammatory signature at MI days 1–3 and transitioning to anti-inflammatory and then pro-

repair phenotypes at days 3–7.[1] While global MI signaling has been investigated in the LV, 

the heterogeneity by which individual cell types signal in each phase of MI and temporally 

shift their phenotype is just now being understood. Table 1 summarizes current knowledge 

of neutrophil signaling following MI, concepts that are expanded on below.

Neutrophil signaling during recruitment from the bone marrow

MI induces pro-inflammatory cytokines that activate release of neutrophils from the bone 

marrow, the largest reservoir source in the body. Multiple pro-inflammatory stimuli may 

induce leukocytosis (an increase in white blood cells), including interleukin (IL)-1, 

complement component 5a (C5a), and granulocyte colony stimulating factor (G-CSF).[2] 

Mice lacking G-CSF display impaired neutrophil mobilization from the bone marrow,[3] 

which has a built-in system to regulate the release of neutrophils. In this system, CXCL12 

binds C-X-C motif chemokine receptor 4 (CXCR4) on bone marrow stromal cells. CXCR4 

is a major regulator of neutrophil trafficking to limit release, and Cxcr4−/− mice exhibit 

neutrophilia and persistent mobilization of neutrophils from bone marrow.[4] G-CSF 

induces cleavage of CXCR4 through the cell surface peptidase CD26 to inhibit the 

CXCL12-CXCR4 axis and stimulate release of neutrophils into the circulation.[5] CXCR4 

inhibition in mice promotes cardiac wound healing after MI by stimulating release of 

neutrophils, lymphocytes, and monocytes into the circulation.[6] The mechanism for the 

beneficial effect seen was primarily attributed to an increase in the mobilization and activity 

of regulatory T cells rather than an effect on neutrophils.

An important component in neutrophil mobilization is the S100A8/S100A9 complex. 

S100A8 and S100A9 form a heterodimer stabilized by calcium binding of the EF-hand type 

domain.[7] S100A8/A9 dimers bind to toll-like receptor 4 and promote IL-1β secretion.[8–

10] IL-1β interacts with the interleukin 1 receptor (IL-1R) on hematopoietic stem cells in 

bone marrow leading to granulopoiesis in a cell-autonomous manner.[11] S100A8/A9 is 

elevated and is an essential mechanism for neutrophil trafficking to the blood following MI.
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[11, 12] Blockade of S100A9 improves cardiac physiology following MI, in part by 

reducing granulopoiesis.[13] Consequently, S100A9 inhibition reduces but does not 

eliminate neutrophils in the LV infarct following MI.

Another central axis for neutrophil mobilization entails CXCL1/2-CXCR2 signaling. Acute 

administration of pro-inflammatory CXCL1 or CXCL2 rapidly releases neutrophils from the 

bone marrow.[14, 15] Conversely, 11β-hydroxysteroid dehydrogenase type 1 suppresses 

CXCL2-induced neutrophil recruitment to the injured myocardium.[15] CXCR2 is the only 

known receptor for CXCL1/2 and is expressed in bone marrow stromal cells.[16] Mice 

deficient in CXCR2 show retention of neutrophils in the bone marrow.[16] Once in the 

circulation, neutrophils respond to MI by homing to the heart and infiltrating into the infarct 

region.

Neutrophil signaling during infiltration

After MI, neutrophils infiltrate from the circulation into the infarct region. MI induces 

cardiomyocytes to undergo necrosis, apoptosis, and other forms of cell death.[17] Myocyte 

cell death releases damage associated molecular patterns (DAMPs) that serve as danger 

signals.[18, 19] Common DAMPs include high mobility group box 1 (HMGB-1), adenosine 

triphosphate, double stranded DNA, mitochondrial DNA (mtDNA), and IL-1α and IL-1β.

[11, 20–24] DAMPs bind to pattern recognition receptors on neutrophils, to initiate the 

complement cascade and propagate inflammatory signaling by inducing cytokine and 

chemokine production. Common pattern recognition receptors include toll-like receptors 

(TLRs) and interleukin receptors.[25] As an example, HMGB1 forms a heterodimer with 

CXCL12 and engages with CXCR4 to induce neutrophil recruitment and migration.[26] MI 

activates endothelial cells, triggering vessels to lose integrity and increase permeability, 

allowing for increased neutrophil infiltration.

Upon reaching the vessels that supply the infarct, neutrophils adhere to endothelial cells 

through interaction between cell surface integrins and selectins, including CD11a and 

CD11b and L-selectin (CD62L).[27] Binding of chemoattractants by neutrophils causes a 

conformational change in neutrophil integrins, which mediates cell arrest on ICAM-1.[28] 

CD11a and CD11b on the neutrophils bind to intercellular adhesion molecule (ICAM)-1 and 

ICAM-2 on endothelial cells.[29] A rapid and reversible binding of integrins with ICAM-1 

results in a rolling effect of the neutrophil against the vessel wall. L-selectin then binds to L-

selectin ligands on the endothelial cell to induce firm adhesion.[27, 30]

