
ABSTRACT 

CONLEY, HALEIGH ELIZABETH. A Comparative Investigation of MARCKS as a 

Therapeutic Target for Dysregulated Neutrophils. (Under the direction of Dr. Mary Sheats). 

 

Neutrophils are the most abundant leukocyte circulating in the blood. These innate 

immune cells are termed the “first responders” of the immune system for their efficient 

recruitment to sites of infection and inflammation. Once at the site of infection, neutrophils 

deploy a variety of functions to destroy pathogens or resolve injury. In a normal state, 

neutrophils retreat when other immune cells arrive on the scene. However, neutrophils can 

become dysregulated and cause tissue damage in several disease states.    

Once alerted to infection and inflammation, neutrophils migrate through the endothelial 

wall and into tissues via specialized cell surface receptors called β2-integrins. B2-integrins have 

been, and continue to be, desirable therapeutic targets to regulate neutrophil-mediated diseases. 

In Chapter 1 we review the tools, resources, and experiments available to assess β2-integrins. In 

Chapter 2 we consider FcγRs and β2-integrins, as these two cell surface receptors often cooperate 

in a complex mechanism of neutrophil activation and function. Therefore, we assess the nuance 

of using ICAM-1/Fc for studying β2-integrins and present evidence that ICAM-1/Fc interacts 

with FcγRs and β2-integrins. 

Based on the unremarkable clinical success of targeting β2-integrins for regulating 

neutrophil-mediated inflammation, there is a desire to look for other proteins that regulate 

neutrophils. One potential target is the MARCKS protein. Previous research in our lab 

determined MARCKS plays an essential role in several neutrophil inflammatory functions, 

including the finding that MARCKS function is essential for β2-integrin-dependent respiratory 

burst but not β2-integrin independent respiratory burst in equine neutrophils. This led us to 

investigate MARCKS role in neutrophil β2-integrin activation and signaling in Chapter 3. 



We and others have investigated MARCKS as a novel therapeutic target to regulate 

inflammation. In Chapter 4, we present data evaluating MARCKS in bovine neutrophil 

inflammatory responses to Salmonella. Some of the results of this work are similar to our 

previous findings, such as MARCKS inhibition attenuated STm-induced neutrophil adhesion and 

migration. However, we also provide the first report of enhanced neutrophil function with 

inhibition of MARCKS, specifically the finding that MANS peptide treatment enhanced 

Salmonella phagocytosis and respiratory burst. 

The severe form of equine asthma syndrome (termed sEAS) is marked by severe 

neutrophilic lung inflammation. Previous in vivo studies demonstrated that MARCKS inhibitor 

peptides reduced neutrophilic inflammation in murine models of LPS-induced acute lung injury 

and ozone-induced airway neutrophilia and inflammation. In Chapter 5 we investigated 

MARCKS as a novel therapeutic target in equine neutrophilic asthma. Our data demonstrate that 

MARCKS levels are upregulated in horses with sEAS. We also demonstrate that MARCKS 

inhibition with MANS peptide attenuates inflammatory functions of peripheral blood neutrophils 

and alveolar macrophages stimulated with zymosan ex vivo. 

Neutrophil extracellular trap (NET) formation is a more recently discovered neutrophil 

response to inflammation and infection. It has gained significant attention during the COVID-19 

pandemic because patients with severe infection and ARDS exhibit NET formation in the lungs 

and elevated blood plasma markers of NETs. Like other neutrophil functional responses, some 

stimuli induce β2-integrin-dependent NETs. In Chapter 6 we demonstrate that MANS peptide 

treatment attenuates NET formation induced by PMA. 

Neutrophil-mediated diseases continue to impact both animals and humans alike. Our 

findings described here identify a role for MARCKS β2-integrin activation and signaling, 



supporting MARCKS as a potential therapeutic target for neutrophil-mediated diseases across 

species. We share these findings to address gaps in knowledge regarding MARCKS role in 

innate immunity and disease, neutrophil functions and β2-integrin activation, and to further 

inform development of therapeutic strategies to diminish the harmful effects of neutrophil 

dysregulation in multiple disease states. 
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Abstract 

Neutrophils are important innate immune cells that respond during inflammation and 

infection. These migratory cells utilize β2-integrin cell surface receptors to move out of the 

vasculature into inflamed tissues and to perform various anti-inflammatory responses. Although 

critical for fighting off infection, neutrophil responses can also become dysregulated and 

contribute to disease pathophysiology. Neutrophil-targeting therapies have focused on β2-

integrins as potential targets but so far have failed in clinical trials. As the field continues to 

move forward, a better understanding of β2-integrin function and signaling will aid the design of 

future therapeutics. This review details relevant ligands, tools for assessment, experimental 

methods, and in vivo models utilized to examine neutrophil β2-integrins more closely.  

1. Introduction 

Neutrophils are the predominant circulating leukocyte in the blood and are considered the 

first responders of the immune system. Neutrophils defend the host against invading pathogens 

via effector functions such as respiratory burst, phagocytosis, and NETosis. To accomplish these 

tasks, neutrophils must travel out of the vasculature and into the injured or infected tissue 

through a process known as transmigration. Beta2-integrins are specialized cell surface receptors 

that play a key role in a neutrophil’s ability to transmigrate. The mechanisms of beta2-integrin 

function and signaling have been researched and reviewed extensively (Abram and Lowell, 

2009; Bouti et al., 2021). While much has been learned, therapeutic efforts to target beta2-

integrins to mitigate neutrophil-mediated host injury or disease have failed. Because neutrophils 

play a role in the pathophysiology of diseases ranging from acute lung injury and sepsis to 

rheumatoid arthritis and organ transplant rejection, the methods used to study neutrophil beta2-

integrins, reviewed here, remain of interest to a wide array of health researchers.  
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2. Beta2-integrins and neutrophils 

2.1 Beta2-integrin activation and signaling 

Expressed exclusively on leukocytes, beta2 (β2)-integrins are transmembrane 

heterodimers that consist of a common β-subunit (CD18), which is non-covalently associated 

with one of the four known α-subunits (CD11a,b,c,d) (Table 1) (Blythe et al., 2021; 

Schymeinsky et al., 2007). The two most prominent integrins on neutrophils are LFA-1 (αLβ2) 

and Mac-1 (αMβ2). Within circulating, quiescent neutrophils, these adhesion molecules are 

primarily contained within the cytoplasm, the secondary and tertiary granules, and the secretory 

vesicles. The few β2-integrins that are present on the surface of resting neutrophils are 

maintained in an inactive or ‘bent’ conformation, termed the “low-affinity” state. This 

combination of low surface expression and inactive conformation are control measures to help 

prevent non-specific neutrophil binding and activation, as unregulated activation could lead to 

damaging effects for the host. It is only when neutrophils encounter an activation signal, such as 

the binding of a chemoattractant (e.g., leukotriene B4 (LTB4), N-Formylmethionine-leucyl-

phenylalanine (fMLP)) to a G-protein coupled receptor (GPCR), that β2-integrin surface 

expression is increased, conformational changes take place (“affinity”), and increased mobility 

within the membrane leads to cluster formation (“avidity/valency”). This method of activation in 

which integrin affinity and avidity is altered by intracellular signals that affect change at the 

integrin cytoplasmic tail is known as “inside-out” activation (Montresor et al., 2012). In contrast 

to “inside-out,” “outside-in” activation occurs when the β2-integrin extracellular domain interacts 

directly with extracellular matrix proteins or other cell surface ligands (ICAM-1, fibrinogen, etc.) 

and initiates its own signaling (Abram and Lowell, 2009; Williams and Solomkin, 1999). This 

triggers the phosphorylation of ITAM-bearing transmembrane adapters DAP-12 and Fc gamma 
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receptors which go on to activate Syk and initiate a signaling cascade for cytoskeletal 

reorganization (Jakus et al., 2007). These effects on the cytoskeleton are important for the role of 

β2-integrins in neutrophil adhesion strengthening, cell spreading, and crawling (Schmidt et al., 

2013). Despite being described, and studied in vitro, as distinct pathways, inside-out and outside-

in activation are designed to work in concert in vivo, with signaling from one pathway 

reinforcing the other. 

2.2 Neutrophils in disease 

Neutrophils are essential as the “first responders” of the immune system following 

infection or injury and without them patients are at increased risk. Patients lacking functional β2-

integrins due to Leukocyte Adhesion Deficiency (LAD) experience frequent, life-threatening 

infections. However, neutrophils also cause damage to host tissue in numerous chronic 

inflammatory conditions and acute inflammatory events, making neutrophil-targeting therapies 

highly desirable. For example, patients with severe SARS-CoV-2 experience an influx of 

neutrophils into the lungs, resulting in alveolar damage and the development of acute respiratory 

distress syndrome (Borges et al., 2020; Yang et al., 2021). Numerous diseases and disorders 

involve neutrophils and specifically β2 integrins (Table 2).  Because of the essential role integrins 

play in neutrophil inflammatory functions, they are attractive therapeutic targets (Mitroulis et al., 

2015; Zimmerman and Blanco, 2008). However, clinical trials have fallen short to identify 

efficacious β2-integrin targeting therapies (Raab-Westphal et al., 2017), and additional research 

is needed to identify new methods of targeting integrins. Within the scientific literature, there 

have been many approaches to studying β2-integrins. This review article will provide an 

overview of methods used for studying β2-integrin function, activation, and signaling in 

neutrophils. Hopefully, with use of resources, tools and methods presented here, and continued 
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development of new approaches, researchers will discover a more comprehensive understanding 

of β2-integrins that will lead to successful therapeutic targets to benefit patients with neutrophil-

mediated disease.  

3. Cell Types and Tools for Evaluating Integrins 

3.1 Primary Cells 

Neutrophils are hematopoietic cells that are terminally differentiated from myeloblasts. 

They are the most predominant circulating leukocyte in the blood, and their typical life span in 

circulation ranges between less than 24 hours to 5.4 days (Pillay et al., 2010; Tak et al., 2013). 

Most primary neutrophil research uses cells collected from either humans or mice. Over the 

years, several methods have been utilized to isolate neutrophils from human peripheral blood. 

Most protocols include an erythrocyte sedimentation step and a density centrifugation step. 

Erythrocyte sedimentation is typically done using dextran (varying concentrations 1-6%) or 

HetaSep (Wright et al., 2017). For density centrifugation, Ficoll and Percoll are the most 

common options utilized. The order of these steps often varies depending on the research group. 

Despite their common usage, there is concern that neutrophils isolated by Dextran and Ficoll are 

prematurely activated by the presence of monocytes (Quach and Ferrante, 2017). To avoid this 

background stimulation, some use a one-step high density Ficoll (1.114 g/mL) without 

erythrocyte sedimentation, or substitute a discontinuous gradient for Ficoll (Kuhns et al., 2016; 

Quach and Ferrante, 2017). Red blood cell lysis usually follows isolation of neutrophils; 

however, when the experimental method does not require removal of red blood cells, avoiding 

lysis may be one strategy to prevent unwanted neutrophil activation. Flow cytometry is an 

example of an experimental method that does not necessarily require removal of red blood cells. 
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These isolation methods routinely yield normal density neutrophils (NDNs) but fail to 

isolate low density neutrophils (LDNs) that exist in individuals with inflammatory conditions. To 

isolate LDNs, negative selection by magnetic beads of both the PBMC and granulocyte layers is 

necessary (Villanueva et al., 2012; Wright et al., 2017). While application of magnetic 

microbeads facilitates isolation of pure cell populations, this method increases the cost of 

isolation and may still require lysis to remove contaminating RBCs (Schweizer et al., 2021). 

Primary human neutrophils are easy to obtain from willing donors, and a major benefit of 

using primary human cells is the ability to obtain samples from humans with diseases of interest. 

Neutrophils from LAD-I patients have been an invaluable resource for researchers interested in 

β2-integrin-dependent and independent neutrophil functions and cell signaling downstream of β2-

integrins (Diacovo et al., 1996; Kuijpers et al., 1997). However, the risk to the patient versus the 

benefit of health discovery research must also be a consideration when obtaining samples from 

patients. For this reason, volume and cell number are likely to be limited when samples are 

obtained from diseased patients. While sampling from human populations can be extremely 

convenient, there are logistical barriers, such as IRB approvals and personnel, that can make 

human research more challenging. This has been especially true during the COVID-19 pandemic 

when IRB protocols changed to reduce risk for participants and researchers, resulting in reduced 

access to human participants.  

Primary neutrophils from mice are commonly isolated from bone marrow or the 

peripheral blood. Similar to humans, density centrifugation with either Percoll or Histopaque 

discontinuous gradients are utilized (Alder et al., 2018; Wong et al., 2015; Xu et al., 2015). Due 

to the wide availability of species-specific resources, murine neutrophils can also be isolated 
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from bulk populations using magnetic microbeads or by fluorescence activated cell sorting 

(FACS) (Helou et al., 2019; Rivadeneyra et al., 2018). 

Murine neutrophils are widely used due to the availability of models that duplicate 

neutrophil function during health and disease. However, they do not perfectly model humans 

regarding neutrophils. In humans, the predominantly circulating cell type in the blood is 

neutrophils (50-70% neutrophils, 30-50% lymphocytes), whereas mice have an abundance of 

lymphocytes (10-25% neutrophils, 75-90% lymphocytes) (Mestas and Hughes, 2004). 

Neutrophils are a heterogenous population consisting of normal density neutrophils (NDNs), low 

density neutrophils (LDNs), immature neutrophils, mature neutrophils, and neutrophils with 

immunosuppressive capabilities (Silvestre-Roig et al., 2019). Although mice do express these 

subpopulations of neutrophils, they do not always mimic the presentation of that in humans 

during certain disease states. During acute trauma and inflammation, murine neutrophils do not 

express the same cell surface markers as human neutrophils. Human autoimmune disease may 

result in increased circulation of proinflammatory LDNs, but murine models of autoimmune 

disease do not display heterologous populations of neutrophils (Silvestre-Roig et al., 2019). 

These phenotypic differences are also observed in murine models of cancer that also result in 

functional differences (Eruslanov et al., 2017; Silvestre-Roig et al., 2019). Human neutrophils 

also have significant transcriptional and epigenetic diversity. Females especially, have elevated 

gene expression levels related to immune responses that correspond with increased occurrences 

of autoimmune disease (Ecker et al., 2017). Further, murine models cannot model the impact of 

ethnic diversity on neutrophils, despite recent advances in high-diversity mouse populations 

(Atallah-Yunes et al., 2019; M. C. Saul et al., 2019).  

3.2 Cell Lines 
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Although primary cells are highly desirable for understanding neutrophil β2-integrins, 

primary cells are not always accessible or suitable for certain experiments. For example, 

although reported (Gupta et al., 2018; Liu et al., 2019), it is extremely difficult to manipulate 

RNA and protein expression in primary neutrophils, so cell lines are beneficial for researchers 

aiming to investigate roles of individual proteins through knockdown or overexpression studies. 

Although neutrophil-like cell lines have limitations and drawbacks, they can be an easier 

approach for studying integrin function and signaling via induced mutations rather than 

developing new transgenic mouse lines for each mutant desired.  

The HL60 cell line is a human promyeoloblast cell line that can be differentiated into 

neutrophil-like cells utilizing dimethylsulfoxide (DMSO) or retinoic acid (Hickstein et al., 1987). 

Both methods of differentiation result in mature neutrophil-like cells; however, compared to 

DMSO, differentiation with retinoic acid resulted in dampened cellular responses to fMLP and 

increased random cellular migration (Sham et al., 1995). The two methods also result in different 

expression levels of Scar1 and WASP proteins (Launay et al., 2003). Functionally, DMSO-

differentiated HL60 neutrophil-like cells are mostly similar to primary neutrophils but do express 

some differences (Table 3) (Hauert et al., 2002; Hickstein et al., 1987; Patcha et al., 2004). 

Despite these shortcomings, research using mutated HL60s has contributed to our understanding 

of LFA-1 in migration (Weber et al., 1997). This cell line has also be used to model host-

pathogen interactions (Dumont et al., 2013).  

Although not as commonly used as HL60s, the human myeloid cell line K562 has been 

utilized over the past 15 years in research focusing on granulocytes and β2 integrins. Xue et al. 

used the K562 cell line to elucidate the mechanism of how kindlin-3 defects impact integrin 

function. Through these studies, it was demonstrated that kindlin-3 is required for β2-integrin-
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mediated adhesion and cell spreading (Xue et al., 2013). Another group of researchers used 

K562 cells as a means to express constructs of αM fused to mCFP and β2 fused to mYFP to assess 

the separation of Mac-1 cytoplasmic tail separation during integrin activation via FRET analysis 

(Lefort et al., 2009). With this technique, the authors were able to determine that integrin-ligand 

binding, or integrin-crosslinking, induces Mac-1 cytoplasmic tail separation to trigger outside-in 

signaling pathways. This finding may explain the lack of benefit seen in clinical trials with 

inhibitors designed to mimic integrin ligands (Dove, 2000; Harlan and Winn, 2002). K562 cells 

have been further used to evaluate potential small peptide inhibitors and monoclonal antibodies 

directed against β2-integrins (Hafeez Faridi et al., 2013). Another benefit of K562 cells is that 

they only express the transfected β2-integrin, allowing for studies examining just Mac-1 or just 

LFA-1 if desired. They also respond similarly to common stimuli of primary neutrophils, 

including Mn2+ (Celik et al., 2013; Lefort et al., 2009).  

HoxB8 cells are immortalized murine hematopoietic progenitors that are differentiated to 

neutrophil-like cells using GM-CSF treatment. These cells perform many neutrophil and 

integrin-mediated functional responses similar to primary murine neutrophils, with a few 

discrepancies (Table 3) (Chu et al., 2019; S. Saul et al., 2019; M. E. Wilson et al., 2020). The 

usage of these cells has increased over the past several years, primarily because HoxB8 cells can 

be generated from transgenic mice and used to examine specific molecular contributions to β2-

integrins (Bromberger et al., 2021). Recently, investigators used HoxB8 neutrophil-like cells to 

show that Rap1 and Riam binding to talin is critical for β2-integrin function (Bromberger et al., 

2021). In addition to traditional methods of transfection and siRNA, CRISPR/Cas9 technology 

can be utilized to produce HoxB8 cells deficient in a specific integrin protein, such as talin 

(Bromberger et al., 2021). Bromberger and colleagues also used CRISPR/Cas9 to induce a 
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human β2-integrin ortholog in murine HoxB8 neutrophil-like cells (humanized HoxB8 

neutrophils).  

3.3 Tools 

Anti-integrin and fluorescently labeled antibodies  

Antibodies are a common tool used to investigate β2-integrins, and anti-integrin 

antibodies are a staple in this field of research (Berton et al., 1994; Diacovo et al., 1996; Dumont 

et al., 2013; Graham et al., 1993; Penberthy et al., 1995). These antibodies are advantageous for 

common lab use due to their ease of application and relative low cost. They are routinely used in 

three different ways: function blocking, integrin crosslinking, or fluorescent labeling. As a tool to 

block function, anti-integrin antibodies led to the discovery that Mac-1 is responsible for 

neutrophil firm adhesion (Diacovo et al., 1996). However, antibody binding of β2-integrins can 

also cause activation, as demonstrated by antibody stimulation of neutrophils in the absence of a 

ligand (e.g., ICAM-1) and subsequent β2-integrin outside-in activation and signaling (Lefort et 

al., 2009). This dual nature requires careful experimental planning to prevent unintentional 

crosslinking and/or Fc receptor engagement when used for inhibitory applications (Jakus et al., 

2004). To avoid these unintentional interactions, researchers can use F(ab) and F(ab)’2 fragments 

derived from monoclonal antibodies. These fragments are portions of antibodies where the Fc 

fragments are cleaved off to prevent non-specific binding of Fc receptors to antibody. Both types 

of fragments are helpful as blocking antibodies, and F(ab)’2 provide additional capabilities for 

precipitating proteins of interest.  

The use of fluorescently labeled antibodies has also been an invaluable tool for 

researchers. Using specific antibodies, surface expression levels of the integrins, including the 

high affinity conformation of  CD11b, can be distinguished when determining how integrin 



   

11 

 

activation is upregulated (Feng et al., 2011). This type of labeling allowed for the discovery that 

neutrophils from patients with antiphospholipid syndrome (APS) have an upregulation of 

activated CD11b, which contributes to the increased neutrophil adhesiveness (Sule et al., 2020). 

Fluorescently labeled antibodies can also be used in vivo. Wilson et al. administered PE-anti-

Ly6G intravenously to evaluate neutrophil infiltration induced by P. aeruginosa in talin-1 or 

kindlin-3 knockout mice (Wilson et al., 2017). As researchers continue to seek novel protein 

targets to regulate β2-integrins, fluorescently labeled antibodies combined with flow cytometry 

may be a first step to understanding the impact inhibitors may have on β2-integrin expression and 

activation.  