Following adhesion, the neutrophil crawls across the vessel wall following the chemotactic 

gradient, until it finds a suitable location for paracellular migration (Figure 1). The crawling 

process requires neutrophil polarity and involves a series of contractile interactions. The 

polarity creates an intracellular environment with distinct functions occurring on opposite 

sides of the neutrophil. The neutrophil creates F-actin protrusions known as lamellipodia on 

the side of the cell that faces and senses the chemotactic gradient. F-actin lamellipodia 

functions are dependent on non-muscle class II protein myosin heavy chain 9 (Myh9),[31] as 

loss of Myh9 reduces functional crawling and neutrophil diapedesis.[31] The neutrophil 

crawls along the endothelial layer, searching for a junction to migrate through. Junctions 

become leaky to facilitate diapedesis, and specific endothelial cell-neutrophil surface 
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interactions allow the cell to pass between junctions. On the opposite side of the neutrophil, 

actin-myosin contractile interactions propel the neutrophil towards the gradient.[32, 33] 

Neutrophils maintain polarity (i.e., a side facing the chemotactic gradient and the opposite 

side propelling the cell along the vessel wall) through myosin-actin interactions.

The phosphoinositide 3 kinase (PI3K) pathway is the major regulator of neutrophil polarity 

by initiating downstream signaling of three key Rho GTPases (Rac, RhoA, and Cdc42).[34] 

The second messengers, phosphatidylinositol bi-phosphate (PIP2) and phosphatidylinositol 

tri-phosphate (PIP3) activate Rac, RhoA, and Cdc42. GTP binding induces signaling to 

produce neutrophil polarity.[35] Rac is prominent in lamellipodia to promote F-actin 

polymerization by activating the Wiskott–Aldrich Syndrome protein (WASP) family.[36] 

RhoA is the key factor stimulating phosphorylation of myosin light chain (MLC) kinase 

through Rho associated protein kinase to promote contraction.[32] Activation of Rac is 

primarily dependent on PIP3, whereas RhoA is activated by PIP2, the downstream regulators 

of PI3K.[37] The split in this pathway allows the neutrophil to polarize. Cdc42 also plays a 

key role in maintaining a polarized neutrophil. Cdc42 induces guanine nucleotide exchange 

factors to keep Rac activated F-actin polymerization at the sight of the lamellipodia.[38] At 

the same time, Cdc42 improves RhoA signaling to enhance contraction on the opposite side 

of the cell. Cdc42 signals through WASP to increase MLC activity.[39, 40] Thus, Rac 

regulates function of the sensory side of the neutrophil, RhoA regulates contractile function 

propelling the cell forward, and Cdc42 regulates both roles.

ICAM-integrin interactions coordinate tight adhesion of the neutrophil at the endothelial 

tight junction. This interaction loosens the junction by inducing phosphorylation of vascular 

endothelial cadherin.[41] Once the junction becomes more permeable, junctional adhesion 

molecule (JAM), specifically JAM-A, and platelet endothelial cell adhesion molecule 1 

(PECAM-1) are responsible for allowing the cell to pass through the junction.[42, 43] The 

function of these proteins is not completely clear, especially in vivo. In vitro, it appears that 

JAM-A binds to JAM-A on adjacent cells, and PECAM-1 works in a similar manner.[44, 45] 

The role of these proteins in endothelial cell-neutrophil interactions may be more complex. 

Loss of PECAM-1 in mice causes neutrophils to arrest before crossing the basement 

membrane into the extracellular space [45]. Similar to the processes of adhesion and 

crawling neutrophils require specific chemokines and chemokine receptor signaling 

specifically in diapedesis. Tumor necrosis factor alpha (TNF-α) induced CXCL2 is 

necessary for the neutrophil to pass through a junction but does not significantly hinder 

neutrophil adhesion and crawling.[46] These interactions between neutrophils and 

endothelial cells allow neutrophils to pass into the extracellular space and begin migrating to 

the infarct site.

Neutrophil signaling during migration into the infarct region

Migration to the infarct after diapedesis works through similar mechanisms as those 

described above for neutrophil crawling along the endothelium. The neutrophil must 

maintain polarity with sensors facing chemokines and a contractile mechanism pushing the 

cell towards the injury. A wide range of receptors on neutrophils activate contraction, 

including formyl-peptide receptors, leukotriene receptors, platelet activating factor receptor, 
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CXCR1 and CXCR2, and complement receptors.[46, 47] In humans, C-X-C motif 

chemokines include CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL7, and CXCL8.[48] 

Our lab has investigated CXCL4 in the context of macrophages, in which CXCL4 

overexpression increases LV dilation and reduces day 7 survival in mice. CXCL4 

overexpression increases MMP-8 and MMP-9 levels at MI day 5, a point where MMP levels 

should be returning to baseline.[49]

Neutrophil signaling differs based on sex. In mice at MI day 1, males have a more robust 

inflammatory response in neutrophils showing elevated transcription of Cxcr3, IL6Rα, 