Divalent Cations  

Divalent cations (e.g., Mn2+, Ca2+, Mg2+) are required for many biological processes, 

including the binding of integrins to their ligands. Both manganese (Mn2+) and magnesium 

(Mg2+) act through binding the metal ion dependent adhesion site (MIDAS) domain. Mn2+ 

binding to the MIDAS domain induces outside-in β2 integrin activation by forcing integrins to 

assume a high affinity conformation that enhances ligand binding (Weber et al., 1997). Because 

of this nature, Mn2+ can also be applied as a rescue strategy when examining integrin defects 

caused by mutation or chemical inhibition. Xu et al. determined that Mn2+ treatment could not 

rescue Mylk-/- murine neutrophil binding effects, indicating a critical role for MYLK in outside-

in β2-integrin activation (Xu et al., 2008).  

Like manganese, calcium and magnesium are required for biological processes. 

Therefore, it is common for researchers to include calcium and magnesium supplementation in 

media, and manipulation of cation presence has led to a better understanding of integrin 

regulation. In fact, calcium chelation is known to decrease integrin expression and is often used 
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as a positive control for inhibition in experiments (Celik et al., 2013; Diamond and Springer, 

1993). Divalent cation stimulation of neutrophils with manganese or higher concentrations of 

magnesium induce the high affinity conformation of β2-integrins without activating the 

neutrophil itself or increasing β2-integrin surface expression (Spillmann et al., 2002). Through 

the manipulation of cation concentrations, this study demonstrated that β2-integrins must be in 

their active/high affinity states to mediate adhesion (Spillmann et al., 2002). A complete 

understanding of how divalent cations impact neutrophil function and integrin activation is also 

useful for interpreting clinical information following certain treatments. For example, 

magnesium sulfate treatment for preterm birth impairs neonatal innate immune cell recruitment 

and β2-integrin-dependent neutrophil responses (Mehta and Petrova, 2006).   

3.4 Common Ligands 

Recombinant ICAM-1 

B2 integrins bind to intracellular adhesion molecules (e.g., ICAM-1) expressed on the 

surface of endothelial cells to transmigrate from the vasculature into inflamed tissues. This 

binding interaction induces outside-in activation and signaling of neutrophil β2-integrins. One of 

the most utilized ligands for understanding β2-integrin activation and signaling is ICAM-1 

because it is a powerful tool for modeling physiologically relevant neutrophil interactions. 

ICAM-1 is capable of stimulating neutrophil activation, adhesion, serving as a ligand in shear 

flow assays, and even induce clustering of neutrophil β2-integrins (Celik et al., 2013; Lefort et 

al., 2009; Volmering et al., 2016; Xu et al., 2008). Although the usage of recombinant ICAM-1 

is extremely common, there have been several discrepancies in the literature surrounding 

nomenclature and usage of this ligand. Recombinant ICAM-1/Fc is often used interchangeably 

for recombinant ICAM-1. Based on our own observations (unpublished findings) and those cited 
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in the literature, the Fc domain of ICAM-1/Fc is likely engaging Fc rectors on neutrophils and 

causing an inside-out activation cascade (Jakus et al., 2004; Jones et al., 1998). Therefore, we 

suggest that special attention must be given to the type of ICAM-1 utilized in studies to decipher 

inside-out or outside-in neutrophil activation.  

Fibrinogen 

Fibrinogen is a glycoprotein found in blood that is enzymatically converted to fibrin to 

promote clotting after damage occurs to vasculature or tissues. Neutrophil β2-integrins bind 

fibrinogen at sites of inflammation; therefore, it is used in vitro to determine integrin dependent 

responses (Chu et al., 2019; Lowell et al., 1996; McMillan et al., 2013; Szczur et al., 2009; 

Volmering et al., 2016; Zen et al., 2011). Lowell et al. determined that Src family kinases were 

important for β2 and β3 integrin signaling by evaluating hck-/- fgr-/- double mutant murine 

neutrophils on fibrinogen (Lowell et al., 1996). The double mutant neutrophils failed to spread 

on fibrinogen, but PMA stimulation was able to overcome the defect, indicating that Src kinases 

act upstream of PKC during integrin-mediated signaling. Fibrinogen initiates outside-in integrin 

signaling in both β2 and β3 integrins (Cox et al., 1994; McMillan et al., 2013); therefore, 

experiments utilizing this ligand for β2-integrins must rule out effects caused by β3-integrin 

engagement as well.  

PolyRGD 

Beta-integrins bind extracellular matrix proteins (e.g., fibrinogen, fibronectin, collagen, 

and von Willebrand factor) via their RGD (arginine-glycine-aspartic acid – RGD) site (Ruoslahti 

and Pierschbacher, 1987). PolyRGD is a synthetic tripeptide used to engage integrins, and it is 

known for producing a robust CD18-dependent respiratory burst (Mócsai et al., 2002; Zhang et 

al., 2006). Other investigations found that Fc receptor knockout mice had decreased respiratory 
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burst in response to polyRGD (Mócsai et al., 2006), suggesting that inside-out activation via Fc 

receptors may also play a role in neutrophil responses to polyRGD. Because RGD binding sites 

exist on all β-integrins, polyRGD stimulates β1, β2, and β3-integrins expressed on neutrophils 

(Bertram et al., 2012; Kim et al., 2014; Rossaint et al., 2014). Therefore, the PolyRGD is not the 

best tool for isolating β2 integrin activation and signaling. 

iC3b 

Complement C3 fragment iC3b is a component of the complement system formed when 

complement factor I cleaves C3b. B2-integrins bind iC3b and are recognized as complement 

receptor 3 (CR3) (Ueda et al., 1994). In a physiological context, iC3b is an opsonin to support 

β2-integrin-mediated phagocytosis of pathogens (Li et al., 2011). Xue et al. used iC3b to 

stimulate K562 Kindlin-3 knockdown cells and determined that kindlin-3 is required for iC3b-

mediated outside-in β2-integrin signaling (Xue et al., 2013). IC3b can also be used as a coating 

for neutrophil adhesion or in shear flow experiments (Xue et al., 2013). Assays using iC3b as a 

tool are most relevant for in vitro modeling of diseases that may have iC3b-containing immune 

complex deposition contributing to neutrophil aggregate formation, such as Systemic Lupus 

Erythematosus (SLE) (Rosetti and Mayadas, 2016).  

3.5 Assays 

Flow cytometry 

Flow cytometry is a high throughput technology that analyzes single cells from bulk 

populations. The technology detects and measures physical and chemical characteristics based on 

cell size and fluorescence. Neutrophils can easily be distinguished using flow cytometry based 

on their size and high granularity determined by a high side scatter profile when evaluating both 

side and forward scatter measurements. The usefulness of flow cytometry is widely known 
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across many fields of research, and leukocyte researchers have also harnessed this powerful tool 

to assess β2-integrins. Using fluorescently labeled antibodies, researchers can assess expression, 

avidity, and affinity of β2-integrins to learn more about how a protein or inhibitor impacts 

expression or to determine whether certain disease cause changes in β2-integrin expression. Flow 

cytometry can also be used to measure neutrophil binding to ligands, such as ICAM-1, in the 

presence of pharmacological inhibitors or when isolated from transgenic mice (Lau et al., 2005; 

Newton and Hogg, 1998). Flow cytometry analysis of integrin expression is a relatively easy, but 

powerful assay to complement other experiments. One caution is that neutrophil populations may 

exhibit autofluorescence, including autofluorescence attributed to contaminating eosinophils 

(Dorward et al., 2013; Monsel et al., 2014; Naegele et al., 2012). Further, non-specific binding 

can also be a concern with flow cytometry due to neutrophil Fc receptors cross reacting with 

labeled monoclonal antibodies if Fc receptors were not first blocked. Non-specific staining can 

also occur if excessive concentrations of labeled antibody are used, yielding the importance of 

concentration optimization (Andersen et al., 2016). A significant benefit of flow cytometry is 

that multiple aspects of the neutrophil can be evaluated at once, such as integrin expression and 

cell viability. Imaging flow cytometry is a newer methodology used in neutrophil research. 

Specifically, this technology can be used to measure fluorescence and morphology of neutrophils 

during functions, such as phagocytosis (Smirnov et al., 2020). Because of its higher power in 

cellular analyses, this technique provides a breadth of information about cells. However, the 

large data files can create challenges for data management and analysis (Han et al., 2016).  

Static Adhesion  

Static adhesion is a common assay that has been used to assess neutrophil for over twenty 

years. Fluorescently labeled (e.g. calcein AM) neutrophils are added to ligand covered plates for 
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a certain amount of time followed by subsequent washing and fluorescence readings (Eckert et 

al., 2010; Sheats et al., 2014). This assay can evaluate the adhesion of neutrophil and neutrophil-

like cells on most ligands, including human umbilical vein endothelial cell (HUVEC) 

monolayers (Shimizu et al., 1995; Takahashi et al., 2002). Unfortunately, static adhesion assays 

are subject to technical variability due to inversion procedure to “dump” cells. Further, static 

adhesion assays cannot fully recapitulate the physiological environment that occurs during shear 

flow adhesion. For example, neutrophil migration and adhesion under static adhesion requires 

vinculin; however, vinculin was not required for integrin-mediated migration and adhesion when 

neutrophils were examined under shear flow (Z. S. Wilson et al., 2020). Despite these 

differences, static adhesion assays do offer a high-throughput means to examine β2 integrin-

mediated firm adhesion (Sheats et al., 2014; Willeke et al., 2003).  

FRET 

Förster Resonance Energy Transfer (FRET) (also referred to as Fluorescence Resonance 

Energy Transfer) is a method that shows energy transfer between two light sensitive molecules 

based on distance (Shrestha et al., 2015). With this newer technology, two proteins of interest 

can be labeled to quantitatively measure the interactions between the proteins. FRET can detect 

neutrophil β2-integrin conformational changes in the extracellular domain and the cytoplasmic 

tail when the alpha and beta chains are labeled separately. Lefort et al. used this method to 

determine how inside-out activation of Mac-1 results in integrin headpiece extension from the 

bent conformation. Cytoplasmic domain FRET in K562 cells demonstrated Mac-1 binding to 

ICAM-1 results in the separation of integrin cytoplasmic tails (Lefort et al., 2009). The 

sensitivity of this method has made it easier to determine protein interactions within living cells, 

including how integrins respond to neutrophil stimulation. 
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Integrin-crosslinking 

Integrin-crosslinking is a technique where anti-integrin antibodies (e.g., anti-CD18 mAb) 

are coated on a plate and used as the stimulus for β2-integrin activation and signaling (Mócsai et 

al., 2002). This approach has historically been used to induce outside-in signaling of integrins. 

However, Jakus and colleagues determined that there was cooperative interaction between 

FcγRIIa and integrins during integrin-crosslinking with anti-CD18 mAb due to the presence of 

Fc domains on mAbs. In this study, they demonstrated that anti-CD18 mAb crosslinking resulted 

neutrophil respiratory burst. When anti-CD18 F(ab’)2 was used instead, respiratory burst no 

longer occurred despite the occurrence of significant neutrophil adhesion. This finding ultimately 

led to the understanding that more than direct integrin activation is required for full neutrophil 

activation resulting in respiratory burst (Jakus et al., 2004). This technique provides many 

benefits to understanding the cooperative signaling of integrins and FcγRs, but researchers 

should use F(ab) or F(ab’)2 fragments when trying to stimulate outside-in β2-integrin activation 

using this method. 

Flow chamber assays 

Neutrophils are migratory cells where dynamic motion is a critical part of their function. 

Many in vitro neutrophil assays are unable to capture the dynamic process of neutrophil 

diapedesis. Flow chamber experiments can determine neutrophil crawling velocity, arrest, 

polarization, migration patterns, and diapedesis using microscopy. This technique offers a 

multitude of options in ligands, cell type (whole blood, primary or differentiated neutrophil-like), 

chemoattractants, function-blocking antibodies, and immunofluorescence microscopy (Zhang et 

al., 2006). Flow chambers can also be coated with desired ligands and perfused with whole blood 

via tubing directly attached to murine carotid arteries. With this approach, Zarbock and 
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colleagues demonstrated that E-selectin engagement is required for LFA-1 dependent rolling on 

ICAM-1 (Zarbock et al., 2007).  

In addition to the ligands utilized in shear flow assays, neutrophil interactions with cell 

monolayers can also be evaluated. Sule and colleagues demonstrated that neutrophils from 

patients with antiphospholipid syndrome display increased adhesion to HUVECs due to 

upregulated β2-integrin activation (Sule et al., 2020). This system can also be designed to model 

organ specific neutrophil interactions, such as blood-brain barrier inflammation. Gorina and 

colleagues showed that neutrophils use β2-integrins to crawl on ICAM-1 prior to diapedesis 

isolated primary mouse brain microvascular endothelial cells (Gorina et al., 2014). Therefore, 

shear flow assays are advantageous because they offer a multitude of options to model healthy 

and diseased states. 

Immunoblotting and Co-immunoprecipitation 

As the field continues to push toward effective drugs for targeting β2-integrins, we must 

consider other proteins that may serve as therapeutic targets. Many of the assays already 

discussed can be adapted with any type of inhibitory peptide or antibody to probe the 

involvement of specific proteins in β2-integrin activation and function. However, 

immunoblotting continues to be a desirable method for determining specific cell signaling 

patterns. A significant portion of our understanding of integrin signaling came from the use of 

immunoblotting experiments. Through immunoblotting, key signaling molecules downstream of 

integrin activation, such as Syk, have been identified (Mócsai et al., 2002). Specifically, Lefort et 

al. demonstrated that Mac-1 outside-in activation with ICAM-1 activates only the Akt apoptosis 

regulatory pathway and not the p38 MAPK pathway (Lefort et al., 2009). With immunoblotting, 
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researchers can determine the signaling mechanism that underlies a given functional response 

(Silva et al., 2020).  

Co-immunoprecipitation (Co-IP) assays are used to identify the protein-protein 

interactions occurring within cells by indirectly capturing proteins that are bound to specific 

target proteins (Kaboord and Perr, 2008). The unknown proteins are then evaluated using 

traditional immunoblotting techniques. Co-IP has been useful for determining binding partners of 

β2-integrins in both neutrophils and lymphocytes (Evans et al., 2011; Xu et al., 2008). Co-IP can 

also be used to determine CD18 binding partners on the surface of neutrophils (Burnett et al., 

2017). Through Co-IP experiments, Willeke demonstrated that Syk binds to CD18 in fibrinogen 

stimulated neutrophils, expanding the understanding of Syk’s role in β2-integrin activation and 

signaling (Willeke et al., 2003).  

3.5 In Vivo Experiments 

We have primarily discussed in vitro experiments to evaluate neutrophil β2-integrins; 

however, the use of mouse models has also made a significant impact on the field. The in vitro 

experiments utilizing primary cells or cell lines are great for building a fundamental 

understanding of β2-integrins; however, findings in vitro do not always represent reality in vivo. 

Table 4 summarizes a selection of in vivo models where β2-integrin dependence may vary 

depending on the stimulus or the organ in question. These differences have are also noted when 

comparing neutrophil migration within a 3D collagen matrix versus placed on top of a collagen 

matrix (Lämmermann and Germain, 2014).  

Intravital microscopy  

Intravital microscopy in the mouse cremaster muscle is a well-established method for 

examining neutrophil interactions in the blood vessels. Leukocyte recruitment can be visualized 
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in a variety of scenarios, including chemokine stimulation, fluorescently labeled leukocytes or 

eGFP mice, and/or the application of pharmacological inhibitors (Kranig et al., 2020; Phillipson 

et al., 2006; Zarbock et al., 2007). Phillipson and colleagues used this technique to decipher the 

different molecular mechanisms for LFA-1 and Mac-1 during MIP-2 induced neutrophil 

recruitment (Phillipson et al., 2006). Further, it was also used to determine that E-selectin 

induced slow rolling of neutrophils is LFA-1 dependent and not Mac-1 (Zarbock et al., 2007). As 

technology advances, researchers have expanded the field in intravital microscopy. Park and 

colleagues developed an intravital lung imaging system to examine neutrophil recruitment during 

sepsis-induced acute lung injury (ALI). In this study, they determined that decreased pulmonary 

microcirculation is due to obstructions of clustered neutrophils. Further, these neutrophils had 

high levels of surface Mac-1 expression, and the application of a Mac-1 inhibitor decreased 

sequestration in the pulmonary microvasculature (Park et al., 2019). Because of the breadth of 

options for examining neutrophils using intravital microscopy, this technique is an excellent next 

step for researchers wanting to translate in vitro findings into organ-specific in vivo scenarios 

(Margraf et al., 2019). 

4. Conclusions  

Over the years, many tools and assays have been developed to assess β2-integrins in 

neutrophils and neutrophil-like cells. There is a great variety of options available to researchers 

with diverse questions regarding the biological function of β2-integrins. The combination of 

these cell types, tools, and assays offers a powerful resource to further understand β2-integrins 

and inform the next generation of neutrophil targeting therapies. 
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ABBREVIATIONS 

CR3 – complement receptor 3 

dHL60 – differentiated HL60 cells 

DMSO - dimethylsulfoxide 

fMLP – N-Formylmethionine-leucyl-phenylalanine 

GM-CSF – granulocyte macrophage colony stimulating factor 

GPCR – G-protein coupled receptor 

ICAM-1 – intracellular adhesion molecule 1 

IL-8R – interleukin 8 receptor 

LDN – low density neutrophil 

LFA-1 – lymphocyte function-associated antigen-1, αLβ2, CD11a/CD18 

LTB4 – leukotriene B4 

Mac-1 – macrophage-1 antigen, αMβ2, CD11b/CD18 

NDN – normal density neutrophil 

PMA – phorbol 12-myristate 13-acetate 

ROS – reactive oxygen species 
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TABLES 

Table 1. Nomenclature for beta2-integrins expressed on neutrophils 

Β2-Integrin Heterodimer Other Names 

CD11a/CD18 αLβ2 LFA-1 

CD11b/CD18 αMβ2 Mac-1, Complement receptor 3 (CR3) 

CD11c/CD18 αXβ2 P150,95, Complement receptor 4 (CR4) 

CD11d/CD18 αDβ2  
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Table 2. Diseases and disorders where neutrophil beta2-integrins have been identified as 

key players in disease pathophysiology.  

Disease or Disorder Category References 

Antineutrophil cytoplasmic 

antibody (ANCA)-

associated vasculitis (AAV) 

Autoimmune disease (Matsumoto et al., 2021) 

Aspergillus fumigatus Fungal infections 

 

(Silva et al., 2020; 

Teschner et al., 2019) 

Atrial fibrillation  

 

Cardiovascular disease 

 

(Friedrichs et al., 2014) 

Blood-brain barrier 

inflammation 

Acute illness (Gorina et al., 2014; 

Marchetti and Engelhardt, 

2020) 

Candida albicans  Fungal infections (Li et al., 2011) 

COPD  Chronic disease (Blidberg et al., 2013; 

Overbeek et al., 2011; 

Woolhouse et al., 2005) 

Interstitial lung disease 

(ILD) 

Chronic inflammation, 

autoimmune disease 

(Zou et al., 2016) 
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Table 2 (continued). 

 

Ischemia-Reperfusion 

injury  

Acute injury/Sterile 

inflammation 

(Chen and Nuñez, 2010; 

Dehnadi et al., 2017; 

Edwards and Bix, 2019; 

Volmering et al., 2016; 

Yago et al., 2015)   

Leukocyte adhesion 

deficiency (LAD)  

Genetic disorder (Kuijpers et al., 1997; 

Moser et al., 2009; Wen et 

al., 2021) 

Myocardial Infarction Cardiovascular 

disease/Sterile 

inflammation 

 

(Chen and Nuñez, 2010; 

Daseke II et al., 2021; 

Meisel et al., 1998; 

Volmering et al., 2016) 

 

Rheumatoid arthritis Autoimmune disease (Khawaja et al., 2019) 

SARS-CoV-2 Infectious disease (Narasaraju et al., 2020; 

Simons et al., 2021) 

Sepsis  

 

Acute illness (Yuki and Hou, 2020) 

Sepsis-induced acute lung 

injury 

Acute injury (Park et al., 2019; Xu et al., 

2008) 

Solid organ transplant 

rejection  

Transplant rejection (Shimizu et al., 2008) 
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Table 2 (continued).  

 

Systemic lupus 

erythematosus (SLE) 

Autoimmune disease (Fagerholm et al., 2013; 

Khawaja et al., 2019; 

Rosetti and Mayadas, 

2016; Zhou et al., 2013) 

Thrombosis Cardiovascular disease 

 

(Wang et al., 2017) 

Transfusion-related acute 

lung injury (TRALI)  

Acute injury (Berthold et al., 2015) 

Trauma/Vascular injury Acute injury (Hahm et al., 2013; 

Henrich et al., 2011) 

Wiskott Aldrich syndrome  Genetic disorder (Candotti, 2018; Zhang et 

al., 2006) 

 

 

 

 

 

 

 

 

 

 



   

26 

 

Table 3. Most common cell lines in neutrophil beta2-integrin research⁋ 

Cell Line Requires 

Differentiation 

Endogenous β2-

Integrin Expression 

Limitations/Drawbacks 

HL60 Yes – DMSO or 

retinoic acid 

(referred to as 

dHL60s) 

αLβ2, differentiation 

required for αMβ2 

• DMSO dHL60s have different 

IL-8R, signaling proteins, and 

α-actinin compared to humans  

• Lower αMβ2 and dampened 

upregulation to fMLP and LTB4 

compared to humans 

K562 No No • Requires stable transfection for 

αMβ2 expression 

HoxB8 Yes – GM-CSF Yes - αLβ2 and αMβ2 • Additional cytokines needed to 

achieve “mature’ neutrophilic 

cells  

• Lower levels of ROS 

production compared to murine 

neutrophils due to decrease 

gp91phox expression 

• Lower chemotactic responses 

• Not suitable for degranulation 

experiments  

 

(⁋ see article text for references relevant for Table 2) 
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Table 4. Neutrophil infiltration dependence on beta2-integrins across in vivo murine 

models 

 

 

Disease state  

 

Β2-integrin 

dependent? 

 

 

References 

Alzheimer’s disease Yes (Zenaro et al., 2015) 

Atrial fibrosis Yes (Friedrichs et al., 2014) 

HMGB1-induced 

peritonitis 

Mac-1: Yes 

LFA-1: No 

(Orlova et al., 2007) 

Influenza No (Tak et al., 2018) 

LTB4-induced intestinal 

transepithelial migration 

Yes (Azcutia et al., 2021) 

Pneumonia 

S. pneumoniae 

P. aeruginosa 

E. coli LPS 

 

No 

Yes 

Yes 

 

(Mizgerd et al., 1999) 

(Mizgerd et al., 1999; Wilson et al., 2017) 

(Mizgerd et al., 1999) 

Pulmonary aspergillosis  No (Teschner et al., 2019) 

SLE-induced glomerular 

disease 

Mac-1: No 

LFA-1: Yes 

(Kevil et al., 2004) 

Thioglycollate peritonitis Mac-1: No 

LFA-1: Yes 

(Coxon et al., 1996; Mizgerd et al., 1997; 

Orlova et al., 2007) 
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ABSTRACT 

Neutrophils express surface receptors known as β2-integrins, which they use to migrate along 

vascular endothelial cells and into inflamed tissues. Endothelial cells express the surface protein 

intercellular adhesion molecule-1 (ICAM-1), which acts as a ligand for β2-integrins. The binding 

of β2-integrins to ICAM-1 is part of the “outside-in” signaling pathway for integrin activation. 

Acting in concert with “outside-in” signaling is “inside-out”, which describes intracellular 

signaling events that activate β2-integrins but are initiated by other cell surface receptors. Recent 

research has focused on deciphering the “inside-out” and “outside-in” signaling mechanisms of 

β2-integrins. The ICAM-1/Fc chimeric protein is a common tool used to investigate this binding 

interaction in vitro. While most researchers utilize this protein to interrogate ICAM-1 mediated 

outside-in activation of β2-integrins, the Fc portion of the protein could act as a ligand for 

neutrophil Fc receptors, contributing to inside-out activation of β2-integrins. We hypothesized 

that neutrophil Fc receptors contribute to neutrophil adhesion to ICAM-1/Fc. We utilized 

primary human neutrophils and receptor blocking antibodies to compare static adhesion on 

ICAM-1 and ICAM-1/Fc coated plates. Our results show that Fc receptors contribute 

significantly to neutrophil adhesion to the ICAM-1/Fc protein. Therefore, we suggest 

investigators utilize neutrophil Fc receptor blocking prior to stimulation on ICAM-1/Fc, or use a 

pure ICAM-1 protein ligand, for in vitro investigation of β2-integrin outside-in activation and 

signaling in primary human neutrophils.  

Keywords: ICAM-1/Fc, ICAM-1, Beta2-integrin, adhesion, neutrophils 
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INTRODUCTION 

B2-integrins are expressed exclusively on leukocytes and play essential roles in cellular 

adhesion, spreading, crawling, migration, and inflammatory functions, such as respiratory burst. 

On neutrophils, these cell surface receptors interact with ICAM-1 expressed on endothelial cells 

to facilitate rolling, firm adhesion, and diapedesis into tissue at sites of infection and 

inflammation (Schmidt et al., 2013). B2-integrins are activated and signal through two different 

but overlapping processes within cells. “Inside-out” activation occurs when β2-integrins are 

activated by intracellular cell signaling cascades initiated by other neutrophil cell surface 

receptors such as Fc and G-protein coupled receptors, which are stimulated by ligands such as 

antibodies or chemoattractants. “Outside-in” activation occurs when β2-integrins bind their 

extracellular ligands such as ICAM-1 and fibrinogen and initiate their own cell signaling cascade 

(Abram and Lowell, 2009). Because β2-integrins play such a central role in neutrophil functions, 

they have been investigated as potential therapeutic targets for multiple inflammatory diseases; 

however, clinical trials for treatments designed to target β2-integrins have not been successful 

(Raab-Westphal et al., 2017). It is possible that an improved understanding of β2-integrin 

signaling will help to overcome the limitations of previous therapeutic strategies. 

One tool used to assess β2-integrin activation and signaling in vitro is the recombinant 

ICAM-1/Fc chimera protein (Nueda et al., 1995; Quek et al., 2010; Shulman et al., 2012; Wee et 

al., 2015; Zhou et al., 2013). Despite its common usage, to our knowledge, no studies have 

specifically evaluated whether the Fc portion of the protein acts as a ligand for neutrophil Fc 

receptors. Similar to β2-integrins, neutrophil Fc receptors (FcγRII and FcγRIII) play important 

roles in neutrophil inflammatory responses, including adhesion. Stimulation of neutrophil Fc 

receptors with immune complexes cause a significant increase in surface expression of β2-
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integrins, which is one step of inside-out β2-integrin activation and signaling (Jones et al., 1998). 

Given the known role of Fc receptors in inside-out β2-integrin activation, we hypothesized that 

Fc receptors contribute to ICAM-1/Fc stimulated β2-integrin dependent neutrophil adhesion.  

MATERIALS AND METHODS 

Isolation of human neutrophils  

Human blood collection protocols were reviewed and approved by the Institutional Research 

Ethics Committee of NCSU (IRB approval #616). For all neutrophil experiments, 10 - 30 mL of 

whole blood was collected using heparinized syringes from healthy human volunteers that 

provided consent for participation. Neutrophils were isolated from whole blood using Ficoll-

Paque Plus (GE Healthcare) density gradient centrifugation. Briefly, heparinized whole blood 

was mixed with 0.6% Dextran in a 15 mL polypropylene conical and allowed to settle at room 

temperature for 45-60 minutes. Up to 10 ml of leukocyte rich plasma was aspirated using a bulb 

syringe and layered on 5 mL of Fill in a separate 15 mL conical tube. Cells were then centrifuged 

at 1800 rpm for 20 minutes with the brake off. The supernatant was discarded and remaining 

blood cells within the cell pellet were removed by 60 seconds of hypotonic lysis. Isolated 

neutrophils were resuspended/washed in sterile HBSS without additives. Cell number and 

viability was quantified using trypan blue exclusion (1:1) and a manual hemocytometer count. 

Final suspension of cells was in HBSS++ chemotaxis buffer [1x HBSS (Life Technologies), 1 

mM Ca2+, 1 mM Mg2+, 5% fetal bovine serum (Gibco)] at the indicated concentration for each 

experiment. All experiments were completed within 4 to 6 hours of blood collection. Neutrophils 

from a sex-balanced cohort of individual human donors were used for all time points and 

treatment conditions for each experiment (i.e. “n” represents a separate human donor).  
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B2-integrin inhibition and Fc Receptor Blocking 

Neutrophils were pretreated at 37°C for 30 minutes with receptor blocking antibodies (Table 1) 

individually or in combination, prior to plating.  

Adhesion assay 

Individual wells of Immulon2HB flat bottom 96-well plates were coated with 10 μg/mL 

Recombinant ICAM-1/Fc (R&D Systems), 10 μg/mL Recombinant ICAM-1 (R&D Systems), 10 

μg/mL Recombinant Human IgG1 Fc (R&D Systems), or 5% FBS (non-stimulated control). 

Isolated human neutrophils at 1 x 107/mL in HBSS were labeled with calcein AM at a 

concentration of 2 μg/mL and primed with human GM-CSF at 5 ng/mL for 30 minutes, protected 

from light. Cells were then centrifuged at 1000 rpm for 8 minutes and then resuspended in the 

chemotaxis buffer at 7.0x105 cells/mL. Indicated blocking antibodies and/or peptides were added 

to cells and incubated for 30 minutes at 37°C. Plates were washed once with 1X PBS prior to 

addition of cells. After the addition of cells, the plate was incubated for 10 minutes prior an 

initial fluorescence reading. Cells were gently dumped and washed with PBS, reading 

fluorescence at each wash step. The fluorescence values for each wash were divided by initial 

fluorescence and multiplied by 100 to calculate percent adhesion. The first wash that 

demonstrated less than 10% adhesion in the non-stimulated cells (plated on 5% FBS coating) 

was considered the result. Treatment groups were assessed in triplicate.  

Statistical Analysis 

Data are reported as mean ± SD of at least 3 independent experiments. All statistical tests were 

performed by ordinary one-way ANOVA using GraphPad Prism software (San Diego, CA). P 

values <0.05 were considered statistically significant. Data analyzed by ordinary one-way 
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ANOVA with Dunnett’s multiple comparisons test. *Indicates p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001.   

RESULTS 

Neutrophil adhesion was compared between individual and chimeric protein ligands Fc, 

ICAM-1, and ICAM-1/Fc in a 10-minute static plate-based neutrophil adhesion assay. Our 

results show a significant difference between neutrophil adhesion on ICAM-1/Fc compared to 

the individual Fc and ICAM-1 proteins, as well as to the 5% FBS (non-stimulated control) 

(Figure 1).  

Given that ICAM-1/Fc demonstrated significantly greater neutrophil static adhesion than 

ICAM-1, we next evaluated whether Fc receptors were involved in ICAM-1/Fc induced 

neutrophil static adhesion. Neutrophils were pretreated with Fc-receptor blocking antibodies 

anti-CD32 monoclonal antibody and anti-CD16 F(ab)’2. Our results show that antibody blocking 

of Fc receptors significantly attenuated ICAM-1/Fc induced neutrophil adhesion (Figure 2). 

Addition of anti-CD18 F(ab)’2 to inhibit β2-integrins further attenuated neutrophil adhesion, 

confirming the adhesion was β2-integrin dependent and supporting the specificity of Fc receptor 

blocking (Figure 2).  

Next, we investigated which specific Fc receptors were involved in ICAM-1/Fc induced 

neutrophil static adhesion. Neutrophils were pretreated with Fc-receptor blocking antibodies 

anti-CD32 monoclonal antibody or anti-CD16 F(ab)’2 and appropriate isotype controls. 

Inhibition of FcγRIII with the anti-CD16 F(ab)’2 had no significant effect on neutrophil 

adhesion. Inhibition of FcγRII with the anti-CD32 mAb significantly attenuated ICAM-1/Fc 

induced adhesion (Figure 3).  
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DISCUSSION 

Our finding that the ICAM-1/Fc chimeric protein stimulates greater leukocyte adhesion than 

ICAM-1 alone is consistent with previous reports. In a previous study of monocyte β2-integrin 

interactions, ICAM-1/Fc provoked greater THP-1 adherence than the non-chimeric ICAM-1 

protein (Quek et al., 2010). These authors suggested that Fc receptors could be contributing to 

enhanced adhesion; however, no further investigation was performed. Other investigators have 

addressed the concern of Fc enhanced adhesion by including the Fc ligand as a control in 

experiments using the chimeric ICAM-1/Fc (Shulman et al., 2012; Wee et al., 2015). Indeed, our 

own findings show that neutrophil adhesion to the Fc fragment was not significantly different 

from the 5% FBS unstimulated control (Figure 1), which might lead one to conclude that the Fc 

protein does not significantly affect neutrophil adhesion. However, the individual Fc fragment 

control does not account for the synergistic effect of Fc receptors and β2-integrins on neutrophil 

adhesion, which is what our results demonstrate. This is consistent with a previous report 

demonstrating β2-integrin and FcγRII/III cooperation in neutrophil activation during anti-integrin 

monoclonal antibody stimulation (Jakus et al., 2004). The current report shows that primary 

neutrophil adhesion to the chimeric ICAM-1/Fc protein involves both FcγR and β2-integrin 

surface receptors, with FcγRII enhancing the β2-integrin dependent adhesion. Despite these 

findings, we currently do not know how FcγRII enhances β2-integrin dependent adhesion. 

Further research is needed to elucidate the cell signaling involved in crosstalk between Fc-

receptors and β2-integrins in neutrophils. However, based on the findings presented here, we 

suggest that investigators utilize neutrophil Fc receptor blocking prior to stimulation on ICAM-

1/Fc, or use a pure ICAM-1 protein ligand, for in vitro investigation of β2-integrin outside-in 

activation and signaling in primary human neutrophils. 
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TABLES 

Table 1. Receptor blocking antibodies  

 

Antibody Receptor Concentration 
Corresponding Isotype 

Control 

Anti-human CD18 

F(ab)’2 clone IB4 

(Ancell) 

CD18/β2-integrin 30 µg/mL 
Anti-human IgG2a F(ab)’2 

clone RPC5 (Ancell) 

Anti-CD16 F(ab)’2 

clone 3G8 (Ancell) 
CD16/FcγRIII 5 µg/mL 

Mouse IgG1 F(ab)’2 clone 

MPOC31C (Ancell) 

Anti-CD32 mAb IV.3 

(StemCell 

Technologies) 

CD32/FcγRII 1 µg/mL 

Mouse IgG2b, kappa, clone 

MPC-11 (StemCell 

Technologies) 
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FIGURES 

 

Figure 1. ICAM-1/Fc induces greater neutrophil adhesion than ICAM-1. Calcein-loaded 

neutrophils were plated on 5% FBS, Fc, ICAM-1/Fc, or ICAM-1 coated wells and allowed to 

adhere for 10 minutes prior to determining the percentage adhesion, as described in the materials 

and methods. Data represented as mean ± SD (n=3-7).  
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Figure 2. Fc receptor blocking attenuates neutrophil adhesion to ICAM-1/Fc. Calcein-

loaded neutrophils were pre-treated for 30 minutes with anti-CD32 mAb, anti-CD16 F(ab)’2, and 

anti-CD18 F(ab)’2 prior to plating on ICAM-1/Fc coated wells. Data represented as mean ± SD 

(n=3-7).  
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Figure 3. FcγRII (CD32) inhibition attenuates ICAM-1/Fc induced adhesion. Calcein-loaded 

neutrophils were pre-treated for 30 minutes with anti-CD32 mAb, anti-CD16 F(ab)’2, or 

appropriate isotype controls prior to plating on ICAM-1/Fc coated wells. Data represented as 

mean ± SD (n=3-7).  
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ABSTRACT 

MARCKS (Myristoylated Alanine Rich C-Kinase Substrate) is an actin and PIP2 binding protein 

that plays an essential role in primary neutrophil migration and adhesion; however, the molecular 

details regarding MARCKS function in these processes remains unclear. Neutrophil adhesion 

and migration also require the cell surface receptors β2-integrins. Activation of β2-integrins 

consists of a well-described sequence of events including increased cell surface expression 

(upregulation), change in conformation (affinity), clustering (avidity), and signaling. In this 

study, we hypothesize that MARCKS protein function is essential for β2 integrin activation and 

signaling. Isolated peripheral blood neutrophils were pretreated with specific inhibitor peptide 

MANS to inhibit MARCKS function or the scrambled control peptide RNS. Using flow 

cytometry to quantify surface expression of total and high affinity CD11b, our data demonstrate 

that MARCKS function is not essential for fMLP-stimulated inside-out activation of β2-integrins. 

In a model of outside-in adhesion using ICAM-1 and Mn2+, MARCKS inhibition significantly 

attenuated neutrophil static adhesion. MARCKS inhibition with MANS also diminished 

neutrophil cell spreading and β2 integrin clustering, as determined by immunofluorescence 

microscopy. MANS peptide treatment also significantly attenuated β2-integrin-dependent 

respiratory burst induced by insoluble immune complexes (IIC) but did not inhibit β2-integrin 

independent respiratory burst induced by PMA. Using immunoblotting, we determined that 

MARCKS inhibition with MANS peptide has no effect on p38 MAPK activation in IIC-

stimulated neutrophils. These results indicate MARCKS plays an essential role in outside-in β2-

integrin activation and signaling.  
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INTRODUCTION 

Neutrophils play an essential role during the innate immune response. To transmigrate 

from the vasculature to sites of inflammation and/or microbial infection, neutrophils must be 

recruited from the bloodstream using specialized cell surface receptors, called beta2 (β2)-

integrins, that interact with adhesion molecules expressed on the surface of endothelial cells 

(e.g., intracellular adhesion molecule 1 (ICAM-1)). The details of neutrophil capture, rolling, 

endothelial adhesion, post-adhesion strengthening, crawling, and transmigration have largely 

been determined; however, there are still gaps in knowledge regarding the specific cell signaling 

mechanisms (Herter and Zarbock, 2013; Kolaczkowska and Kubes, 2013), especially regarding 

the involvement of β2-integrins. It is clear that β2-integrins play an important role in adhesion 

strengthening, crawling, and transmigration (Schmidt et al., 2013), all of which are required 

processes for normal biological functions and host defense mechanisms. This is evidenced by the 

severe consequences of lack of functional β2-integrins, which severely weakens the host immune 

system, resulting in recurrent and/or chronic bacterial infections leading to significant morbidity 

and mortality in patients with leukocyte adhesion deficiency (LAD) (Kuijpers et al., 1997).  

Although critical for host survival and injury resolution, neutrophils are considered a 

double-edged sword. When their destructive powers designed to combat pathogens become 

dysregulated, excessive neutrophil infiltration or neutrophil activation can cause significant 

damage to host tissues (Mittal et al., 2014). In fact, neutrophil derived tissue injury is known to 

play a role in numerous acute and chronic inflammatory diseases, including myocardial 

infarction (Meisel et al., 1998), stroke (Edwards and Bix, 2019), ischemia-reperfusion injury 

(Schofield et al., 2013; Yago et al., 2015), rheumatoid arthritis (Lin et al., 2019; Wright et al., 

2017), severe SARS-CoV-2 (Middleton et al., 2020; Wang et al., 2020), and sepsis-associated 
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organ damage (i.e., acute lung injury) (Giacalone et al., 2020; Neumann et al., 1999). Several 

animal models have highlighted the potential and/or ability to target neutrophils by inhibiting β2-

integrins (Neumann et al., 1999; Wang et al., 2014); however, the use of monoclonal antibodies 

targeting β2-integrins in clinical settings have not been successful (Harlan and Winn, 2002; 

Vicente-Manzanares and Sá Nchez-Madrid, 2018). Regardless, β2-integrins remain a desirable 

target for modulating neutrophil responses (Zimmerman and Blanco, 2008). A more detailed 

understanding of how β2-integrins are regulated may help identify novel targets for new and 

beneficial anti-inflammatory therapies.  

B2-integrins are transmembrane heterodimers that consist of a common β-subunit 

(CD18), which is non-covalently associated with one of the four known α-subunits (CD11a, 

CD11b, CD11c, and CD11d) (Schymeinsky et al., 2007). Within circulating, inactive 

neutrophils, these adhesion molecules are primarily contained within the cytoplasm, secondary 

and tertiary granules, and secretory vesicles. The few β2-integrins that are present on the surface 

of resting neutrophils exist in an inactive/low affinity state with a ‘bent’ conformation. This 

combination of low surface expression and inactive conformation are control measures to help 

prevent non-specific neutrophil binding and activation, as this could have damaging effects on 

host tissue and vasculature. When neutrophils receive an activation signal through intracellular 

signaling pathways, β2-integrin surface expression is increased, conformational changes take 

place (“affinity”), and increased mobility within the membrane leads to cluster formation 

(“avidity/valency”). This type of integrin stimulation is termed ‘inside-out’ activation and is 

driven by intracellular signals received by G protein coupled receptors (GPCRs) and Fc 

receptors, among others (Jones et al., 1998). B2-integrins can also become activated when the 

extracellular domain interacts directly with extracellular matrix proteins or other cell surface 
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ligands (ICAM-1, fibrinogen, etc.) and initiates its own signaling, termed “outside-in” activation 

(Abram and Lowell, 2009; Herter and Zarbock, 2013; Schymeinsky et al., 2007; Williams and 

Solomkin, 1999). Details regarding the downstream signaling pathway from outside-in β2-

integrin activation are incomplete; however, multiple lines of evidence show that this type of 

activation is linked to neutrophil firm adhesion and cell spreading (Abram and Lowell, 2009).  