IL1r1, and IL13.[50] In addition, female mice have reduced IL6, IL12a, and TNFα mRNA 

and protein per cell in neutrophils isolated from the infarct at day 1. Overall, female mice 

show less pronounced inflammatory response to MI compared to their male counterparts. In 

line with a reduced inflammatory response in neutrophils, female outcomes were 

significantly better than males, showing survival of ~80% compared to ~60% for males and 

an LV rupture rate that is 4-fold lower than males.[50] One potential mechanism for the 

blunted inflammatory response in female mice is the desensitization to apoprotein F (Apo F) 

in females but not males. ApoF induces the liver X receptors/retinoid X receptor pathway 

through CD36 and peroxisome proliferator-activated receptor gamma (PPARγ) to activate 

NF-κB and produce pro-inflammatory cytokines such as IL-6.[50]

Sex steroids may also play an important role in the wound healing process and may account 

for some of the sex differences seen in MI. Androgen receptors drive neutrophil 

differentiation and thus regulate neutrophil counts. Wound healing is also accelerated 

following castration, deletion of androgen receptors, or androgen receptor blockade.[51] 

Therefore, there are a number of sex-mediated mechanisms of MI repair with neutrophil 

mechanisms.

The concentration of chemotactic factors directs the neutrophil to the injury site. DAMP 

receptors and cytokine receptors on the surface of the neutrophil lead to downstream 

activation of the PI3K pathway and the PLC-PKC pathway.[52] Thus, the higher 

concentration of signals transduced, the greater amount of cell contraction that occurs. 

Figure 2 describes the signaling involved in migration of the polarized neutrophil.

G protein coupled receptor (GPCR) signaling induces both the phospholipase C (PLC) 

pathway and the PI3K pathway to induce neutrophil migration. Generally, ligands to GPCRs 

(e.g., C5a, IL-8, and CXCL-1 or 2) trigger a conformational change in the intracellular loop 

of the receptor resulting in dissociation of the heterotrimeric G-protein into its Gα and Gβγ 
subunits. Gβγ acts as the primary signal transducer by activating PLC following binding of 

formyl-peptide receptors, leukotriene receptors, platelet activating factor receptor, CXCR1 

and CXCR2, and complement receptors. PLC cleaves PIP2, producing diacylglycerol (DAG) 

and inositol triphosphate (IP3). IP3 production activates the release of Ca2+ from the 

endoplasmic reticulum. Ca2+ regulates many aspects of neutrophil behavior, including 

migration, degranulation, and phagocytosis.[53] During neutrophil migration, Ca2+ 

undergoes complex interactions with integrins to induce both adhesion and reversal of 

adhesion to aid in migration.[54] When PLCβ isoforms are deleted, mouse neutrophils can 

still properly migrate to chemotactic signals ex vivo, indicating PI3K signaling is sufficient 
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for chemotaxis or that compensatory mechanisms are activated.[53] The PI3K signaling 

pathway becomes activated by GPCR signaling in a similar manner to the PLC pathway 

through GPCR agonists. The Gβγ subunit activates PI3K and subsequently PIP2 and PIP3
.

[37, 53, 55] Production of PIPs activates ERK family proteins.[56] PI3K deletion in 

neutrophils results in reduced PIP3 production and defective neutrophil migration in 

response to C5a, IL-8, or CXCL-1,2. Neutrophil migration, therefore, is functionally 

dependent on activation of the PI3K pathway.[53, 55]

In addition to GPCR signaling to induce neutrophil migration, β-arrestin signaling also plays 

a role in neutrophil migration and activation following MI. Activation of multiple GPCRs on 

neutrophils, including CXCR1, CXCR 2, and CXCR4 bind GPCRs and the intracellular loop 

of the receptors catalytically activates β-arrestins. β-arrestin regulates actin reorganization 

by interacting with Ral GDP dissociation stimulator. This interaction results in activation of 

Rac1/RhoA activation and f-actin accumulation to promote neutrophil migration.[55] In 

addition, β-arrestins activate p38 mitogen activated kinase to further promote migration.[56] 

These signaling pathways are common across multiple inflammatory processes and are 

shared with the MI response.

Neutrophil signaling involves the calcium binding S100 family of proteins, primarily 

S100A8 and S100A9 that induce cytokine generation in the neutrophil.[8, 10] The 

S100A8/A9 heterodimer binds TLR4 and the receptor for advanced glycation end products 

(RAGE).[8–10] S100A8 and S100A9 are secreted by neutrophils, monocytes, and 

endothelial cells and can function in an autocrine manner on neutrophils.[57] TLR4 activates 

myeloid differentiation factor 88 (MyD88) and its adapter Toll/IL-1R domain containing 

adapter protein (TIRAP).[24] The TIRAP/MyD88 complex recruits IL-1R associated 

kinases and (IRAKs) and TNF-α receptor associated factor 6 (TRAF6) to the receptor and 

undergoes a series of phosphorylation events.[58, 59] IRAK1 and TRAF6 dissociate from 

the receptor and complex with transforming growth factor activated kinase 1 (TAK1) to 

activate TAK1. Activated TAK1 phosphorylates the inhibitory κB kinases (IKKs).[60, 61] 

The IKKs phosphorylate IκB, which then dissociate from NF-κB to undergo ubiquitination 

and degradation (Figure 3). Upon release from IκB, NF-κB translocates to the nucleus and 

induces transcription of pro-inflammatory cytokines (e.g., IL-6, IL-8, and TNF-α). 

Treatment of monocytes with S100A8/A9 induces mediators downstream of TLR4, 

including MyD88 and IRAK-1.[62] Interestingly, S100A9 null mice show improved 

cardiomyocyte survival and improved LV physiology following ischemia/reperfusion.[63] 

S100A9 deletion attenuates granulopoiesis and improves cardiac physiology after MI.[11] 

Together, PLC, PI3K, and S100A8/A9 signaling promote migration of the neutrophil to the 

infarct area.

Neutrophil signaling during degranulation and reactive oxygen species (ROS) production

Neutrophils are classified as granulocytes based upon their ability to generate granules. 

Neutrophil granules contain pro-inflammatory molecules such as complement proteins, 

gelatinases (e.g., matrix metalloproteinase (MMP)-9), and cysteine proteases (e.g., 

myeloperoxidase (MPO) and neutrophil elastase (NE)) that collectively contribute to MI-

induced proteolytic break down of necrotic myocytes and existing ECM. In conjunction with 
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degranulation, neutrophils produce and release ROS. While ROS generation is an efficient 

mechanism for killing and removing foreign pathogens, this mechanism is indiscriminate 

and can lead to injury of healthy tissue as well.[64] In the context of MI, ROS can damage 

healthy myocardium.[65, 66] Understanding the signaling mechanisms in the production and 

release of proteases and ROS from neutrophils may provide targets for intervention after MI.

There are four types of neutrophil granules: azurophilic (primary), specific (secondary), 

gelatinase (tertiary), and secretory granules. Azurophilic granules, the largest, are first 

formed in the neutrophil and contain myeloperoxidase (MPO), serine proteases, azurocidin, 

and α-defensins. Specific granules are smaller than azurophilic granules in diameter and 

contain lactoferrin, neutrophil gelatinase-associated lipocalin (NGAL), cathelicidin, and 

lysozyme. Gelatinase granules are smaller than specific granules and contain MMPs, 

particularly MMP-8 and −9. Secretory granules consist primarily of complement receptor 1, 

plasma protein albumin, CD13 (aminopeptidase N), CD14 (monocyte differentiation 

antigen), and CD16 (Fc gamma receptor III). In addition to having specialized protease 

components for each granule type, the excitation threshold required to induce degranulation 

differs.[67] Secretory vesicles require the lowest threshold, followed by gelatinase granules, 

then specific granules, and finally azurophillic granules.[68] Treatment with pro-

inflammatory agonists such as N-formyl-met-leu-phe peptides at nanomolar concentrations 

in vitro robustly releases secretory vesicles with minimal release of other granule types.[69, 

70] More potent agonists, such as phorbol myristate acetate, release gelatinase granules and 

not azurophillic granules.[71] This is an important quality for neutrophils to mitigate 

degranulation during the migration phase. Many of the important mediators for chemotaxis 

are the same signals that induce degranulation, such as CXCL-1 or 2, IL-1β, and IL-8.[69] 

As degranulation agonists become more potent at the site of injury, neutrophil degranulation 

is more readily stimulated.

The role of each granule type differs in the context of MI based on the granule components. 

Secretory vesicles are the first granule type to be released. Secretory vesicles contain 

numerous membrane bound receptors to improve the ability of neutrophils to respond to 

inflammatory stimuli when the granule fuses with the membrane, such as (CD-14) and Fc 

fragment of IgG receptor IIIa (CD-16). Inflammatory receptors found in secretory vesicles 

include complement receptor 1 and toll-like receptors.[79, 80] Secretory vesicles also 

contain and release albumin, although the role of neutrophil derived albumin in the context 

of MI has not been examined.

Gelatinase granules contain proteases such as MMP-8 and MMP-9. While removal of 

existing ECM by MMPs is needed to make space for replacement scar, excess MMP activity 

can worsen LV physiology after MI by increasing wall thinning.[76] While excess MMP 

activity is detrimental, early inhibition of MMP-9 also worsens cardiac dysfunction after MI 

by delaying resolution of pro-inflammatory neutrophils.[72] Global MMP-9 deletion 

promotes M2 macrophage polarization and inflammation resolution in aging and after MI.

[73] Thus, shifting the timing and extent of inhibition can result in opposite results. In 

addition, MMPs contribute a wide-range of roles in addition to break down of ECM, 

including regulation of the inflammatory process by proteolytically activating or de-

activating cytokines, chemokines, and growth factors, all of which are applicable to MI. 
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Specific granules contain neutrophil gelatinase associated lipocalin (NGAL). In humans, 

NGAL complexes with MMP-9 and prolongs MMP-9 function and inflammation following 

MI.[[74],77] Mice are missing the cysteine at amino acid 87 of NGAL that allows proper 

binding of NGAL to MMP-9. NGAL is considered a biomarker for cardiovascular disease as 

it is upregulated in coronary artery disease, heart failure, and stroke, although limited data in 

human patients restricts NGAL as a prognostic marker in humans. [78]

Specific granules contain overlap with gelatinase granules in protein content, including 

MMP-9, macrophage 1 antigen, and NGAL. Although there is overlap in granule protein 

composition, concentrations differ as does granule susceptibility to degranulation.[75] 