Myristoylated Alanine Rich C Kinase Substrate (MARCKS) is a well-known protein 

kinase C (PKC) substrate and actin-binding protein. It is essential for several integrin-dependent 

cellular functions, such as adhesion, cell spreading, and migration in numerous cell types (Eckert 

et al., 2010; Ott et al., 2013; Sheats et al., 2014). In most resting cells, MARCKS protein is 

associated with the inner leaflet of the plasma membrane due to hydrophobic insertion of an N-

terminal myristoyl-moiety into the lipid bilayer, and electrostatic interactions between the 

MARCKS effector domain (ED) and 3-4 phosphatidylinositol 4,5-bisphosphate (PIP2) (Kalwa 

and Michel, 2011; Wang et al., 2002, 2001). The ED of MARCKS is subject to reversible 

regulation by PKC phosphorylation or Ca++/calmodulin binding. Either of these events displace 

MARCKS from the membrane to the cytosol and releases PIP2. Once dephosphorylated, 

MARCKS reassociates with the plasma membrane (Aderem, 1992; Arbuzova et al., 2002; 

Blackshear, 1993; Sundaram et al., 2004). This reversible association with the plasma membrane 

is a key aspect of normal MARCKS function and is known as the “myristoyl-electrostatic 

switch” (McLaughlin and Aderem, 1995; Seykora et al., 1996).  

The interest in MARCKS role in integrin regulation began after the discovery that 

MARCKS homolog protein, MARCKSL1 (MARCKS-like 1, MacMARCKS), is an essential 

component of β2-integrin activation in macrophages (Yue et al., 2000; Zhou and Li, 2000). Zhou 

et al. used a model of inside-out β2-integrin activation (i.e., PMA stimulation) to demonstrate 
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that MARCKSL1 phosphorylation is required for releasing the cytoskeletal constraints on 

integrin molecules during PKC-mediated integrin activation (Zhou and Li, 2000). Further, 

myoblasts plated on fibronectin to study outside-in β1-integrin activation clearly linked α5β1-

mediated PKC activation to phospho-MARCKS dependent regulation of cell spreading and 

adhesion (Disatnik et al., 2004). Finally, previous work in our lab determined that MARCKS 

plays an essential role in β2-integrin-dependent adhesion and migration in neutrophils when 

MARCKS function was inhibited with a peptide inhibitor (Eckert et al., 2010; Sheats et al., 

2014). In the current study we examine the role of MARCKS in β2-integrin dependent activation 

and signaling in human primary neutrophils using methods to target both “inside-out” and 

“outside-in” β2-integrin activation pathways. Our results suggest that MARCKS plays an 

essential role in β2-integrin outside-in activation and signaling in human neutrophils.  

MATERIALS & METHODS 

Isolation of human neutrophils  

Human blood collection protocols were reviewed and approved by Institutional Research Ethics 

Committee of NCSU (IRB approval #616). For all neutrophil experiments, 10 - 30 ml of whole 

blood was collected using heparinized syringes from healthy human volunteers that provided 

informed consent for participation. Neutrophils were isolated from whole blood using Ficoll-

Paque Plus (GE Healthcare) density gradient centrifugation. Briefly, heparinized whole blood 

was mixed with 0.6% Dextran in a 15 mL polypropylene conical and allowed to settle at room 

temperature for 45-60 minutes. Up to 10 ml of leukocyte rich plasma was aspirated using a bulb 

syringe and layered on 5 mL of Ficoll in a separate 15 mL conical tube. Cells were then 

centrifuged at 1800 rpm for 20 minutes with the brake off. The supernatant was discarded and 

remaining blood cells within the cell pellet were removed by 60 seconds of hypotonic lysis. 
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Isolated neutrophils were resuspended/washed in sterile HBSS (Life Technologies) without 

additives. Cell number and viability was quantified using trypan blue exclusion (1:1) and a 

manual hemocytometer count. Final suspension of cells was in HBSS++ chemotaxis buffer [1x 

HBSS, 1 mM Ca2+, 1 mM Mg2+, 5% fetal bovine serum (Gibco)] at the indicated concentration 

for each experiment. All experiments were completed within 4 to 6 hours of blood collection. 

Neutrophils from individual human donors were used for all time points and treatment conditions 

for each experiment (i.e., “n” represents a separate human donor).  

Peptide Treatment  

The MyristoylAted N-terminal Sequence (MANS) and Random Nucleotide Sequence (RNS) 

peptides were synthesized by Genemed Synthesis, Inc. The sequence of MANS is identical to the 

first 24 amino acids of the human MARCKS protein: myristic acid-

GAQFSKTAAKGEAAAERPGEAAVA. The RNS peptide is a randomly scrambled control: 

myristic acid-GTPAPAAEGAGAEVKRASAEAKQAF. Peptide working solutions were 

resuspended in sterile PBS. Where indicated, pretreatment of cell suspensions with indicated 

peptide concentrations occurred at 37 °C for 30 minutes. 

Fluorescence labeling of neutrophils 

For adhesion experiments, isolated neutrophils (1 x 107/mL in HBSS) were incubated with the 

fluorescent dye calcein AM (Corning) at 2 μg/mL for 30 minutes at room temperature, protected 

from light. Cells were then centrifuged at 1200 rpm for 10 minutes and resuspended in HBSS++ 

with 2% heat inactivated FBS (chemotaxis buffer) to the appropriate final experimental 

concentration. 
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Beta2-integrin inhibition  

As a positive control ꞵ2-integrin inhibition, isolated human neutrophils were pretreated with 30 

μg/mL anti-human CD18 F(ab’)2 (Ancell Corp) at 37 °C for 30 minutes. Anti-human IgG2a 

F(ab’)2 (Ancell Corp) was used as an isotype control. 

Flow cytometry 

To avoid unintended stimulation of isolated neutrophils, hypotonic lysis of red blood cells was 

not performed prior to flow cytometry. Cells were pretreated as specified, stimulated with 100 

nM fMLP (Sigma) or VC for 5 minutes, diluted with 1 volume ice cold PBS and placed on ice 

for 5 minutes, spun at 1200 rpm for 5 minutes, resuspended in sterile PBS with 5% FBS and 

labeled with PE-conjugated anti-CD11b antibody clone ICFR44 (Novus Biologicals), PE-

conjugated anti-CD11b CBRM1/5 antibody (Biolegend), or PE-conjugated IgG1 and IgG2a 

isotype controls (Biolegend). Flow cytometry was performed using Calibur FACScan. Flow 

cytometry experiments were performed in the Flow Cytometry and Cell Sorting facility at North 

Carolina State University – College of Veterinary Medicine. 

Static adhesion assay 

Individual wells of Immulon2HB flat bottom 96-well plates were coated with 10 μg/mL 

Recombinant ICAM-1 (R&D Systems) or 5% FBS (for controls). Isolated human neutrophils at 

1 x 107/mL in HBSS were labeled with calcein AM (Corning) at a concentration of 2 μg/mL and 

primed with human GM-CSF (EMD Millipore) at 5 ng/mL for 30 minutes, protected from light. 

Cells were then centrifuged at 1000 rpm for 8 minutes and then resuspended in the chemotaxis 

buffer at 7.0x105 cells/mL. Appropriate blocking antibodies and/or peptides were added to cells 

and incubated for 30 minutes at 37°C. The ICAM-1 coated plate was washed once with 1X PBS 

before cells were added to individual wells. Cells were added to wells and allowed to settle for 
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10 minutes at 37°C. 0.5 mM Mn2+ was added to individual wells. Plates were incubated for 10 

minutes prior to initial fluorescence reading. Cells were gently dumped and washed with PBS, 

reading fluorescence (485 nm excitation, 535 nm emission) at each wash step. Fluorescence 

washing was divided by initial fluorescence and multiplied by 100 to calculate percent adhesion. 

The first was that demonstrated less than 10% adhesion in the non-stimulated cells (plated on 5% 

FBS coating) was considered the result. Treatment groups were tested in triplicate. 

Immunofluorescence microscopy 

Chambered coverslips were either coated with 5% FBS in PBS (unstimulated control) or 10 

µg/mL ICAM-1/Fc (R&D Systems) overnight. Isolated primary neutrophils were primed with 5 

ng/mL human GM-CSF for 30 minutes at room temperature protected from light. Cells were 

then centrifuged at 1000 rpm for 8 minutes and then resuspended in the chemotaxis buffer at 

1.0x106 cells/mL. Appropriate concentrations of peptides were added to cells and incubated for 

30 minutes at 37°C. The ICAM-1/Fc (or ICAM-1) coated plate was washed once with 1X PBS 

before cells were added to individual wells. 130,000 cells were added to the ICAM-1/Fc (or 

ICAM-1) coated chamber coverslips for 10 minutes. For fMLP stimulated wells, cells were 

allowed to settle for 10 minutes prior to addition of 100 nM fMLP or VC for 5 minutes. Cells 

were then fixed to the coverslip, washed with PBS, blocked with rabbit serum, and labeled with 

AF549-conjugated anti-CD11b antibody clone M1/70 (Biolegend) before imaging with an 

Olympus IX83 Inverted Microscope. 

Respiratory Burst  

Isolated neutrophils were resuspended in chemotaxis buffer to a final concentration of 3.0x106 

cells/mL. Cells were then incubated with indicated treatments at 37°C for 30 minutes prior to 

each experiment and 100 μL of cells from indicated treatment groups were placed in individual 
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wells of 5% FBS or insoluble immune complex (IIC) coated Immulon2HB plates. Plates were 

coated overnight at 4°C with BSA (100 μg/mL). To generate IIC substrate, BSA (Sigma) coated 

wells were washed three times and recoated with anti-BSA antibody (50 μg/well) and incubated 

for 2 hours at 37°C. Prior to the addition of cells, all wells were washed three times with sterile 

PBS. For PMA-stimulated respiratory burst, cells were allowed to settle for 10 minutes prior to 

the addition of dihydrorhodamine-123 (DHR-123) (Sigma) (10 μM final concentration) and 

PMA (100 ng/mL final concentration) (Sigma). In the case of IIC-mediated respiratory burst, 

DHR-123 was added immediately following addition of cells to the well. An fMax fluorescence 

plate reader (Molecular Devices) was used to measure initial fluorescence (485 nm excitation, 

530 nm emission) followed by a fluorescence reading every 15 minutes for 120 minutes. Results 

are reported as nm fluorescence. Treatment groups were tested in triplicate. 

Cell Lysate Stimulation 

Prior to the experiment, low density insoluble immune complex was prepared as follows. Wells 

of a 24 well tissue culture plate was coated with 100 µg/mL bovine serum albumin overnight at 

4°C. The wells were washed three times with PBS before the addition of coating with 33.35 

µg/mL rabbit anti-bovine albumin antibody (Sigma) for 2 hours at 37°C. The wells were washed 

three times with PBS prior to the addition of cells. Isolated neutrophils (7x106) were pretreated 

with PBS, 50 µM MANS, 50 µM RNS, 30 µM 4-amino-5-(4-chlorophenyl)-7-(t-butyl) 

pyrazolo[3,4-D] pyrimidine (PP2) (Sigma), or 30 µg/mL anti-CD18 F(ab)’2 prior to stimulation 

with immune complexes for 15 minutes at 37°C. An Eppendorf tube of cells remained 

unstimulated for a suspension control. Plates were centrifuged at 1200 rpms for 10 minutes then 

immediately transferred onto ice and lysed with ice cold RIPA buffer [1% NP-40, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 5 mM sodium pyrophosphate and 50 mM 
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sodium fluoride] containing protease inhibitors and phosphatase inhibitors for 30 minutes 

shaking on ice. After lysis, cell supernatants were centrifuged for at 1300 rpm for 10 minutes at 

4°C. Supernatants were collected and frozen at -80ºC until immunoblotting. 

Immunoblotting 

Frozen samples were thawed on ice and protein concentrations were measured using BCA 

Protein Assay Reagent (Pierce). Cell lysate was mixed with 5X sample buffer [25% glycerol, 2% 

SDS, 60mM Tris-HCL (pH 6.8), 5% β-mercaptoethanol, 0.1% bromophenol blue in diH20] and 

boiled for 10 minutes. Equal amount of protein was analyzed in 4-12% SDS-PAGE. Resolved 

samples were transferred to Immobilon-P PVDF membrane (Millipore). Total protein was 

determined using No-Stain Protein Labeling Reagent (Invitrogen) followed by blocking 1 hour 

with 5% non-fat dry milk with Tween-20 (TBS/T; 136 μM NaCl, 20 μM Tris-base (pH: 7.6) and 

0.1% Tween-20 v/v). Primary antibody (1:1000) was incubated overnight in 5% BSA TBS/T at 

4°C. Membranes were washed with TBS/T and incubated with anti-rabbit horseradish peroxidase 

(HRP) secondary antibody (1:2000) (Cell Signaling Technology) in 5% BSA TBS/T for one 

hour, then washed three times for 5 minutes, developed using Bio-Rad Clarity Western ECL 

Substrate, and imaged using a Bio-Rad ChemiDoc. Western blot images were analyzed in Image 

Lab.   

Statistical Analysis 

Data are reported as mean ± SD. All statistical tests were performed using GraphPad Prism 

software (San Diego, CA) with the appropriate test details in the figure legend. P values <0.05 

were considered statistically significant. *Indicates p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

< 0.0001.   
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RESULTS 

MARCKS protein is not essential for inside-out activation of neutrophil β2-integrins 

Neutrophils within the vasculature are non-adherent and express low numbers of surface 

β2-integrins. When neutrophils are stimulated by chemoattractants, there is a significant increase 

in surface expression of β2-integrins (CD18 and CD11b), termed “inside-out” activation. To 

determine whether MARCKS function is essential for inside-out activation of β2-integrins, 

neutrophils pretreated with MANS or RNS were stimulated with fMLP, and CD11b surface 

expression was measured by flow cytometry. As shown in Figure 1A, fMLP stimulation induced 

a significant increase in total CD11b on the surface of neutrophils compared to control. MANS 

peptide treatment had no effect on fMLP-induced surface expression of CD11b. Calcium 

chelation with EDTA was used as a positive control for inhibition of CD11b upregulation.  

In addition to increasing the number of surface expressed β2-integrins, stimulation by 

chemoattractants also cause integrin conformation to shift from low to high affinity 

conformation, which facilitates ligand binding. Stimulation with fMLP resulted in a significant 

increase in the surface expression of high affinity CD11b compared to controls, as detected by 

CBRM1/5 antibody binding (Figure 1B). MANS peptide treatment had no effect on fMLP-

induced β2-integrin high affinity conformation surface expression. Calcium chelation with EDTA 

was used as a positive control for inhibition of high affinity conformation expression. Given that 

MARCKS inhibition has no impact on total CD11b upregulation or high affinity CD11b 

expression, this evidence demonstrates that MARCKS function is not essential for fMLP-

induced inside-out activation of neutrophil β2-integrins. 
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MARCKS protein is essential for outside-in β2-integrin mediated neutrophil adhesion 

When neutrophils become activated by chemoattractants through inside-out stimulation, 

the high affinity conformation encourages β2-integrin binding to cellular adhesion molecules 

expressed on endothelial cells, such as intercellular adhesion molecule 1 (ICAM-1) (Fan et al., 

2016; Spillmann et al., 2002). This binding results in “outside-in” activation and signaling. 

Outside-in activation and signaling controls firm adhesion, which is a necessary step for several 

neutrophil effector functions (Giagulli et al., 2006; Zarbock and Ley, 2009). Although inside-out 

and outside-in activation happen together in vivo, we utilized an in vitro model of outside-in 

adhesion to determine if MARCKS protein was essential for outside-in activation of β2-integrins. 

Static neutrophil adhesion was induced on ICAM-1 coated wells and enhanced with the 

application of Mn2+ (Jones et al., 1998). This model induced significant static neutrophil 

adhesion (Figure 2). MARCKS inhibition with MANS peptide significantly attenuated ICAM-

1/Mn2+ induced adhesion in a concentration-dependent manner. The addition of anti-CD18 

F(ab)’2 confirmed that ICAM-1/Mn2+ adhesion is β2-integrin dependent. The RNS control 

peptide and isotype controls had no effect on neutrophil adhesion. These results indicate that 

MARCKS protein plays an essential role in outside-in β2-integrin mediated adhesion. 

MARCKS protein is essential for neutrophil cell spreading and β2-integrin clustering 

The finding that MARCKS protein is required for β2-integrin mediated adhesion led us to 

investigate how MANS peptide was impacting neutrophil adhesion. To do this, β2-integrin 

clustering and neutrophil spreading were investigated using immunofluorescence staining of 

CD11b of neutrophils stimulated on an ICAM-1/Fc surface. Neutrophils stimulated on ICAM-

1/Fc exhibited cell spreading and punctate staining of clustered β2-integrins (Figure 3B). MANS 

treatment significantly inhibited both cell spreading and β2-integrin clustering (Figure 3C) to a 
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level that resembled the unstimulated control (Figure 3A). The addition of the inside-out 

stimulus fMLP did not restore the clustering and spreading defects caused by MANS peptide 

(Figure 3F).  These results were also consistent in neutrophils stimulated with ICAM-1/Mn2+ 

(Supplemental Figure 1). These data demonstrate that MARCKS function is essential for 

neutrophil spreading and β2-integrin integrin clustering.  

MARCKS protein function is essential for β2-integrin dependent neutrophil respiratory 

burst 

The data presented thus far have demonstrated a role for MARCKS protein in the 

activation of β2-integrins. Integrins not only are responsible for the physical interactions of 

neutrophils with ligands, but they are also responsible for transmitting intracellular signals to 

elicit appropriate cellular responses. We next evaluated MARCKS role in β2-integrin signaling. 

Reactive oxygen species (ROS) are essential mediators of cellular signaling, so we first 

examined whether MARCKS function would be essential for respiratory burst. Neutrophil 

respiratory burst was stimulated with either low density insoluble immune complexes (IIC) or 

phorbol myristate acetate (PMA) and measured using DHR-123, which emits fluorescence once 

it is oxidized by reactive oxygen species.  

As shown in Figure 4, both IIC and PMA stimulated robust and sustained neutrophil 

respiratory burst. MANS peptide treatment significantly inhibited IIC-induced respiratory burst 

(Figure 4A), while RNS peptide had no effect. IIC-induced respiratory burst was β2-integrin 

dependent, as shown by significant inhibition with anti-CD18 F(ab)’2 treatment and was PKC 

dependent, as indicated by staurosporine inhibition of respiratory burst (Figure 4A). MANS 

peptide treatment had no effect on PMA-induced respiratory burst of neutrophils. PMA-induced 

respiratory burst was independent of β2-integrins, as indicated by lack of inhibition seen with 
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anti-CD18 F(ab)’2 treatment, but was dependent on PKC, as indicated by staurosporine inhibition 

of respiratory burst (Figure 4B).  These results demonstrate that MARCKS protein is essential 

for β2-integrin dependent respiratory burst but not for β2-integrin independent respiratory burst. 

These data also indicate that MARCKS protein functions upstream of assembly of the NADPH 

oxidase complex. 

MARCKS protein is not essential for IIC-induced activation of p38 MAPK 

The p38 MAPK is an important cell signaling protein known to play an essential role in 

neutrophil functions (Eckert et al., 2009; Kim and Haynes, 2013; Zu et al., 1998). Previous 

studies have identified a role for p38 MAPK in β2-integrin-dependent neutrophil adhesion and 

ROS production (Detmers et al., 1998; Forsberg et al., 2001). Neutrophil stimulation with 

immune complexes induces activation (phosphorylation) of p38 MAPK, and p38 MAPK 

inhibition decreases neutrophil ROS production on IIC (Behnen et al., 2014). To determine 

whether MARCKS inhibition of IIC-induced respiratory burst d p38 MAPK activation, we 

evaluated the phosphorylation of p38 MAPK in MANS treated neutrophils stimulated by low 

density IIC. Isolated neutrophils were treated with either MANS, RNS, PP2, or anti-CD18 

F(ab)’2 prior to stimulation with IICs (Figure 5). The Src kinase inhibitor PP2 was included as a 

positive control for inhibition of p38 MAPK phosphorylation in IIC-stimulated neutrophils 

(Behnen et al., 2014). MANS and RNS peptides had no effect on p38 MAPK phosphorylation. 