Specific granules are well known for antimicrobial activity through release of lactoferrin, 

which is primarily found in specific granules. Lactoferrin is also known for regulating 

neutrophil recruitment by attenuating cytokine release.[76]

Azurophillic granules contain MPO and NE. MPO is primarily known as an antimicrobial 

agent, however, MPO stimulates oxidative stress in response to MI.[77] MPO catalyzes the 

formation of hypochlorous acid (HOCl), a powerful oxidant derived from chloride ions and 

hydrogen peroxide (H2O2). HOCl interacts with other small molecules, including NH3, to 

form monochloramines (NH2Cl) or with other ROS to yield peroxynitrite (ONOO−) and 

hydroxyl radical (·OH).[78] MPO itself induces feed forward degranulation.[79] MPO is a 

biomarker in ischemic heart disease, associating with abnormal LV remodeling.[80] NE can 

activate other proteases and cleaves multiple ECM targets, including fibronectin and 

collagens. NE acts as a major activator of MMP-9, further inducing ECM degradation 

following MI.[81]

NE even has the capacity to propagate chemotaxis by inducing IL-8 release from endothelial 

cells.[82] Proteinase 3 activates TNF-α, IL-1β, and IL-18, and degrades ECM components 

including fibronectin and collagen IV.[83] Proteinase 3 plasma levels are elevated in chronic 

MI patients who have adverse outcomes compared to event-free survivors.[83] Some 

proteases found in azurophillic granules have not been assessed in the context of MI, such as 

cathepsin G. However a new granule subtype (ficolin-1 rich granules), have been described 

in neutrophils and contain a several cathepsins, including Cathepsin B and D which have 

been shown to be upregulated in neutrophils following MI, warranting investigation of these 

in the context of MI. [1, 84]

Figure 4 describes the steps that lead to neutrophil granule exocytosis. Exocytosis is tightly 

regulated by calcium signaling and soluble N-ethylmaleimide sensitive factor attaching 

proteins (SNAPs) and SNAP receptors (SNAREs) that regulate granule docking to the cell 

membrane. A key step for neutrophil degranulation is induction of calcium signaling, and 

stepwise increases in intracellular calcium correlate with the degree in which neutrophils 

degranulate. Upon reaching the site of injury, larger amplifications of Ca2+ induce 

neutrophil degranulation, causing the exocytosis of proteases to regulate inflammation and 

break down ECM and other debris in the infarcted area. This process involves docking of 

neutrophil granules to the membrane through the activity of SNAREs, followed by granule 

exocytosis. PKC-mediated calcium release from the ER regulates common exocytosis 

machinery and is important for granule release.
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SNAPs and SNAREs regulate attachment of vesicles to the cell membrane.[85] V-SNAREs 

on vesicles attach to t-SNAREs found on the cell membrane. SNAPs are required for v-

SNARE/t-SNARE attachment, and SNAPs themselves are calcium-binding proteins. Vesicle 

associated membrane protein-2 (VAMP-2) and secretory carrier membrane protein 

(SCAMP) have been identified in neutrophils, in the membranes of secretory vesicles as 

well as in gelatinase and specific granules.[86] Some of the characterized SNARE 

complexes include syntaxin 4/SNAP-23/VAMP-1 and syntaxin 4/SNAP-23/VAMP-2, which 

are involved in the exocytosis of specific and tertiary granules, whereas interactions between 

syntaxin 4 and VAMP-1/VAMP-7 are involved in the exocytosis of azurophillic granules.

[87] Adding complexity, syntaxin-6 and −7 are also found in the cell membrane and regulate 

granule docking to the cell membrane. Blockade of syntaxin-6 activity with antibody 

treatment primarily inhibits release of azurophil and specific granules.[88] These findings 

provide further evidence for the specificity by which neutrophil granules are exocytosed. 

Proline rich kinase 2 (Pyk2) is another earlier mediator of neutrophil granule exocytosis that 

is calcium dependent. Increases in intracellular calcium induce autophosphorylation of 

Pyk2.[89] Pyk2 phosphorylates Vav.[89] Vav directly upregulates Rac signaling that induces 

actin remodeling to prepare granules for docking and fusion to the cell membrane via 

SNAREs.[90] In addition to Vav upregulation, Pyk2 activate Src family kinases that aid in 

activation of the PLC signaling cascade.[91]

Neutrophil signaling during phagocytosis

While neutrophil activity is far more diverse than originally thought, phagocytosis is a 

classic function of neutrophils (Figure 5). Phagocytosis in both neutrophils and macrophages 

is critical for removal of debris in the infarct area to prepare for adequate scar formation. A 

key step in neutrophil phagocytosis is increasing the size of the cell membrane, a process 

termed neutrophil spreading. This process is dependent on increasing intracellular calcium.

[92] The increase of calcium is likely induced by neutrophil adhesion to the particle being 

engulfed through β2-integrin signaling.[93, 94] The calcium dependent pathways 

responsible for membrane spreading are not entirely clear.