Treatment with anti-CD18 F(ab)’2 also did not inhibit p38 MAPK phosphorylation. These results 

indicate that inhibition of MARCKS with the MANS peptide does not alter IIC-induced p38 

MAPK activation in neutrophils.  
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DISCUSSION 

In the present study, we demonstrate a role for MARCKS protein in neutrophil β2-

integrin activation and signaling. MARCKS is an actin binding protein that is known to play a 

key role in neutrophil adhesion, migration, and respiratory burst. Based on previous work in our 

lab and others pointing toward a role for MARCKS in integrin-dependent functions (Disatnik et 

al., 2004; Sheats et al., 2014; Yue et al., 2000; Zhou and Li, 2000), we evaluated β2-integrin 

activation and signaling in primary human neutrophils.  

It is well documented that neutrophil activation through chemoattractant stimulation 

upregulates β2-integrin surface expression (Jones et al., 1998; Montresor et al., 2012; Patcha et 

al., 2004). Therefore, we first evaluated whether MARCKS function was essential for 

upregulation of CD11b surface expression in neutrophils stimulated with the fMLP, otherwise 

known as inside-out activation. Our results demonstrate that neither MANS, nor the control 

RNS, peptide had any effect on fMLP-induced upregulation of CD11b (Figure 1A). This finding 

is in alignment with previous research showing that MARCKS inhibition with MANS did not 

affect CD18 surface expression induced by fMLP (Eckert et al., 2010). After upregulation of 

surface expression occurs, integrin conformation shifts from low affinity to high affinity to 

support the binding of β2-integrins to ligand (Fan et al., 2016; Spillmann et al., 2002). We next 

evaluated whether MARCKS was required for fMLP-stimulated β2-integrin affinity 

conformation change using an antibody specific for the high affinity conformation. N-formyl-

methionyl-leucyl-phenylalanine (fMLP) stimulation induced a significant increase in surface 

expression of the high affinity conformation of CD11b that was not affected by MANS peptide 

treatment (Figure 1B). In a previous study, Eckert et al. showed that inhibition of MARCKS with 

the MANS peptide significantly attenuated fMLP-stimulated neutrophil migration and adhesion 
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(Eckert et al., 2010). These findings, combined with our data showing that MARCKS is not 

involved in inside-out β2-integrin activation, led us to a closer investigation of MARCKS role in 

outside-in β2-integrin activation.  

Outside-in β2-integrin activation occurs when neutrophil β2-integrins interact with 

ligands, leading to cell signaling that promotes neutrophil firm adhesion (Abram and Lowell, 

2009; Zarbock and Ley, 2009). Common neutrophil ligands are located on the endothelium or 

within the extracellular matrix. To model outside-in activation, recombinant ICAM-1 was 

utilized as a ligand to stimulate neutrophil adhesion. However, ICAM-1 alone is not a very 

strong adhesion stimulus for neutrophils in vitro. To overcome this, a second stimulus can be 

added to further promote adhesion (Abram and Lowell, 2009; Jakus et al., 2004). The addition of 

manganese is commonly used to induce the high affinity conformation of β2-integrins in vitro 

(Weber et al., 1997) (Figure 2). Our results demonstrate that MARCKS inhibition with MANS 

peptide attenuates ICAM-1/Mn2+ induced neutrophil adhesion in a concentration dependent 

manner. ICAM-1/Mn2+ adhesion was also β2-integrin dependent, as evident by significant 

attenuation in neutrophils treated with anti-CD18 F(ab)’2. These findings demonstrate that 

MARCKS plays an essential role in outside-in β2-integrin mediated adhesion.  

The last step of activation is clustering of  β2-integrins on the surface, which increases the 

number of receptors interacting with ligand (valency) and increases the strength of adhesion 

(avidity) (Carman and Springer, 2003; Kim et al., 2004). Based on MANS peptide inhibition of 

β2-integrin outside-in adhesion, we hypothesized that MARCKS plays a role in β2-integrin 

clustering and neutrophil spreading. Immunofluorescence microscopy was used to evaluate 

neutrophil spreading and β2-integrin clustering on ICAM-1/Fc. Neutrophils were stimulated on 

ICAM-1/Fc (Figure 3) or ICAM-1/Mn2+ (Supplemental Figure 1) coated chambered coverslips. 
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Both surfaces induced neutrophil spreading and β2-integrin clustering, but ICAM-1/Fc induced a 

more pronounced response, likely due to engagement of neutrophil Fc receptors with the Fc 

portion of the ICAM-1/Fc protein. MARCKS inhibition with MANS peptide disrupted 

neutrophil spreading and β2-integrin clustering on both surfaces (Figure 3C and Supplemental 

Figure 1E). These findings further inform our understanding of the effect of MANS peptide on 

neutrophil adhesion. Interestingly, the addition of fMLP as an inside-out stimulus did not restore 

the defects caused by MANS peptide. These results are consistent with previous studies that 

showed that MARCKS plays an essential role in cell spreading in several cell types (Disatnik et 

al., 2004; Li et al., 1996; Manenti et al., 1997; Monn Myat et al., 1997; Yue et al., 2000). Taken 

together, these data suggest that MARCKS plays an essential role in neutrophil β2-integrin 

outside-in activation.   

Respiratory burst is an important neutrophil effector function and window into neutrophil 

intracellular signaling. In the current study, we evaluated MARCKS role in both β2-integrin 

dependent (IIC) and independent (PMA) respiratory burst. MANS peptide treatment significantly 

inhibited IIC-induced respiratory burst but not PMA-stimulated respiratory burst (Figure 4). 

From these findings, we conclude that MANS treatment does not hinder the assembly and 

function of the NADPH oxidase complex. Furthermore, because the pan-PKC inhibitor 

staurosporine blocked both types of respiratory burst, we confirm that PKC is required for 

neutrophils to undergo successful respiratory burst. Therefore, we suggest that at least one aspect 

of MARCKS function, which is inhibited by the MANS peptide, must be essential for IIC-

stimulated respiratory burst between the level of FcγR-signaling and PKC activation. 

Fc receptors and β2-integrins cooperate in many neutrophil functional responses. Zhou 

and Brown demonstrated that β2-integrin and FcγRIII cooperation generates a respiratory burst 
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that is unproductive when each receptor is stimulated separately. The respiratory burst response 

was also inhibited when either receptor was individually blocked (Zhou and Brown, 1994). Other 

studies have also demonstrated the requirement for β2-integrins in neutrophil respiratory burst 

(Coxon et al., 1996; Jones et al., 2001; Moser et al., 2009), and our results further confirm that 

β2-integrins are required for IIC-induced neutrophil respiratory burst (Figure 4A). This finding is 

in contrast with a different study showing that superoxide production by immune complex 

adherent neutrophils was not β2-integrin dependent (Graham et al., 1993). However, superoxide 

production was only measured 20 minutes into the stimulation and the density of immune 

complex was not specified. In the current report, anti-CD18 F(ab)’2 treated cells are significantly 

different than untreated cells at the 30-minute time point but not at 15 minutes (Figure 4A). It is 

possible that the limited time point analysis is the reason that the study by Graham et al. did not 

capture any differences attributed to β2-integrin inhibition.  

P38 MAPK is known to play an important role in inflammation and several neutrophil 

functions (Detmers et al., 1998; Eckert et al., 2009; Herlaar and Brown, 1999). P38 is also 

involved in neutrophil β2-integrin mediated adhesion, as either p38 inhibition or Mac-1 receptor 

blocking antibodies significantly diminish IL-8 induced adhesion to ICAM-1 (Lomakina and 

Waugh, 2010).  Interestingly, similar to our results with inhibition of MARCKS, inhibition of 

p38 MAPK did not attenuate PMA-stimulated neutrophil adhesion or ROS production (Detmers 

et al., 1998). Based on these similarities, we hypothesized that MARCKS could play a role in a 

pathway involving p38 MAPK and β2-integrin dependent adhesion. Interestingly, we found that 

MANS peptide has no effect on p38 MAPK activation in IIC-stimulated primary neutrophils. 

This is in contrast to previous work that showed MANS treatment significantly decrease both 

LPS-induced cytokine production and p38 phosphorylation in murine macrophages (Lee et al., 
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2015). However, p38 is activated by several different pathways, so the differences between our 

findings and Lee et al. may be explained by different cell types or mechanisms of stimulation 

(LPS vs IIC).  

In our results reported here, anti-CD18 F(ab)’2 did not attenuate p38 activation. This is in 

contrast with previously published results showing that β2-integrin blocking antibodies did 

inhibit p38 activation; however, there are key differences between these previous studies and our 

current study that are worth mentioning. In the current report, we utilized low density insoluble 

immune complexes to stimulate neutrophil activation, which is mediated by both FcγRs and β2-

integrins. The prior studies utilized chemoattractants (e.g., TNFα and IL-8) to stimulate inside-

out β2-integrin responses on a variety of ligands (Detmers et al., 1998; Forsberg et al., 2001; 

Jakus et al., 2004; Lomakina and Waugh, 2010). The differences in cell signaling pathways 

initiated by these different stimuli could explain differences in our findings. Additionally, p38 

has also been implicated in inside-out β2-integrin activation by studies that showed that 

inhibition of p38 MAPK decreased TNFα-induced upregulation of CD11b in neutrophils 

(Forsberg et al., 2001; Tandon et al., 2000). However, we determined in Figure 1 that MARCKS 

inhibition does not impact inside-out β2-integrin activation stimulated by fMLP; therefore, 

MANS peptide treatment is unlikely to affect p38 activation induced by IICs if p38 MAPK 

activation is linked to inside-out β2-integrin activation and signaling. Finally, our finding that 

MANS peptide does not decrease p38 MAPK activation provides further indirect support for 

MARCKS role in outside-in β2-integrin activation, as opposed to FcγR signaling. Indeed, several 

reports have demonstrated that outside-in β2-integrin activation does not result in p38 

phosphorylation (Bouaouina et al., 2004; Lefort et al., 2009). Therefore, p38 activation in our 

IIC-stimulated neutrophils is likely the result of FcγR engagement, and it was not altered in 
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MANS treated neutrophils. This indicates that either MARCKS function is downstream of p38 

phosphorylation or that MARCKS function is operating a separate parallel and essential pathway 

that leads to IIC-induced respiratory burst in neutrophils. 

Based on the evidence presented, we suggest that MARCKS plays an essential role in 

outside-in β2-integrin activation and signaling. There are several reasons for this conclusion: (1) 

MARCKS inhibition with MANS peptide does not affect inside-out upregulation of CD11b or 

shift from low to high affinity CD11b stimulated by fMLP. (2) MARCKS inhibition with MANS 

significantly attenuates neutrophil adhesion to ICAM-1 enhanced with Mn2+. Prior research in 

equine neutrophils also demonstrated that MANS attenuates IIC-induced neutrophil adhesion 

(Sheats et al., 2014). (3) MARCKS inhibition causes defects in neutrophil cell spreading and β2-

integrin clustering on ICAM-1/Fc. The β2-integrin Mac-1 is required for sustained neutrophil 

spreading on immune complexes, and Mac-1 deficient neutrophils display a rounded morphology 

and lack spreading on immune complexes, similar to our results with MANS treated cells on 

ICAM-1/Fc (Tang et al., 1997). Additionally, clustering of β2-integrins is considered to be an 

essential part of post-adhesion strengthening and sustained adhesion to ligand (Maheshwari et 

al., 2000; Zuchtriegel et al., 2021). (4) MARCKS inhibition with MANS attenuates IIC-induced 

neutrophil respiratory burst. FcγR stimulation induces inside-out signaling of β2-integrins (Jones 

et al., 1998); however, our data in Figure 4 demonstrates that the respiratory burst induced by 

IICs is at least partially β2-integrin-dependent despite FcγR-induced inside-out activation. (5) 

MARCKS inhibition with MANS does not decrease p38 activation induced by IICs. Prior studies 

demonstrated that p38 was clearly linked to FcγRs. Crosslinking of FcγRII/III in wild type mice 

resulted in p38 phosphorylation. Further, p38 was not phosphorylated in FcγR3-/- murine 

neutrophils stimulated with anti-CD18 mAbs (Jakus et al., 2004).  
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In summary, these data point toward a role for MARCKS protein in the underlying 

adhesive interactions that take place during neutrophil functions. It is well documented that 

neutrophil respiratory burst in response to immune complexes and other various stimuli is 

adhesion dependent (Chilcoat et al., 2002; Detmers et al., 1998; Moser et al., 2009; Zarbock and 

Ley, 2009; Zhou and Brown, 1993). Using neutrophils from patients with LAD, Nathan and 

colleagues demonstrated cytokine-induced neutrophil respiratory burst requires adhesion. These 

results were further confirmed using an anti-CD18 blocking antibody (Nathan et al., 1989). Thus, 

the disruption of β2-integrin clustering and lack of cell spreading in MANS peptide treated cells 

certainly explains how MARCKS inhibition attenuates respiratory burst, adhesion, and 

chemotaxis in neutrophils (Eckert et al., 2010; Sheats et al., 2014).  

Prior to this study, several studies pointed toward a role for MARCKS in integrin-

dependent cellular responses, but the molecular details for why the protein is so important were 

not described. This report helps to expand understanding of the role of MARCKS function in 

neutrophil β2-integrin-dependent responses. Future studies will further elucidate the molecular 

mechanism of MARCKS involvement in β2-integrin outside-in signaling and determine how 

these findings relate to MARCKS regulation of the actin cytoskeleton in cell types beyond 

neutrophils. 
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FIGURES 

 

Figure 1. MARCKS function is not essential for fMLP-induced β2-integrin affinity 

conformation change. Neutrophils were pretreated with 50 µM MANS, 50 µM RNS, 10 mM 

EDTA, or PBS for 30 minutes then stimulated with 100 nM fMLP or vehicle control for 5 

minutes. Flow cytometry was used to measure total CD11b (ICRF44) (A) and high affinity 

CD11b (CBRM1/5) (B) as described. As a positive control for inhibition, pretreatment of 

neutrophils with EDTA significantly attenuated fMLP-induced surface expression of total 

CD11b (A) and high affinity CD11b (B). Data are represented as mean ± SD, n=4-9. One-way 

ANOVA with Dunnett’s multiple comparisons test. *p<0.05 when compared to fMLP 

stimulation.  
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Figure 2. MARCKS function is essential for outside-in β2-integrin-mediated neutrophil 

adhesion. Neutrophils were pretreated with indicated concentrations of MANS and RNS 

peptides, 30 µg/mL anti-CD18 F(ab)’2, or 30 µg/mL IgG2a control F(ab)’2 for 30 minutes prior 

to application to 96 well plate coated with 10 μg/mL ICAM-1. Cells were allowed to settle for 10 

minutes before application of 0.5 mM Mn2+ for 10 minutes. Adhesion was quantified as 

described in the materials and methods section. MANS inhibition of MARCKS demonstrated 

concentration-dependent inhibition of ICAM-1/Mn2+-induced adhesion. Data represented as 

mean ± SD, n=6. One-way ANOVA with Dunnett’s multiple comparisons test. *p<0.05 when 

compared to ICAM-1 + Mn group.  
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Figure 3. MARCKS function is essential for neutrophil spreading and β2-integrin 

clustering on ICAM-1/Fc. fMLP does not restore defects. Immunofluorescence microscopy of 

CD11b: Neutrophils were pretreated with 50 µM MANS, 50 µM RNS, or PBS for 30 minutes 

prior to application to ICAM-1/Fc coated chambered coverslip. Cells were incubated for 10 

minutes at 37°C. fMLP was applied 5 minutes into stimulation. Cells plated on ICAM-1/Fc 

surface exhibits both cell spreading and β2-integrin clustering (B). MANS pretreatment (C) 

inhibited both cell spreading and β2-integrin clustering. The control peptide RNS (D) had no 

effect on neutrophil spreading and integrin clustering. Application of fMLP to MANS (F) treated 

cells did not restore cell spreading and clustering defects caused by MANS peptide (C).  

 



   

87 

 

 

Figure 4. MARCKS function is essential for β2-integrin dependent neutrophil respiratory 

burst stimulated by insoluble immune complexes but not PMA-stimulated β2-integrin 

independent neutrophil respiratory burst. Neutrophils were pretreated for 30 minutes with 30 

ug/mL anti-CD18 F(ab)’2, 30 ug/mL IgG2a control F(ab)’2, 50 µM MANS, 50 µM RNS, 100 nM 

staurosporine, or media alone (control). Respiratory burst was quantified by DHR-123. Cells 

were stimulated by insoluble immune complexes (IIC) (A) or PMA (B). Data are represented as 

mean ± SD, n=4. One-way ANOVA with Dunnett’s multiple comparisons test. *p<0.05 MANS 

compared to IIC. #p<0.05 anti-CD18 F(ab)’2 compared to IIC. Staurosporine p<0.05 for all time 

points beginning at 30 minutes.  
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Figure 5. MARCKS function is not essential for IIC-induced p38 activation in neutrophils. 

Neutrophils (7x106) were pretreated with either PBS, 50 µM MANS, 50 µM RNS, 30 µM PP2 

(positive control for inhibition), or 30 µg/mL anti-CD18 F(ab)’2 then stimulated on low density 

immune complexes for 15 minutes or left in suspension (Sus). Phosphorylation of p38 was 

analyzed by Western blotting of whole-cell lysates. Equal loading was confirmed following 

transfer with Invitrogen No-Stain Protein Labeling Reagent. The percentage of phosphop38 was 

determined based on the total protein in the respective lane and the signal of the phosphop38 

band. Blot shown is representative of two independent experiments.  
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Supplemental Figure 1. Stimulation of human neutrophils with ICAM-1/Mn2+. 

Immunofluorescence microscopy of CD11b: Neutrophils were pretreated with 50 µM MANS, 50 

µM RNS, or PBS for 30 minutes prior to application to ICAM-1 coated chambered coverslip. 

Cells were incubated for 10 minutes at 37°C prior to application of Mn2+. fMLP was applied 5 

minutes after Mn2+. Cells plated on ICAM-1 surface exhibits both cell spreading and β2-integrin 

clustering (C). This response was enhanced with the application of Mn (D). MANS pretreatment 

(E) inhibited both cell spreading and β2-integrin clustering. The control peptide RNS (F) had no 

effect on neutrophil spreading and integrin clustering. Application of fMLP to MANS (H) treated 

cells did not restore cell spreading and clustering defects caused by MANS peptide (E).  
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Abstract 

Salmonella enteritis infections are of great concern in both humans and livestock. Due to 

growing concerns over increasing antimicrobial resistance of non-typhoidal salmonellae (NTS), 

novel, non-anti-microbial host-directed targets are being explored as an alternative strategy for 

treating this pathogen. During enteric salmonellosis, the host experiences severe diarrhea 

characterized by severe neutrophilic enterocolitis. Normally, neutrophils serve as the first and 

most effective line of host defense against bacterial pathogens; however, Salmonella is a unique 

pathogen that can utilize the toxic mediators released by neutrophils to further colonize the 

intestine. Because neutrophils may cause the host more harm than good during Salmonella 

infection, neutrophils represent a potential therapeutic target. MARCKS is an actin-binding 

protein that plays an essential role in many neutrophil effector responses. We hypothesized that 

inhibition of MARCKS protein would alter bovine neutrophil responses to Salmonella 

Typhimurium (STm). Our data demonstrate that MARCKS inhibition attenuates STm-induced 

neutrophil adhesion and chemotaxis but enhances neutrophil phagocytosis and respiratory burst 

in response to STm. This is the first report implicating a role for MARCKS protein in neutrophil 

antibacterial responses. 

Introduction 

Non-typhoidal salmonellae (NTS) are the leading cause of human bacterial foodborne 

gastroenteritis. Annually, NTS cause more than 150 million illnesses worldwide and the highest 

number of food-borne disease related deaths in the United States (Healy and Bruce, 2020; Kirk et 

al., 2015; Sell and Dolan, 2018; Voetsch et al., 2004). Infection can result from contaminated 

food or water or direct contact with individuals or animals shedding the pathogen (Hoelzer et al., 

2011). Despite efforts to decrease the number of infections, the incidence of NTS illnesses has 
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not changed over the past 20 years (Henao et al., 2015). In addition to increasing infections, The 

World Health Organization reports that the incidence of Salmonella antimicrobial resistance 

(AMR) is increasing. The high rate of disease, increasing antimicrobial resistance, and high 

degree of morbidity and mortality associated with multiple-drug resistant (MDR) NTS infection 

drive the need to develop new interventions to combat this important pathogen (Chiu et al., 2009; 

Coburn et al., 2007). 

Bovine salmonellosis is a significant concern for both humans and cattle. The bovine 

host-adapted serotype Dublin is a significant cause of calf sepsis, pneumonia, diarrhea, 

encephalitis, and mortality, placing a significant economic burden on the dairy industry (Mohler 

et al., 2009). In addition, cattle of all ages are clinically affected by NTS, including serotype 

Typhimurium (STm) (Mohler et al., 2009). Infected cattle present significant contamination to 

human food supply, contributing to the increase in MDR Salmonella corresponding to human 

disease (Jackson et al., 2013; Rodriguez-Rivera et al., 2014; Valenzuela et al., 2017). Therefore, 

development of non-antimicrobial strategies to mitigate bovine Salmonella carriage and shedding 

is of great importance to protect food supply.  

Invasion of the intestinal epithelium is an essential starting point to Salmonella infection. 

Salmonella uses the type-III secretion system-1 (TTSS-1) to secrete effector proteins directly 

into the epithelial cell cytosol, manipulate the actin cytoskeleton, and direct invasion. This 

process begins when effector proteins nucleate actin at the invasion site to induce plasma 

membrane ruffling (Patel and Galán, 2005; Srikanth et al., 2011). The plasma membrane 

reorganizes and closes the phagosome around Salmonella (Bakowski et al., 2007). After 

internalization, the expression of TTSS-1 is reduced, and the actin cytoskeleton returns to 

homeostasis (Fu and Galán, 1999). Epithelial invasion also activates the inflammatory response 
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through epithelial cell release of inflammatory cytokines (IL-1β, IL-6, IL-8, TNF-α, and IL-18) 

(Broz et al., 2012; Hobbie et al., 1997; Jung et al., 1995). These cytokines induce neutrophil 

transmigration across the epithelium causing neutrophilic enteritis, which is a hallmark of enteric 

salmonellosis and key to Salmonella’s survival in the intestine (Loetscher et al., 2012; Zhang et 

al., 2003).  

NTS are unique because they benefit from the neutrophilic inflammatory response that is 

designed to kill most bacteria. When stimulated, bovine neutrophils release toxic products that 

Salmonella is relatively resistant to, which gives the pathogen a competitive advantage over 

resident microflora (Diaz-Ochoa et al., 2016; Gallois et al., 2001; Stecher et al., 2007; Winter et 

al., 2010). The success of NTS during intestinal inflammation suggests that a host-directed 

therapeutic strategy designed to reduce inflammation will reduce NTS success in the intestine 

and ultimately diminish the host Salmonella burden without contributing to the development of 

antimicrobial resistance.  

Protein kinase-C (PKC) enzymes are essential players in regulating neutrophil-mediated  

inflammation (Bertram et al., 2011; Larsson, 2006; Sheats et al., 2015). One way that PKC 

enzymes regulate inflammation is through a reversible phosphorylation of Myristoylated Alanine 

Rich C-kinase Substrate (MARCKS). MARCKS is an actin binding protein that is ubiquitously 

expressed in mammalian cells and regulates events requiring dynamic actin reorganization, such 

as adhesion, phagocytosis, and cell migration (Allen and Aderem, 1995; Arbuzova et al., 2002; 

Nairn and Aderem, 1992). MARCKS alters these processes through a cycle of reversible binding 

of phosphatidylinositol 4,5-bisphosphate (PIP2) and actin. When dephosphorylated, MARCKS is 

anchored to the plasma membrane through hydrophobic insertion of the N-terminal myristoyl-

moiety into the plasma membrane and through electrostatic interaction of the polybasic effector 
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domain (ED) with the negatively charged phospholipid PIP2 (Arbuzova et al., 2002; Wang et al., 

2001). Dephosphorylated MARCKS concentrates PIP2 within the membrane and facilitates actin 

polymerization and crosslinking (Arbuzova et al., 2002; Hartwig et al., 1992). Phosphorylated 

MARCKS, on the other hand, is displaced to the cytosol, which increases PIP2 availability at the 

plasma membrane and decreases MARCKS-actin binding (Disatnik et al., 2004; Hartwig et al., 

1992). 

In addition to cellular actin regulation, MARCKS also has a clear role in inflammatory 

responses. MARCKS inhibition with N-terminus or phosphorylation blocking peptides inhibits 

immune cell functions including adhesion, migration, ROS production, and pro-inflammatory 

cytokine production (C.-H. Chen et al., 2014; Disatnik et al., 2004; Eckert et al., 2010; Estrada-

Bernal et al., 2009; Green et al., 2012; Monn Myat et al., 1997; Ott et al., 2013; Sheats et al., 

2014, 2015). Given that MARCKS plays a key role in neutrophil-mediated immune responses, 

we investigated whether MARCKS inhibition would be a strategy to alter bovine neutrophil 

inflammatory responses to Salmonella.  

MATERIALS & METHODS 

Reagents 

RPMI Medium 1640 (Gibco), Recombinant Bovine GM-CSF (Kingfisher Biotech), 1.077 g/mL 

Ficoll (Cytvia), Calcein AM (Corning), DHR-123 (Sigma), Diphenyleneiodonium chloride (DPI) 

(Sigma), HBSS (Corning), UltraPure 0.5M EDTA (Invitrogen), Interleukin-8 (Sigma), Dead Cell 

Apoptosis kit (Invitrogen), Difco LB Broth, Miller (BD), Difco LB Agar, Miller (BD).  

Peptide Treatment 

The MyristoylAted N-terminal Sequence (MANS) and Random Nucleotide Sequence (RNS) 

peptides were synthesized by Genemed Synthesis, Inc. The sequence of MANS is identical to the 
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first 24 amino acids of the human MARCKS protein: myristic acid-

GAQFSKTAAKGEAAAERPGEAAVA. The RNS peptide is a randomly scrambled control: 

myristic acid-GTPAPAAEGAGAEVKRASAEAKQAF. The Effector Domain (ED) and Control 

Peptide (CP) peptides were synthesized by Sigma Aldrich. The sequence of ED: 

KKKKKRFSFKKSFKLSGFSFKKNKKGRKKRRQRRRPQ. The sequence of CP: 

CEIEEHAWNTVEMFSSFPGTQLYNDAGRKKRRQRRRPQ. Peptide working solutions were 

resuspended in sterile PBS. Where indicated, pretreatment of cell suspensions with indicated 

peptide concentrations occurred at 37°C for 30 minutes.  

Bovine Neutrophil Isolation 

Jugular or tail vein blood was collected with 1.5 mg/mL EDTA loaded syringes and 25 mL or 

less placed in a 50 mL conical. An equal amount of PBS was added to each conical and carefully 

mixed by inversion. 30 mL of diluted blood was then layered on top of 15 mL Ficoll (1.077 

g/mL). The gradient was centrifuged at 1,100 x g for 30 minutes at 10ºC with the brake off. The 

supernatant was removed via aspiration. Hypotonic lysis was done by adding 20 mL cold 0.2% 

NaCl to the RBC/granulocyte pellet. The tube was mixed by gentle inversion and allowed to lyse 

for 30-40 seconds. Then 20 mL cold 1.6% NaCl was added, and tubes were inverted to mix. The 

tubes were then centrifuged at 100 x g for 8 minutes at 4ºC with the brake on. The supernatants 

were gently removed via aspiration. The lysis and centrifugation step were repeated for a second 

time. Cells were resuspended in HBSS prior to counting via Trypan blue and allowed to rest for 

1 hour. Because of the prevalence of parasites in dairy cows, we also performed a differential 

count for each individual isolation. Cytology slides were prepared and stained with Wright 

Giemsa prior to counting. Cell counts for experiments were normalized to the neutrophil 

percentage based on the differential staining.  
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Pooled Whole Serum Preparation 

Whole blood was collected via tail vein from 10 healthy lactating dairy cows in the NCSU CVM 

TAU Diary herd and placed in anti-coagulant free serum tubes. Tubes were allowed to settle for 

1 hour prior to centrifugation at 2,000 x g for 10 minutes at 4ºC. Serum was isolated and pooled 

prior to the preparation of frozen aliquots. Pooled serum was used as indicated for experiments.  

Bacterial Strains and Growth Conditions 

All bacterial strains were derivatives of Salmonella Typhimurium (STm) ATCC 14028.s. HA420 

wild type strain was used for all experiments except phagocytosis. pTurboGFP was used for 

phagocytosis. Bacteria were grown on Luria Bertani (LB) agar or in LB broth at 37°C with 

agitation (225 rpm). Media was supplemented with the following antibiotics as appropriate: 

nalidixic acid (50 mg/L) and carbenicillin (100 mg/L). For all neutrophil stimulations, bacteria 

were grown to late exponential phase by diluting overnight cultures 1:100 into LB broth and 

incubating at 37°C with agitation for 3.5 hours (Westerman et al., 2021). Bacterial cultures were 

washed in phosphate buffered saline (PBS) and cell density was estimated by optical density 

(600 nm). Bacteria were diluted in PBS or indicated buffer and maintained on ice until use. 

Where indicated, bacteria were opsonized as detailed in individual experiments. Diluted bacteria 

were plated to establish the number of viable colony forming units.  

Neutrophil Adhesion 

Immulon2HB clear 96 well plates were coated overnight with 5% HI FBS in HBSS and washed 

1x with PBS prior to experiment. Isolated neutrophils were resuspended to 10x106 cells/mL in 

HBSS, primed with 10 ng/mL GM-CSF, and loaded with 2 µg/mL Calcein AM for 30 minutes at 

room temperature protected from light. The cells were then centrifuged at 100 x g for 8 minutes, 

supernatant removed by aspiration, then resuspended in HBSS supplemented with 1 mM CaCl2, 
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1 mM MgCl2, and 2% HI FBS at 1x106 cells/mL. Neutrophils were then pretreated in Eppendorf 

tubes with MARCKS inhibitor peptides as indicated for 30 minutes at 37ºC with 5% CO2. 

100,000 cells with appropriate treatments were plated in the wells and allowed to settle for 10 

minutes at room temperature, protected from light. PBS or late exponential-phase STm (MOI 

50:1) was added to the cells. The plate was then incubated for 1 hour at 37ºC with 5% CO2. After 

the incubation, the fluorescence was measured using a microplate reader at 485 nm excitation 

525 nm emission. Cells were dumped and washed with PBS, reading fluorescence at each wash 

step. The fluorescence values for each wash were divided by initial fluorescence and multiplied 

by 100 to calculate percent adhesion. The first wash that demonstrated less than 10% adhesion in 

the non-stimulated cells (plated on 5% FBS coating) was considered the result. Treatment groups 

were assessed in triplicate. 

Chemotaxis 

Isolated primary neutrophils were rested for 1.5 hours at room temperature in HBSS. Neutrophils 

were primed with 10 ng/mL bovine GM-CSF and loaded with calcein at 2 µg/mL in HBSS at 

1x107 cells/mL for 30 minutes at room temperature protected from light. Cells were centrifuged 

at 100 x g for 8 minutes then resuspended in HBSS supplemented with 1 mM MgCl2, 1 mM 

CaCl2, and 2% HI FBS (chemotaxis buffer) at 2.2x106 cells/mL and pretreated with indicated 

concentrations of inhibitory peptides or controls for 30 minutes at 37ºC with 5% CO2. 

Chemoattractants (30 µL) were added in triplicate to the bottom wells of a standard PCTE 

NeuroProbe ChemoTx plate (5 µm pore size, well capacity 30 µL, 3.2 mm cell site diameter). 

For this assay, STm was normalized to the determined OD600
 for an MOI for 50:1, centrifuged, 

then resuspended in chemotaxis buffer and stored cold until ChemoTx plate was setup. Cells 

(50,000 cells in 25 µL) were added to the 100% migration wells in the bottom and to the top of 
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the membrane for all groups. The ChemoTx plate was incubated for 60 minutes at 37ºC with 5% 

CO2. The non-migrated cells were then removed from the top of the membrane using a cell 

scraper and 10 µL 0.5 M EDTA was added to the top of the membrane for 10 minutes at room 

temperature protected for light. The excess EDTA was then removed using a cell scraper and the 

ChemoTx plate was centrifuged for 5 minutes at 1,000 x rpm. The membrane was removed, and 

the fluorescence of the bottom wells was measured (485 nm excitation, 525 nm emission) using a 

Biotek microplate reader. Percent migration was calculated by dividing the fluorescence of the 

experimental bottom wells by the fluorescence of bottom wells containing the known cell 

number (100% migration group). Treatment groups were tested in triplicate (Sheats et al., 2015).  

Phagocytosis – Flow Cytometry 

Neutrophils were primed with 10 ng/mL bovine GM-CSF in HBSS at 1x107 cells/mL for 30 

minutes at room temperature protected from light. Cells were centrifuged at 100 x g for 8 

minutes then resuspended in RPMI supplemented with 1 mM CaCl2, 1 mM MgCl2, and 2% HI 

FBS at 1.67x106 cells/mL and pretreated with indicated concentrations of MARCKS inhibitor 

peptides or PBS for 30 minutes at 37ºC with 5% CO2. 450,000 cells were aliquoted (300 µL) into 

BD Falcon polystyrene round bottom tubes and allowed to settle for 10 minutes at room 

temperature. Immediately prior to experiment, GFP-STm were opsonized with RPMI + 10% 

pooled bovine serum for 30 minutes at 37ºC then used to induce phagocytosis by stimulating 

cells with a 25:1 MOI for the indicated amount of time. At the end of incubation, 40% PFA was 

added to the tube to reach a final concentration of 2% and the tube was placed on ice for 10 

minutes prior to dilution with 1 volume of PBS (Westerman et al., 2018). Tubes were stored at 

4ºC until ready to prep for acquisition. Tubes were centrifuged at 1,100 x g for 10 minutes, 

supernatants gently dumped, resuspended in 200 µL 0.125% Trypan blue in PBS, and transferred 
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to a polypropylene tube then immediately acquired on a BD LSRII cytometer (Jin et al., 2018). 

The neutrophil population was gated by a forward scatter versus side scatter plot to discriminate 

from cell debris. Singlet cells were included by gating based on side scatter-area versus side 

scatter-width and forward scatter-area versus forward scatter-width. Neutrophils not exposed to 

STm were used as a negative control for GFP-negative cells. Data from at least 7,000 events 

gated on singlet neutrophils were collected. FCS files were analyzed by FlowJo. We calculated 

the percentage of GFP positive neutrophils using histograms. The fluorescence intensity was 

divided into two peaks: the GFP-negative cells that did not have phagocytosed bacteria (left 

peak) and phagocytosing GFP-positive cells (right peak) (Boero et al., 2021). Flow cytometry 

experiments were performed in the Flow Cytometry and Cell Sorting facility at North Carolina 

State University – College of Veterinary Medicine.  

Phagocytosis - Microscopy 

The neutrophil and GFP-STm co-culture was prepared as described for flow cytometry and 

incubated for 75 minutes. Cells were transferred to Eppendorf tubes, centrifuged at 160 x g for 5 

minutes, supernatant discarded, and pellet resuspended in 200 µL PBS. Cells were fixed for 10 

minutes on ice with PFA (2% final concentration), then stained with 2 µg/mL AF954-conjugated 

wheat germ agglutinin (WGA) (Invitrogen) at room temperature for 10 minutes. Cell 

suspensions were diluted with an additional 200 µL PBS, and 200 µL were centrifuged onto 

glass slides using a cytospin. Slides were air dried and cover glass was mounted with DAPI 

Flouromount (Southern Biotech) before imaging with an Olympus IX83 inverted microscope.  

Respiratory Burst 

Clear-bottom black 96 well plates were coated overnight with 5% HI FBS in HBSS and washed 

1x with PBS prior to experiment. Isolated primary neutrophils were resuspended to 1.0x107 
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cells/mL in HBSS and primed with 10 ng/mL GM-CSF for 30 minutes at room temperature 

protected from light. Cells were centrifuged at 100 x g for 8 minutes and resuspended in RPMI 

supplemented with 10% autologous serum, 1 mM CaCl2, and 1 mM MgCl2. 150,000 cells were 

added to Eppendorf tubes containing indicated concentrations of MANS peptide or controls and 

incubated for 30 minutes at 37ºC with 5% CO2. Cells were added to plate, allowed to settle for 

10 minutes, and 10 µM DHR-123 was added to each well. PBS or STm (MOI 50:1) was added to 

the plate and fluorescence immediately read every 15 minutes for 2 hours at 485 nm excitation, 

525 nm emission for 2 hours. All groups were run in triplicate. A control consisting of DHR-123 

added to media alone was used for normalization prior to determining fold change from 

unstimulated control.  

Propidium Iodide Staining 

Isolated primary neutrophils were rested for 1 hour at room temperature in HBSS. Neutrophils 

were primed with 10 ng/mL bovine GM-CSF in HBSS at 1x107 cells/mL for 30 minutes at room 

temperature protected from light. Cells were centrifuged at 100 x g for 8 minutes then 

resuspended in RPMI supplemented with 1 mM CaCl2, 1 mM MgCl2, and 2% HI FBS at 1.0x106 

cells/mL. 100 µL of cells were added to Eppendorf tubes containing indicated concentrations of 

MARCKS targeting peptides or PBS. Cells were incubated for 90 minutes at 37ºC with 5% CO2, 

immediately place on ice, and 1 volume of cold PBS was added. Cells were centrifuged at 300 x 

g for 5 minutes at 4°C. Samples were stained with 1 µL of 100 µg/mL propidium iodide 

following the manufacturer’s recommendations (Invitrogen Dead Cell Apoptosis kit) and 

immediately acquired on a BD LSRII cytometer. The neutrophil population was gated by a 

forward scatter versus side scatter plot to discriminate from cell debris. Singlet cells were 

included by gating based on side scatter-area versus side scatter-width and forward scatter-area 
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versus forward scatter-width. Data from at least 10,000 events gated on singlet neutrophils were 

collected. Flow cytometry experiments were performed in the Flow Cytometry and Cell Sorting 

facility at North Carolina State University – College of Veterinary Medicine. 

Statistical Analyses 

All results were analyzed using GraphPad Prism software version 9 using repeated measures 

one-way ANOVA unless otherwise noted. Data are reported as mean ± SD with sample size 

indicated on each figure. P values <0.05 were considered statistically significant. *Indicates p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 when compared to STm stimulation. 

RESULTS 

Effect of MARCKS inhibitor peptides on primary neutrophil viability 

In this study, we investigated two different peptide inhibitors of MARCKS: MANS and 

ED peptides. MANS peptide is a function blocking peptide identical to the first 24 amino acids 

of MARCKS. Reported mechanisms of action for MANS peptide include displacing MARCKS 

from the plasma membrane to the cytosol, altering cytoskeletal dynamics, and decreasing 

MARCKS phosphorylation (C.-H. Chen et al., 2014; Eckert et al., 2010; Li et al., 2001). ED 

peptide is a 37 amino acid peptide that mimics the effector domain of MARCKS. Reported 

mechanisms of action for ED include decreasing MARCKS phosphorylation, direct binding to 

lipopolysaccharide (LPS), and acting as a nuclear localization signal and regulator of nuclear 

membrane PIP2, with downstream effects on gene expression (Manček-Keber et al., 2012; 

Rohrbach et al., 2017, 2015). MANS and ED peptides each have a corresponding control 

peptide, RNS and CP, respectively. Cell viability of peptide-treated cells was evaluated using 

propidium iodide staining. Isolated primary neutrophils were treated with relevant in vitro 

concentrations of MANS, RNS, ED, and CP peptides. Neutrophil viability at 90 minutes was not 
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significantly affected by any of the tested concentrations of MANS peptide (Figure 1). 

Neutrophil viability at 90 minutes was significantly affected by all tested concentrations of ED 

peptide (Figure 1). Further, ED peptide induced neutrophil respiratory burst without the presence 

of any other stimulus (Supplemental Figure 1).  Given these results, we chose to focus on the 

MANS and RNS peptides in our subsequent investigations of the effects of MARCKS inhibition 

on STm-induced neutrophil responses. 

Effect of MARCKS inhibition on STm-induced neutrophil adhesion 

Neutrophil adhesion to the vasculature and to the basolateral membrane of the intestine is 

critical for neutrophil extravasation (Fournier and Parkos, 2012; Schmidt et al., 2013). Previous 

work in our lab demonstrated an essential role for MARCKS in equine neutrophil adhesion 

(Sheats et al., 2014). Therefore, we hypothesized that MARCKS inhibition would decrease STm-

induced adhesion of primary bovine neutrophils. Static neutrophil adhesion was induced using 

STm for 1 hour. Pretreatment with MANS peptide for 30 minutes prior to stimulation 

significantly attenuated adhesion in a concentration dependent manner (Figure 2). The control 

peptide RNS had no effect on neutrophil adhesion. This evidence demonstrates an essential role 

for MARCKS protein in STm-induced neutrophil adhesion. 