Just before particles are engulfed, there is a large spike in neutrophil intracellular calcium to 

induce neutrophil spreading.[95] Calpain expressed in neutrophils cleaves multiple structural 

proteins and could be a possible mechanism to induce neutrophil spreading, allowing the 

neutrophil to engulf debris found in the ECM.[96] Calpain requires a calcium concentration 

of 20 μM in vitro to become active, which is much higher than resting calcium 

concentrations found in neutrophils, suggesting calpain may only be active in the neutrophil 

upon increases in intracellular calcium.[97] Activation of calpain causes the protease to 

translocate from the cytosol to the cell membrane and aid in formation of the phagocytic 

cup.[98] Calpain cleaves p81, a protein that links f-actin projections to the phospholipid 

bilayer of the plasma membrane.[99–101] Cleavage of p81 creates space between the f-actin 

protrusions and the f-actin membrane allowing for the neutrophil membrane to increase in 

size. The neutrophil adheres to particles in the ECM and through calcium signaling 

undergoes neutrophil spreading. The increase in the size of the plasma membrane allows the 

neutrophil to engulf the particle and remove it from the extracellular space.
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Neutrophil signaling during resolution of inflammation

While neutrophils are traditionally viewed as a pro-inflammatory cell type, neutrophils can 

also play an important role in inflammation resolution. In the past, neutrophils were deemed 

detrimental in MI due to expression of pro-inflammatory cytokines and production of 

reactive oxygen species that, when in excess, induce damage to the LV. Although high 

neutrophil counts are often used as a clinical predictor of poor outcomes following coronary 

events,[102] deletion of neutrophils in mice worsens cardiac physiology after MI.[103] 

Hence, neutrophils play an important role in the shift from the inflammatory phase to the 

reparative phases of cardiac wounding healing following MI, using both direct and indirect 

mechanisms.

Neutrophils, similar to macrophages, undergo polarization from a pro-inflammatory N1 

phenotype during the inflammatory phase of remodeling to an N2 anti-inflammatory 

phenotype during the reparative phase and the maturation phase of remodeling.[104, 105] At 

day 1 after MI, less than 3% of neutrophils stain positive for CD206, a marker for N2 

neutrophils. At day 7, this value increases more than 6-fold to nearly 20% of neutrophils 

staining positive for CD206.[106] N2 neutrophils express anti-inflammatory molecules, such 

as Arg1 and IL10 in the later stages of cardiac remodeling.[106]

Proteomic analysis of neutrophils over the MI time continuum supports these findings. D1 

MI neutrophils release proteases such as MMP-8 and MMP-9 and express high levels of 

S100A9 indicating infiltration. At MI day 3, neutrophils begin to undergo apoptosis and 

reduce the inflammatory signaling while beginning to aid in ECM reorganization. At MI 

days 5 and 7 neutrophils produce ECM proteins necessary for scar formation, including 

fibronectin, vimentin, and fibrinogen.[1] Thus, neutrophils directly contribute to the 

reparative phase.

The Steffens lab reported that neutrophils interact with macrophages during the reparative 

phase to promote M2 polarization of macrophages.[103] They showed that NGAL secreted 

by the neutrophils induced M2 polarization. M2 macrophages produce higher levels of 

myeloid-epithelial-reproductive tyrosine kinase (MerTK), a marker of improved neutrophil 

phagocytosis. MerTK has been well characterized in phagocytosis and specifically in the 

context of MI for clearance of dead cardiomyocytes.[107, 108] Treatment of macrophages in 

vitro with neutrophil supernatant induces MerTK activation and improves macrophage 

phagocytosis.[103] In addition, depletion of neutrophils blocks M2 polarization and M2 

polarization was shown to be necessary for clearance of apoptotic neutrophils, a finding 

confirmed by our lab.[109] We showed that treatment with IL-4 induces M2 polarization of 

macrophages and increased MerTK expression and increased phagocytosis of neutrophils at 

day 3 after MI. Thus, neutrophils indirectly contribute to the reparative phase.

In addition to polarizing from a pro-inflammatory to an anti-inflammatory state and 

expressing anti-inflammatory cytokines, neutrophils respond to anti-inflammatory cytokines 

as well. Exogenous administration of interleukin-4 (IL-4) at the time of MI reduces infarct 

size and decreases expression of pro-inflammatory cytokines in neutrophils, including Ccl3, 

IL12α, and TNFα at day 3 after MI.[109, 110] Neutrophils increase expression of 

interleukin 4 receptor (IL4r), which transduces IL-4 signaling.[109, 110] Neutrophils ability 
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to respond to anti-inflammatory signaling may play an important role in the shift from 

inflammatory to anti-inflammatory signaling in the context of MI. There are also sex 

differences involved in the resolution of neutrophil mediated inflammation after MI. 

Females produce higher levels of N2 anti-inflammatory markers such as Ym1 and CD206.

[50] Production of anti-inflammatory markers in neutrophils by females suggest neutrophils 

are polarized to a phenotype that aids inflammation resolution.

Neutrophils are designed to be a short-lived cell as a conserved mechanism to prohibit 

prolonged inflammation. At the end of their lifespan, neutrophils undergo apoptosis. 