Effect of MARCKS inhibition on STm-induced neutrophil migration  

The histopathological hallmark of Salmonella enterocolitis is a massive influx of 

neutrophils into the intestine. Previous research demonstrated a clear role for MARCKS in 

neutrophil migration in vitro and in vivo (Damera et al., 2010; Sheats et al., 2014), so we next 

evaluated the effect of MARCKS inhibition on Salmonella-induced neutrophil migration. 

Neutrophil migration can be modeled using specialized ChemoTx plates where fluorescently-

labeled neutrophils are plated on top of a permeable membrane and stimulated by the presence of 
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chemoattractants (e.g., IL-8, fMLP, LTB4) or bacteria in wells below the membrane (Sheats et 

al., 2015, 2014). Migrated neutrophils are then detected using fluorescence. Previous reports 

using this model for bacteria-induced migrations were limited (Adusumilli et al., 2005); 

therefore, two different approaches for stimulating STm-induced neutrophil migration were 

utilized. For the first approach, STm alone was used to stimulate neutrophil migration. For the 

second approach, a low concentration of IL-8 (10 ng/mL) was added to the prepared STm, 

knowing that IL-8 should enhance neutrophil migration.  

STm alone induced significant neutrophil migration (~55%) compared to the 

unstimulated control (~25%), and MANS peptide treatment significantly attenuated migration in 

a concentration-dependent manner (Figure 3A). IL-8 significantly enhanced STm-induced 

neutrophil migration (~85% migration), and MANS peptide significantly attenuated migration in 

a concentration-dependent manner. RNS control peptide had no effect on neutrophil migration. 

This evidence demonstrates an essential role for MARCKS protein in STm-induced neutrophil 

migration in vitro.  

Effect of MARCKS inhibition on STm-induced neutrophil respiratory burst 

Neutrophil reactive oxygen species (ROS) production, also termed respiratory burst, is a 

critical host response to pathogens. Previous research in our lab demonstrated that MARCKS 

inhibition with MANS peptide significantly inhibited immune complex-mediated ROS 

production (Sheats et al., 2014); therefore, we hypothesized that MARCKS inhibition would 

attenuate Salmonella-induced neutrophil respiratory burst. DHR-123 was used to measure 

reactive oxygen species production in STm-stimulated neutrophils for 2 hours. Peak respiratory 

burst occurred around 90 minutes (not shown), and the effect of MANS peptide treatment on 

respiratory burst at specific time points and as total production (Figure 4A-D). MANS peptide 
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treatment had no significant effect on STm-induced respiratory burst at 60-, 75-, and 90-minutes 

post stimulation. However, peptide treatment with lower concentrations of MANS (25 µM and 

10 µM) significantly enhanced total respiratory burst, as measured by area under the curve 

compared to STm alone (Figure 4D). The control peptide RNS had no effect on respiratory burst. 

These data suggest that MARCKS inhibition with low concentrations of MANS peptide 

enhances STm-stimulated neutrophil respiratory burst.  

Effect of MARCKS inhibition on neutrophil phagocytosis of Salmonella 

Phagocytosis also plays a key role in the immune response to bacterial infections. Based 

on the respiratory burst data, we hypothesized that the increased neutrophil respiratory burst may 

be due to an increase in neutrophil phagocytosis of STm. To determine the effect of MARCKS 

inhibition on STm phagocytosis, neutrophils were incubated with pooled serum-opsonized GFP 

expressing Salmonella wild type strain for 15, 75, and 90 minutes. The fluorescence of 

extracellular GFP-STm was quenched with Trypan blue before detection of phagocytosis using 

flow cytometry. Our results demonstrate that MANS peptide treatment increased the number of 

GFP+ neutrophils at 75- and 90-minutes post-stimulation, indicating an increase in phagocytosis 

(Figure 5A-B). Furthermore, MANS peptide treatment also resulted in an increase in GFP+ MFI 

at 75- and 90-minutes post-stimulation (Figure 5D-E), showing that there was an increase in the 

number of ingested bacteria (Schreiner et al., 2011). The control peptide RNS had no effect on 

neutrophil phagocytosis of GFP-STm. Phagocytosis was confirmed using immunofluorescence 

microscopy (Figure 5C&F). These results demonstrate that MARCKS inhibition with MANS 

peptide enhances neutrophil phagocytosis of opsonized-STm. 
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DISCUSSION  

MARCKS protein is known to play an important role in neutrophil effector functions. 

This investigation is the first to examine whether the inhibition of MARCKS function affects 

neutrophil responses to bacteria. Two MARCKS inhibitor peptides, MANS and ED, were used to 

inhibit MARCKS function in neutrophils. MANS is a function blocking peptide that is known to 

displace MARCKS from the plasma membrane to the cytosol (Eckert et al., 2010). MANS 

peptide treatment has also been shown to decrease MARCKS phosphorylation, although the 

mechanism is unknown (C.-H. Chen et al., 2014; Lee et al., 2015). In addition to previous studies 

demonstrating MANS peptide inhibition of neutrophil migration, adhesion, and respiratory burst, 

the peptide also regulates LPS-induced inflammatory responses of macrophages (Eckert et al., 

2010; Lee et al., 2015; Sheats et al., 2014). The ED peptide and other peptides that mimic the 

MARCKS effector domain inhibit MARCKS phosphorylation across multiple cell types, 

presumably through competitive inhibition with PKC-mediated MARCKS phosphorylation 

(Elzagallaai et al., 2000; Rohrbach et al., 2017). Prior studies with ED peptide or effector domain 

mimetic peptides have demonstrated success in suppressing cancer cell migration and metastasis 

in vitro and in vivo (C. H. Chen et al., 2014). Other studies have highlighted the potential use of 

ED peptides in targeted delivery to cells for cell-specific killing mechanisms (Eustace et al., 

2020; Tamura, 2017). 

The cytotoxicity of both peptides on neutrophils was determined, and the results 

demonstrate that ED peptide had significant cytotoxic effects on neutrophil viability (Figure 1). 

ED peptide treatment also induced respiratory burst of neutrophils without the addition of other 

stimuli (Supplemental Figure 1). ED peptide induced cytotoxicity has been reported previously; 

however, there were no previous reports of this peptide being evaluated in primary neutrophils. 
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In a previous study, ED peptide demonstrated significant cytotoxic effects on several lung cell 

lines at a concentration lower than evaluated in our study (Rohrbach et al., 2017). Another study 

demonstrated that ED peptide selectively induced cytotoxic effects on a glioblastoma cell line in 

a manner unique from apoptosis (Eustace et al., 2020). Our data also demonstrate cytotoxic 

effects of ED peptide on primary neutrophils that are not indicative of apoptosis (Supplemental 

Figure 2). Taken together, these findings indicate that ED peptide likely has off-target effects 

beyond inhibition of MARCKS that are contributing to significant neutrophil cell death, 

precluding our ability to utilize this peptide as a tool to investigate the role of MARCKS in STm-

induced neutrophil responses. MANS peptide had no effect on neutrophil viability, which is 

consistent with previous findings that MANS peptide is not cytotoxic to normal human bronchial 

epithelial cells (C.-H. Chen et al., 2014). Therefore, we present data evaluating only MANS 

peptide inhibition of MARCKS protein. The effects of ED peptide in selected neutrophil 

functional assays are reported as supplemental data (Supplemental Figure 3).  

Adhesion is one of the first neutrophil functions in response to infection and 

inflammation. Therefore, we sought to determine whether MARCKS protein plays a significant 

role in STm-induced neutrophil adhesion. There are limited reports of whole bacteria-induced 

neutrophil adhesion (Darveau et al., 1995; Drevets, 1997); however, STm induced significant 

static adhesion after 1 hour of stimulation. Our results demonstrate that MANS significantly 

attenuates neutrophil adhesion induced by STm, which is consistent with results of neutrophil 

adhesion induced by other stimuli (Eckert et al., 2010; Sheats et al., 2014).  

Previous reports have also identified MARCKS as a key player in neutrophil migration. 

Salmonella-induced migration was evaluated using two different experimental approaches. The 

first was STm alone and the second included STm + IL-8. This approach was taken due to 
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limited evidence of bacteria alone stimulating migration in the ChemoTx plates. Further, IL-8 

plays a prominent role in inducing neutrophil migration into the intestinal epithelium during 

Salmonella infection (Lee et al., 2000). Both models induced significant and robust migration 

that was significantly attenuated with MANS peptide treatment. These findings are also 

consistent with previous reports identifying a role for MARCKS in in vitro neutrophil 

chemotaxis (Sheats et al., 2015, 2014). 

Salmonella is known for utilizing reactive oxygen species for survival, and the bacterium 

is known to induce respiratory burst in human neutrophils (Hiyoshi et al., 2018; Westerman et 

al., 2018). We sought to determine whether MARCKS protein played a role in STm-induced 

respiratory burst. Previous findings demonstrated that STm-induced neutrophil respiratory burst 

required whole serum (Westerman et al., 2018). We utilized autologous serum in the respiratory 

burst experiments to eliminate autofluorescence issues observed with purchased whole bovine 

serum and to obtain maximal respiratory burst. Our results demonstrate marked variability in 

respiratory burst in our study population, which is likely due to the varying age, gestation stage, 

and prior exposure to Salmonella. We also observed relatively low levels of respiratory burst 

activity compared with our previous reports in STm-stimulated human neutrophils (Westerman 

et al., 2018). Despite this, our AUC data show that treatment of primary bovine neutrophils with 

low concentrations of MANS peptide enhanced STm-stimulated neutrophil respiratory burst. 

This is a novel finding, given that previous research demonstrated that MARCKS inhibition 

(with the MANS peptide) either attenuated immune-complex induced respiratory burst, or had no 

effect on PMA-induced respiratory burst (Sheats et al., 2014).  

Neutrophils are designed to kill bacteria through phagocytosis and subsequent release of 

ROS into the phagolysosome. We next sought to determine whether MARCKS played a role in 
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neutrophil phagocytosis of a GFP-expressing wild type STm. Similar to the respiratory burst 

data, our results demonstrate that inhibition of MARCKS with the MANS peptide enhances 

neutrophil phagocytosis of STm. The finding that MARCKS inhibition enhanced neutrophil 

respiratory burst and phagocytosis of STm is novel. This is the first report of enhancement of 

neutrophil effector functions with MANS-mediated MARCKS inhibition. In previous studies 

using MARCKS-/- and WT fetal liver derived murine macrophages, Carballo et al. found no 

difference or a slight decrease in MARCKS-/- macrophages, depending on the stimulus (Carballo 

et al., 1999). The differences between our result and theirs could be due to differences in 

stimulus, differences between a function blocking peptide versus protein knockout, or the 

extremely high phagocytic index in their study that could preclude their ability to detect 

enhancement. Enhanced neutrophil phagocytosis and ROS production with MARCKS inhibition 

could suggest that MARCKS has a negative regulatory role in these functions or cooperates with 

a different negative regulator protein. There are a few known negative regulators of 

phagocytosis, including the Src kinase Fgr and SHIP (Cox et al., 2001; Gresham et al., 2000). 

Further studies are needed to determine how MARCKS regulates Salmonella-induced neutrophil 

phagocytosis and respiratory burst.  

On a molecular level, it is possible to speculate how MARCKS inhibition may enhance 

neutrophil phagocytosis. During early phagocytosis, PIP2 is synthesized, accumulates at the 

phagocytic cup, and may control actin assembly at the phagosome. Phospholipase C (PLC) 

degrades PIP2, producing the lipid messenger diacylglycerol (DAG). Further cytoskeletal 

changes occur due to either the decrease in PIP2 or increase in DAG. At the same time, 

phosphatidylinositol 3-kinase (PI3K) converts to PIP2 to PIP3, triggering closure of the 

phagosome (May and Machesky, 2001). While at the plasma membrane, MARCKS is known to 
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sequester 3-4 PIP2 molecules. Therefore, when MARCKS inhibition with MANS displaces 

MARCKS protein from the plasma membrane to the cytosol, there is an increase in PIP2 at the 

plasma membrane. Given that PIP2 plays such an important role in phagocytosis, it is possible 

that the increase in PIP2 availability is the reason for enhanced phagocytosis during MARCKS 

inhibition.  

Neutrophils utilize both β2-integrins (also known as complement receptor 3 – CR3) and 

Fc receptors to mediate the engulfment of pathogens. In the current study, STm were serum-

opsonized prior to stimulation, which likely initiated a phagocytosis mediated by both CR3 and 

Fc receptors (Ishibashi and Arai, 1996; van Bruggen et al., 2007). However, we did not use any 

blocking antibodies to determine if either of the receptors had a dominant effect. In addition to 

Fc receptor and CR3 recognition of Salmonella, toll-like receptors 2, 4, and 5 are also important 

in the recognition and internalization of Salmonella (Arpaia et al., 2011; Blander and Medzhitov, 

2004; Feuillet et al., 2006; van Bruggen et al., 2007). TLR2/4 stimulation is also known to 

activate the β2-integrin Mac-1 (Torres-Gomez et al., 2020). Thus, it is apparent that neutrophil 

recognition of Salmonella results in the activation of β2-integrins either directly or indirectly 

through Fc receptors or toll-like receptor signaling. Our findings that MARCKS inhibition 

attenuated both neutrophil adhesion and migration is consistent with our previously published 

results. Both adhesion and migration are known to be β2-integrin-dependent, and we have 

previously ascribed a role for MARCKS in neutrophil β2-integrin-dependent neutrophil functions 

(Sheats et al., 2014). LPS stimulation induces β2-integrin-dependent cell spreading (Schmidt et 

al., 2001), reinforcing the likelihood that Salmonella induces β2-integrin-dependent adhesion. 

Although our current investigation did not utilize specific β2-integrin inhibitors, we hypothesize 

that diverging effects of MARCKS inhibition on STm-induced neutrophil responses could be 
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explained by the difference β2-integrin-dependent (adhesion and migration) and independent 

(phagocytosis and respiratory burst) neutrophil effector functions induced by Salmonella.  

Formation of the Nicotinamide adenine dinucleotide phosphate-oxidase/Nox2 (NADPH) 

oxidase system and subsequent respiratory burst is intimately associated with neutrophil 

phagocytosis. Assembly of the 5 subunits of the phagocyte oxidase complex (gp91phox, 

p22phox, p40phox, p47phox, and p67phox) can be detected as early as 30 seconds after the onset 

of phagocytosis (Allen et al., 1999; DeLeo et al., 1999; Karimi et al., 2014). In light of this 

connection between these mechanisms, it seems plausible that the slight enhancement of ROS 

production that we observed is simply a predictable sequela to the enhanced phagocytosis caused 

by inhibition of MARCKS with the MANS peptide. At this time, it is unknown whether the 

enhanced phagocytosis and respiratory burst results in increased killing of Salmonella. 

Experiments to determine whether MANS peptide treatment enhances the killing of STm are 

ongoing.  

Our results show that MARCKS protein function plays a significant role in multiple 

neutrophil effector responses to Salmonella Typhimurium in vitro but is dispensable for others.  

Future investigations will determine whether this difference is due to differences in β2-integrin 

dependent versus independent neutrophil responses to Salmonella. From a novel target 

standpoint, our results regarding MARCKS inhibition as a way to limit neutrophil-mediated host 

damage are promising. MARCKS inhibition may offer a strategy to limit excess neutrophil 

recruitment to sites of infection or inflammation (inhibition of adhesion and migration), while 

still preserving neutrophil host defense mechanisms (phagocytosis and respiratory burst). In this 

study we utilized the MANS peptide was used to inhibit MARCKS function in neutrophil 

responses to Salmonella. Although MANS peptide worked well in our in vitro evaluation, the 
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peptide is quite small and would not withstand the harsh protease-rich environment of the 

intestine. Therefore, alternative delivery methods or compound modifications would be needed 

in order to further investigate MARCKS-targeting as a therapeutic strategy in vivo.  
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FIGURES 

 

Figure 1. Treatment of primary bovine neutrophils with ED peptide compromises cell 

viability. Neutrophils were treated with indicated concentrations of peptide or PBS (untreated) 

for 90 minutes, stained by propidium iodide, then analyzed by flow cytometry. Data represented 

as mean ± SD (n=2). p*<0.05 when compared to untreated cells. 

 



   

124 

 

 

Figure 2. Treatment of primary bovine neutrophils with MANS peptide attenuates STm-

induced neutrophil adhesion. Calcein-loaded neutrophils were stimulated with STm at MOI 

50:1 for 1 hour prior to serial washing and fluorescence measurements as detailed in the methods 

section. Data represented as mean ± SD (n=7). p*<0.05 vs STm.  
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Figure 3. Treatment of primary bovine neutrophils with MANS attenuates STm- and 

STm+IL8-induced neutrophil migration. Calcein-loaded neutrophils were pretreated with 

indicated concentrations of peptide and placed on top of the membrane in a ChemoTx plate and 

either STm alone (MOI 50:1) (A) or STm (50:1) + 10 ng/mL IL-8 (B) were to the bottom wells 

to induce chemotaxis. The chemotaxis plate was incubated for 1 hour at 37ºC and 5% CO2. The 

cells on top of the membrane were removed and the fluorescence of migrated cells were 

determined. Data represented as mean ± SD (n=3). p*<0.05 vs STm.  
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Figure 4. Treatment of primary bovine neutrophils with low concentrations of MANS 

peptide enhances STm-induced neutrophil respiratory burst. Neutrophils were pretreated 

with indicated concentrations of MANS peptide for 30 minutes prior to plating in 96 well plate. 

DPI NADPH oxidase inhibitor was used as a positive control for inhibition. DHR-123 was added 

to wells, and cells were stimulated with STm (MOI 50:1). Fluorescence was measured for 2 

hours and fold change from the unstimulated control was calculated for 60 minutes (A), 75 

minutes (B), and 90 minutes (C) into stimulation. Area under the curve was also analyzed by 

ordinary one-way ANOVA with Dunnett’s multiple comparisons test (D). Data represented as 

mean ± SD (n=7). p*<0.05 vs STm. 
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Figure 5. Treatment of primary bovine neutrophils with MANS peptide enhances 

neutrophil phagocytosis of GFP-STm. Peptide-treated bovine peripheral neutrophils were 

incubated with opsonized GFP-STm (25:1) for indicated times at 37°C with 5% CO2. A cold 

control containing cells and GFP-STm was included as a negative control for phagocytosis. 

Percentage of GFP-positive neutrophils was determined using histogram gating (A-B), and mean 

fluorescence intensity (MFI) was also determined using FlowJo analysis (C-D). Data represented 

as mean ± SD (n=5). p*<0.05 vs STm.  
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Figure 6. Neutrophil phagocytosis of GFP-STm. Peptide-treated bovine peripheral neutrophils 

were incubated with opsonized GFP-STm (25:1) for 75 minutes at 37°C with 5% CO2 and then 

stained with wheat germ agglutinin (WGA) (red) and DAPI (blue). (A) unstimulated, (B) 

neutrophils + GFP-STm kept on ice (cold control), (C) STm stimulation, (D) 100 µM MANS, 

and (E) 100 µM RNS. Representative image of three independent experiments.  
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Supplemental Figure 1. ED peptide induces respiratory burst in neutrophils. Isolated 

neutrophils were primed for 30 minutes with GM-CSF then treated with indicated concentrations 

of peptide for 30 minutes. Cells were plated in 96 well plate, DHR added, and fluorescence was 

read every 15 minutes for 90 minutes. Data represented as mean ± SD (n=3). Ordinary one-way 

ANOVA with Dunnett’s multiple comparisons test. *p<0.05 vs unstimulated. 
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Supplemental Figure 2. ED peptide induces cell cytotoxicity that is unique from apoptosis. 

Neutrophils were treated with indicated concentrations of peptide or PBS (untreated) for 90 

minutes, stained by propidium iodide and Annexin V, then analyzed by flow cytometry. 

Representative image of three independent experiments.  
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Supplemental Figure 3. Effects of ED peptide on Salmonella-induced neutrophil 

inflammatory functions. (A) STm-induced adhesion of ED peptide treated neutrophils (n=6), 

(B) Neutrophil chemotaxis induced by STm (n=6), (C) Neutrophil chemotaxis induced by STm + 

10 ng/mL IL-8. Phagocytosis of GFP-STm (25:1) by ED peptide treated neutrophils determined 

by %GFP+ neutrophils (D-F) and GFP+ MFI (G-I) (n=5).  
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ABSTRACT 

Introduction: Asthma is a chronic inflammatory airway disease that affects millions of people 

worldwide. Aside from cats, horses are the only other species to develop spontaneous asthma, 

positioning them as a relevant and translational model for human asthma. Many studies have 

implicated MARCKS protein, an important regulator of inflammatory cells, as a potential 

therapeutic target for asthma. Using horses as a natural model of asthma, we investigated 

MARCKS protein levels in horses with no, mild/moderate or severe airway inflammation. 