Apoptosis, in comparison to necrosis, minimizes inflammation. The packaging process of 

apoptosis reduces further inflammation by limiting DAMP exposure to the extracellular 

space. The functional capacity of the M2 macrophage to phagocytose neutrophils provides a 

safe route of neutrophil clearance from the infarct area without prolonging inflammation. 

Neutrophil apoptosis also causes pro-inflammatory cytokine scavenging. While apoptotic 

neutrophils may not be functional, the cell membranes remain intact.[111] Thus, apoptotic 

neutrophils can bind and scavenge pro-inflammatory signals without signaling further 

inflammation.

Neutrophil apoptosis occurs primarily through the classical caspase dependent pathways, 

both the intrinsic and extrinsic pathways (Figure 6). The intrinsic pathway relies primarily 

on the Bcl-2 family of proteins. Most prominent of these are pro-apoptotic Bax and anti-

apoptotic Bcl-2. Following activation of the intrinsic pathway, Bax, normally bound and 

inhibited by Bcl-2, becomes active and travels to the mitochondria to promote release of 

cytochrome c into the cytosol.[112, 113] Cytochrome c binds with apoptotic protease 

activating factor-1 and forms a protein complex called the apoptosome which cleaves 

procaspase-9.[114, 115] There are multiple receptors that can induce the extrinsic pathway, 

including TNFR and Fas receptor.[116] Activation of these receptors promotes binding of 

procaspase-8 to adaptor proteins associated with the receptor.[117] These receptors are 

found in close proximity to lipid rafts. Additional procaspase-8 binds to the lipid-receptor 

complex, creating the death inducing signaling complex (DISC) causing autocatalysis of 

procaspases-8 to caspase-8.[117] Both caspase-8 and caspase-9 cleave procaspase-3 to 

induce apoptosis. In summary, neutrophils undergo apoptosis which is critical in attenuating 

prolonged inflammatory signaling, promoting recruitment and polarization of inflammation-

resolving macrophages, and binding and scavenging of pro-inflammatory cytokines further 

resolve inflammation.[118]

Conclusions

Neutrophils are highly complex granulocytes that perform a variety of functions in the LV 

after MI. The plasticity and broad range of functions that neutrophils produce makes them 

an exciting target for future study in the context of scar formation after MI. Targeting early 

pro-inflammatory migration to temper neutrophil infiltration into the infarct could be 

promising. The signaling involved in diapedesis and migration of neutrophils could be 

targeted to reduce neutrophil counts during the inflammatory phase. Neutrophil 

degranulation is another target. Limiting excess neutrophil degranulation could limit damage 

to healthy heart tissue and limit inflammatory signaling. Shifting the neutrophil phenotype 
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from pro- to anti-inflammatory signaling has had some success in mouse models. Targeting 

neutrophil apoptosis, particularly pro-inflammatory neutrophils, may reduce inflammatory 

status in the early stages of MI. Initiating apoptosis could promote earlier induction of 

inflammation resolution. As our understanding of neutrophil physiology continues to evolve, 

options for therapeutic interventions targeting neutrophils to improve outcomes following 

MI continue to grow.
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Highlights

• Neutrophils play key roles during repair after myocardial infarction (MI)

• Neutrophils transition from pro-inflammatory to anti-inflammatory to 

reparative over the MI time continuum

• Targeting neutrophil signaling is an unexplored avenue for therapeutic 

intervention
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Figure 1. Neutrophil signaling during infiltration.
Pro-inflammatory cytokines such as interleukin-8 (IL-8), C-X-C Ligand (CXCL)-12, and 

complement 5a (C5a) and DAMPs such as mitochondrial DNA (mtDNA) and high mobility 

group box 1 (HMGB1) recruit neutrophils to the vessel wall. Interactions between CD11 on 

the neutrophil and intercellular adhesion molecule 1, ICAM-1 on the endothelial cell surface 

as well as L-selectins found on both cells cause firm adhesion. Neutrophils follow the 

chemotactic gradient, crawling along the vessel wall. Neutrophils undergo diapedesis and 

continue to follow the chemotactic gradient to the site of injury. Created with 

BioRender.com
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Figure 2. Neutrophil signaling during migration into the infarct region.
Following diapedesis, neutrophils continue to follow chemotactic gradients to the site of 

injury. Neutrophils bind IL-8, (CXCL)-1,2, and other stimuli that activate G protein coupled 

receptors (GPCRs). G protein subunits activate the phospholipase C (PLC) and the 

phosphoinositide 3-kinase (PI3K) pathway. At the sensory end (purple) of the polarized 

neutrophil the PLC pathway activates downstream calcium signaling and protein kinase C. 

The PI3K pathway activates Rac which permits F-actin polymerization and aids in 

production of protrusions that improve the neutrophil ability to respond to sensory 

information. On the other end of the polarized neutrophil, the motile end (pink), PLC 

induces calcium signaling that promotes contractility and motility. PI3K activates RhoA 

leading to downstream phosphorylation of myosin light chain (MLC) and aids in 

contraction. Together these mechanisms allow the neutrophil to navigate to the infarct area. 

Created with BioRender.com
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Figure 3. S100A8/A9 signaling in the neutrophil during migration to the infarct region.
The S100A8/S100A9 heterodimer binds to TLR4 on the neutrophil[7]. Toll like receptor 4 

(TLR4) activates myeloid differentiation primary response 88 (MyD88) and TIR domain 

containing adaptor protein (TIRAP) which form a complex in the cytosol. The TIRAP/

MyD88 complex recruits interleukin-1 receptor-associated kinase 1 (IRAKs) and tumor 

necrosis factor receptor (TNFR)-associated factor 6 (TRAF6). IRAK and TRAF6 dissociate 

from the receptor and complex with transforming growth factor beta-activated kinase 1 

(TAK1) causing TAK1 to become activated. Activated TAK1 phosphorylate inhibitor of 

nuclear factor-κB (IκB) kinase (IKKs). The IKKs phosphorylate IκB which causes it to 

dissociate from nuclear factor kappa-light-chain-enhancer of activated B cells NF-κB, to 

undergo ubiquitination and degradation. NF-κB translocates to the nucleus and induces 

transcription of many pro-inflammatory cytokines including IL-6, IL-8, and TNF-α. Created 

with BioRender.com
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Figure 4. Neutrophil signaling during degranulation and reactive oxygen species (ROS) 
production.
1) Pro-inflammatory cytokines bind neutrophil GPCRs and 2) activate downstream calcium 

signaling through PLC. 3) Calcium activates proline rich kinase 2 (PYK2) which promotes 

SRC kinase activity and feeds forward to induce further calcium release. 4) Calcium also 

binds soluble NSF attachment proteins (SNAP) receptors (SNAREs) and activates them for 

proper granule docking to the neutrophil membrane. PYK2 activates Vav which, in turn, 

activates Rac. Rac promotes F-actin polymerization at the membrane of the neutrophil and 

aids in exocytosis of granules. 5) Granules containing proteases cleave ECM targets creating 

space for the new ECM scar. Created with BioRender.com
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Figure 5. Neutrophil signaling during phagocytosis.
Neutrophil phagocytosis is initiated by adhesion of integrins to debris particles in the 

extracellular space. β2-integrin signaling leads to calcium release from the endoplasmic 

reticulum. The rise in intracellular calcium activates calpain. Calpain proteolytically cleaves 

p81, a protein that binds the lipid bilayer to the f-actin protrusions found at the neutrophil 

membrane. This cleavage induces neutrophil spreading, allowing the neutrophil to engulf the 

debris particle. Created with BioRender.com
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Figure 6. Neutrophil signaling during resolution of inflammation.
Neutrophil apoptosis occurs through and intrinsic and extrinsic pathways. Intrinsic stimuli 

cause Bax to dissociate from anti-apoptotic Bcl-2, Bcl-x, or Mcl-1. Activated Bax stimulates 

cytochrome c release from mitochondria. Cytochrome c forms a complex with apoptotic 

protease activating factor 1 (APAF1) forming the apoptosome. The apoptosome activates 

caspase-9 which in turn activates caspase-3, the effector of neutrophil apoptosis. The 

extrinsic pathway is dependent on binding of external signals such as FAS ligand. 

Neutrophils bind FAS ligand through the FAS receptor. FAS receptor activation leads to 

procaspase-8 aggregation at the site of the receptor. Aggregation of procaspase-8 around 

lipid rafts in the membrane form (death-inducing signaling complex) DISC. DISC leads to 

autocrine cleavage of caspase-8. Caspase-8 activates caspase-3 inducing apoptosis. Created 

with BioRender.com
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Table 1.

Summary of current knowledge in neutrophil signaling during response to MI

Neutrophil signaling during Key pathways and effectors

Recruitment from the bone marrow • G-CSF inhibition of CXCR4
• S100A8/A9 activation of TLR4
• CXCL1/2 activation of CXCR2

Infiltration through the vessel wall • Chemotaxis from circulating chemokines (IL-8, CXCL-1,2, C5a)
• Integrin/ICAM interactions between neutrophil and vascular endothelial cells
• Crawling via PLC-Ca2+ and the PI3K/Rho GTPase axes
• JAM-A and PECAM-1 interactions at endothelial junctions

Migration into the infarct region • GPCR induced PLC and PI3K signaling
• Calcium induced contraction
• Rho-GTPase induced f-actin protrusions and MLC phosphorylation
• S100A8/A9 induced cytokine production

Degranulation and reactive oxygen species (ROS) 
production

• PLC induced calcium signaling
• Calcium activation of of SNAREs and Pyk2
• Pyk2 promotes downstream Rac activity and actin polymerization
• SNARE activity results in exocytosis
• Proteases cleave ECM targets

Phagocytosis • Integrin induced calcium release promotes calpain activation
• Calpain cleaves p81, eliminating the link between f-actin and the cell membrane
• Ezrin cleavage promotes cell spreading allowing for engulfment of debris

Resolution of inflammation • Neutrophils stimulate anti-inflammatory macrophage polarization
• Neutrophils produce anti-inflammatory proteins (IL-10) in the reparative phase of MI
• Neutrophils produce ECM proteins and contribute to scar formation
• Neutrophils undergo apoptosis through the classical extrinsic and intrinsic pathway
• Apoptotic neutrophils bind and scavenge pro-inflammatory mediators
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