Further, we investigated whether MARCKS inhibition decreased inflammatory responses in 

zymosan-stimulated alveolar macrophages and peripheral neutrophils. Methods: BALF from 

pastured teaching horses was evaluated for cytology, asthma classification, and MARCKS 

protein analysis. Isolated alveolar macrophages and peripheral neutrophils were stimulated with 

zymosan to evaluate MARCKS inhibition in respiratory burst and cytokine secretion. Results: 

We found an upregulation of MARCKS protein in BALF in mild/moderate and severe asthmatic 

horses when compared to normal horses. MARCKS inhibition attenuated zymosan-stimulated 

respiratory burst in both alveolar macrophages and peripheral neutrophils but had no effect on 

release of TNFα, IL-1β, and IL-8. Conclusion: This study is the first to describe changes in 

MARCKS protein expression in BAL cells from horses with asthma and demonstrate MARCKS 

inhibition of zymosan-stimulated alveolar macrophage and neutrophil respiratory burst.  
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INTRODUCTION 

Asthma is a chronic inflammatory airway disease that manifests with cough, shortness of 

breath, chest tightness and wheeze caused by bronchorestriction, airway hyper-responsiveness, 

excess mucus, and airway remodeling. There are several phenotypes of asthma, including early 

versus late onset, allergic versus non-allergic, steroid resistant versus steroid sensitive, and 

asthma of variable disease severity (Hamilton and Lehman, 2020). Animal modeling in asthma 

has been difficult to achieve because rodents do not naturally develop asthma and fail to translate 

well to human asthma (Davis and Sheats, 2020); however, horses have recently gained 

recognition as a relevant and translational asthma model. Aside from cats, horses are the only 

other animal species that spontaneously develops asthma, referred to as equine asthma syndrome 

(EAS) (Leclere et al., 2011). The most common form of EAS is mild/moderate (mEAS) where 

60% or more horses are afflicted. However, 10-20% of adult horses in temperate climates suffer 

from severe EAS (sEAS) (Davis and Sheats, 2019).  

EAS and human asthma both result from similar environmental exposures and/or genetic 

predisposition (Ewart and Robinson, 2007), especially asthma occurring in farmers (Sheats et al., 

2019). Airborne organic dust exposure is the most common environmental trigger in agriculture 

workers and horses with asthma. Organic dust consists of a mixture of many potential antigens, 

including particulate matter, endotoxins or lipopolysaccharide (LPS), peptidoglycans, noxious 

gases, and β-D-glucans (Ivester et al., 2014; Poole and Romberger, 2012). Following inhalation, 

the airborne organic dust is recognized by the respiratory epithelial cells and alveolar 

macrophages, causing these cells to release proinflammatory mediators and neutrophil 

chemoattractants in addition to undergoing respiratory burst.  
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Myristoylated Alanine-Rich C-Kinase Substrate (MARCKS) has been identified as an 

essential regulator of inflammatory cells and a promising target for asthma treatment. MARCKS 

is a 32 kDa substrate for Protein Kinase C (PKC) that is expressed ubiquitously in eukaryotic 

cells. In various types of cells at rest, including macrophages (Rosen et al., 1990), MARCKS 

localizes to the inner leaflet of the plasma membrane, crosslinking actin filaments. MARCKS 

binds the plasma membrane via its highly basic serine-rich effector domain (ED), which interacts 

electrostatically through with lipids, and the myristoylated N-terminus, which inserts 

hydrophobically into the membrane core (Arbuzova et al., 2002). While localized to the plasma 

membrane, MARCKS ED domain binds to and sequesters up to four molecules of 

phosphatidylinositol 4,5-bisphosphate (PIP2). MARCKS-PIP2 binding is disrupted when cells 

receive activation signals that induce PKC-mediated phosphorylation or calcium/calmodulin 

binding of the ED domain. MARCKS is then displaced to the cytosol, resulting in actin 

reorganization and release of PIP2 molecules (Arbuzova et al., 2002; Sundaram et al., 2004; 

Ziemba and Falke, 2018). Due to its critical role in actin reorganization and PIP2 molecule 

sequestration, MARCKS has been recognized to play pivotal roles in diverse biological 

processes including cell motility, phagocytosis, membrane trafficking and secretion (Arbuzova et 

al., 2002; Green et al., 2011; Seykora et al., 1996). MARCKS is also a key regulator of 

neutrophil functions including migration, adhesion, degranulation, cytokine secretion and 

respiratory burst (Eckert et al., 2010; Li et al., 2013; Sheats et al., 2014; Takashi et al., 2006). A 

MARCKS-specific inhibitor peptide known as MANS (Myristoylated N-terminal Sequence) 

peptide is identical to the first 24 amino acids of the N-terminal region of MARCKS and has 

been reported to attenuate equine neutrophil migration, adhesion and respiratory burst (Sheats et 

al., 2014), as well as production of LPS-induced cytokines in canine neutrophils (Li et al., 2013).  
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Early studies on MARCKS showed that levels of this protein were significantly increased 

in neutrophils following LPS and TNFα stimulation, coinciding with increased MARCKS 

phosphorylation (Thelen et al., 1990). In a recent study using a murine model of steroid-resistant 

asthma, Wang and colleagues showed that suppressing MARCKS phosphorylation attenuated 

asthma symptoms and severe neutrophilic inflammation (Wang et al., 2019). Given the important 

role that MARCKS plays the inflammatory functions of neutrophils and macrophages and the 

animal model evidence supporting MARCKS as a potential target for asthma, we investigated 

MARCKS as a therapeutic target to combat cellular inflammatory responses in severe asthma.  

MATERIALS AND METHODS 

Main study population – North Carolina State University (NCSU) 

All procedures performed for the purposes of this study were approved by the North Carolina 

State University Institutional Animal Care and Use Committee (IACUC 16-0740O and 19-779). 

Horses included in this study were university owned adult teaching horses that lived on the 

pasture or client-owned horses. All horses lived in the southeastern United States. The horses 

were 6 to 24 years of age, and of mixed breed and gender (Table 1). The horses received no 

medications during the study. All horses received a physical exam and a BAL. Horses sampled 

for the protein ELISA also received a clinical score. The clinical score was determined based on 

the previously described scoring system, which considers respiratory rate, frequency of cough, 

nostril flare, abdominal lift and nasal discharge (Davis and Sheats, 2019). 

Subpopulation – Equine Respiratory Tissue Bank (ERTB) 

BAL cell lysates from an additional 24 horses with EAS were obtained from the Equine 

Respiratory Tissue Biobank (ERTB) (JP Lavoie). These samples were used to conduct a separate 

secondary investigation of MARCKS levels in the BAL cell lysates of horses with documented 
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clinical signs and pulmonary function abnormalities. The horses of the subpopulation were 9 to 

24 years of age and of mixed breeds and gender (Table 2). Each horse received a physical 

examination, lung function test including Delta PpL, pulmonary resistance and elastance, and a 

BAL, except for three horses where lung function test was not performed. Delta PpL was 

computed as the difference between airway pressure and pleural pressure. Pleural pressure was 

measured indirectly as esophageal pressure using an esophageal balloon catheter. Pulmonary 

resistance and elastance were calculated from the airflow data that was measured using 

pneumotachograph mounted on the face mask and connected to a differential pressure 

transducer. 

Bronchoalveolar lavage and sample processing 

BALF samples were collected as described previously (Davis and Sheats, 2019). Briefly, after 

intravenous premedication with sedative (0.005-0.01mg/kg detomidine and 0.02-0.04 mg/kg 

butorphanol), a local anesthetic gel (lidocaine) was applied at the nostril. The BAL was then 

performed with a 3-meter cuffed Bivona® tube, with two 150-250mL boluses of sterile isotonic 

saline solution. Recovered BALF samples were pooled and placed on ice for protein lysate 

collection, or kept at room temperature for ex vivo experiments, and processed within an hour of 

collection. One Protease inhibitor (cOmplete™ ULTRA, Roche) tablet was added per 50mL 

BAL samples processed for cell lysate. 

Cytological analysis 

Cells (100 μL) were collected on object slides by cytospin centrifugation with 50 μL 30% BSA 

and stained by Wrights-Giemsa. Differential count was performed using a light microscope by 

counting 300 cells/slide for ELISA samples and 500 cells/slide for ex vivo experiment samples.  

Disease classifications 
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Horses were classified as normal, mild/moderate inflammation, or severe inflammation 

according to their physical exam and BAL cytology (Table 3). Horses with respiratory signs at 

rest were considered severe. Fractional numbers were rounded to the nearest whole number. 

Lysate preparation 

The BALF was filtered through sterile gauze to remove mucus and was spun at 1500 rpm for 10 

minutes. The mixed BAL cells were resuspended in Hank’s balanced salt solution (HBSS). The 

cells were lysed with ice cold RIPA buffer [1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium 

dodecyl sulfate (SDS), 5 mM sodium pyrophosphate and 50mM sodium fluoride] containing 

protease inhibitors (cOmplete™ ULTRA tablets mini, Roche) and phosphatase inhibitors 

(Pierce™ Phosphatase Inhibitor Mini Tablets, Thermo Fisher) for 30 min on ice. After lysis, cell 

solutions were spun at 13,000 rpm for 10 min at 4 °C. Supernatants were collected stored at -80 

°C. 

Immunoblotting 

Protein concentrations in cell lysates were measured using BCA Protein Assay Reagent (Pierce). 

Cell lysate was mixed with NuPAGE LDS Sample Buffer (4X) (Thermo Fisher) and Sample 

Reducing Agent (10X) (Thermo Fisher) and boiled for 10 minutes. Equal amount of protein was 

analyzed in 4-12% SDS-PAGE with MES running buffer. Resolved samples were transferred to 

Immobilon-P PVDF membrane (Millipore) and blocked for 1 hours with 5% non-fat dry milk or 

5% BSA (for Phospho-MARCKS (Cell Signaling Technology)) with Tween-20 (TBS/T; 136 μM 

NaCl, 20 μM Tris-base (pH: 7.6) and 0.1% Tween-20 v/v) prior to overnight incubation with the 

1:1000 dilution of primary antibody in TBS/T at 4°C. Membranes were washed with TBS/T and 

incubated with 1:2000 dilution of anti-rabbit horseradish peroxidase (HRP) secondary antibody 

(Cell Signaling Technology) in 5% non-fat dry milk in TBS/T for one hour, washed three times 
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for 5 minutes each, developed using Bio-Rad Clarity Western ECL Substrate, and imaged using 

a Bio-Rad ChemiDoc. Western blot images were analyzed in Image Lab.  

ELISA 

Analysis of MARCKS was carried out using equine-specific MARCKS ELISA kit 

(MyBioSource) per the manufacturer’s protocol. MARCKS ELISA results were normalized to 

the total protein concentrations determined using either BCA Protein Assay Reagent (Pierce), or 

nanodrop (used due to limited quantity of lysate from the ERTB). Equine-specific TNFα (R&D 

systems), IL-1β (R&D systems), and IL-8 (Genorise) ELISAs were carried out per the 

manufacturer’s protocol. For the TNFα ELISA, cell culture supernatants were diluted 1:100 prior 

to analysis.  

Alveolar macrophage isolation 

The BALF was filtered through sterile gauze to remove mucus and was spun at 1500 rpm for 10 

minutes. The mixed BAL cells were resuspended in Hank’s balanced salt solution (HBSS), and 

following total cell count and differential count determination, centrifuged at 1500 rpm for 10 

minutes. Based on the calculated total alveolar macrophage count, mixed BAL cells were 

resuspended in RPMI 1640 medium without phenol red (Thermo Fisher) supplemented with 10% 

heat inactivated fetal calf serum (Gibco). Alveolar macrophages were then seeded into plates at 

equivalent densities (between 700,000 and 1.0x106 cells depending on BALF macrophage %) 

and incubated for an hour to allow alveolar macrophages to adhere to the bottom of the well. The 

wells were then washed three times to remove nonadherent cells, and the remaining alveolar 

macrophages were incubated at 37 °C with 5% CO2 for at least 20 hours. 
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Zymosan stimulation of alveolar macrophages 

Alveolar macrophages were seeded in 24 well plates based on total alveolar macrophage count 

and incubated in air at 37 °C with 5% CO2 for an hour to allow alveolar macrophages to adhere 

to the bottom of the well. The wells were then washed three times so that nonadherent cells 

would be removed, and the remaining alveolar macrophages were incubated at 37 °C with 5% 

CO2 for at least 20 hours. The media was changed to RPMI 1640 medium without phenol red 

(Thermo Fisher) supplemented with 10% equine whole serum and the cells were then primed 

with 1 ng/mL equine GM-CSF (Kingfisher Biotech).  Following 30-minute incubation at 37 °C 

with 5% CO2, cells were stimulated with 100 μg/mL zymosan for 6 hours. For MARCKS 

inhibition, immediately after priming, cells were treated with 10, 25, 50 or 100 μM MANS 

peptide, 100 μM control RNS peptide or vehicle (PBS) for 30 minutes at 37 °C followed by 

zymosan for the pretreatment groups. For post-treatment groups, appropriate concentrations of 

MANS, RNS, or control were added 1 hour following zymosan stimulation. After 6-hour 

incubation at 37 °C with 5% CO2, the plate was centrifuged 300 x G for 5 minutes, supernatants 

collected into Eppendorf tubes, then centrifuged again at 1300 x rpm for 3 minutes to pellet 

remaining cellular components. Cell-free supernatants were collected and frozen at -80°C until 

ELISA analysis. 

Peripheral blood neutrophil isolation 

Peripheral blood neutrophils were isolated from equine whole blood using density gradient 

centrifugation method. Heparinized whole blood was collected from donor horses via jugular 

venipuncture. The collected whole blood was kept at room temperature in sterile conical tubes to 

allow erythrocytes to settle at the bottom. The supernatant (leukocyte-rich plasma) was collected, 
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placed onto Ficoll-Paque Plus (GE Healthcare) layer. Following centrifugation, erythrocyte 

contamination within the neutrophil pellet was removed by 1-minute hypotonic lysis. 

Respiratory burst 

Production of reactive oxygen species (ROS) was determined by luminol-enhanced 

chemiluminescence. Alveolar macrophages were seeded into 96-well plate at a density of 100 x 

103 cells per well and incubated at 37 °C with 5% CO2 for an hour to allow alveolar 

macrophages to adhere to the bottom of the well. The wells were then washed three times so that 

nonadherent cells would be removed, and the remaining alveolar macrophages were incubated at 

37 °C with 5% CO2 for at least 20 hours. The media was changed to RPMI 1640 medium without 

phenol red (Thermo Fisher) supplemented with 10% equine whole serum and the cells were then 

primed with 1 ng/mL equine GM-CSF (Kingfisher Biotech). For the MARCKS inhibition 

experiment, immediately after priming, the cells were treated with 10, 25, 50 or 100 μM MANS 

peptide, 100 μM control RNS peptide or vehicle for 30 minutes at 37 °C. The cells were then 

stimulated with 100 μg/mL zymosan (Millipore Sigma) or vehicle. 1mM luminol was added to 

each well, and luminescence was measured every 15 minutes for 5 hours using a Synergy HTX 

Multi-Mode Microplate Reader (Biotek). Peripheral blood neutrophils were also stimulated with 

100 μg/mL zymosan or vehicle as described previously (Sheats et al., 2014) and detected using 

luminescence. 

Statistical Analyses 

All analyses were performed using GraphPad Prism (GraphPad Software). Data were 

tested for normality by Shapiro-Wilk test. One-way ANOVA with Tukey’s post-hoc test was 

used to analyze normally distributed data. Nonparametric Kruskal-Wallis ANOVA with Dunn’s 

post-hoc test was used to analyzed non-normally distributed data. Chi-square test was performed 
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to determine whether there was a significant difference in the sex distribution among groups. 

Correlation between the normalized MARCKS and MARCKSL1 levels and the BALF cytology 

results was determined by Pearson’s correlation coefficient analysis. For all analyses, p<0.05 

was considered statistically significant. 

RESULTS 

MARCKS upregulation in BAL cell lysates from horses with mild/moderate and severe 

inflammation 

To investigate whether there were alterations in MARCKS protein in horses with 

inflammation, nineteen pastured horses were sampled. Results of physical examination as well as 

BALF differential cell counts from the NCSU population are provided in Table 1. Of those, one 

horse had respiratory signs at rest despite <20% BALF neutrophils and was therefore included in 

the severe inflammation group. Of the remaining eighteen horses, four horses had normal BALF 

cytology, ten had mild/moderate inflammation, and four had severe inflammation. The results 

from the ERTB population are provided in Table 2. Out of the 24 horses, seven horses were 

considered normal, ten were mild/moderate, and seven were severe. The ERTB population was 

also tested for pulmonary function. Delta PpL and pulmonary resistance were significantly 

different between the normal, mild/moderate, and severe groups (Supplemental Figure 1). 

BAL cell lysates from both the NCSU and the ERTB populations were analyzed by 

ELISA to determine if MARCKS protein was upregulated in the lungs of horses with EAS. 

MARCKS equine specific ELISA showed a significant difference in normalized MARCKS 

levels in BAL cell lysates from the NCSU population horses with mild/moderate inflammation 

and severe inflammation compared to normal horses (Figure 1A). A significant difference was 

also found in the normalized MARCKS levels in the ERTB population lysates from horses with 
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no inflammation vs. severe inflammation (Figure 1B). In the NCSU population, there was no 

significant correlation between the normalized MARCKS levels and percentage of specific cell 

types in the BALF (Supplemental Figure 2A-E). Similarly, no significant correlation was found 

in between normalized MARCKS levels and absolute counts of any specific cell types in the 

BALF (Supplemental Figure 2F-J). For the ERTB samples, there were significant positive 

correlations between normalized MARCKS levels and % BALF neutrophils and a trend towards 

positive correlation between MARCKS levels and absolute neutrophil counts (Supplemental 

Figure 3A, F). Significant negative correlation was found in MARCKS levels and % BALF 

macrophages (Supplemental Figure 3D). 

Given that levels of MARCKS were increased in mild/moderate and severe EAS groups, 

we investigated whether phospho-MARCKS and total MARCKS protein were increased in BAL 

cells from horses with EAS. Total MARCKS expression was increased in BAL samples from 

horses with EAS (Figure 2), supporting our ELISA data. However, phospho-MARCKS did not 

appear to be increased in our samples.   

The effects of MARCKS inhibition on zymosan-stimulated equine alveolar macrophages 

and neutrophils 

Airway neutrophilia is marked in horses with heaves, and these neutrophils express 

mRNA for cytokines including tumor necrosis factor alpha (TNFα) and interleukin-8 (IL-8) 

(Ainsworth et al., 2006, 2003; Giguère et al., 2002; Horohov et al., 2005).  Previous studies have 

shown that inhibition of MARCKS with the MANS peptide is able to inhibit in vitro mRNA and 

protein expression of the pro-inflammatory mediators IL-8 and TNFα by canine neutrophils (Li 

et al., 2013) and IL-6 and TNFα by murine peritoneal macrophages (Lee et al., 2015). Zymosan 

is a cell well preparation of Saccharomyces cerevisiae, which is primarily composed of β1,3-
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glucan core linked to chitin and β1,6-glucans. Beta-glucans are one of the main environmental 

triggers of EAS (Ivester et al., 2018) and are also common triggers for farmers with asthma 

(Poole and Romberger, 2012; Sheats et al., 2019). Therefore, the effect of MANS-mediated 

MARCKS inhibition on in vitro cytokine secretion from alveolar macrophages stimulated by 

zymosan was evaluated. Rested alveolar macrophages were primed with equine GM-CSF, 

treated with MANS peptide for 30 minutes prior to stimulation with 100 ug/mL zymosan for 6 

hours. The supernatants were harvested and analyzed for TNFα and IL-8. Zymosan induced 

significant cytokine production of both TNF α and IL-8 in alveolar macrophages. However, 

MANS peptide treatment had no effect on the production of either cytokine (Figure 3). 

Staurosporine-mediated PKC inhibition significantly decreased TNFα production (Figure 3A). 

Although insignificant, MANS peptide treatment trended to decrease IL-8 production (Figure 

3B). 

Reactive oxygen species production (ROS) by innate immune cells, such as neutrophils 

and macrophages, contributes to the progression of inflammation in the lung. Excessive ROS 

production results in oxidative stress, resulting in tissue damage and encourage disease 

progression (Bullone and Lavoie, 2017; Mittal et al., 2014; Paola Rosanna and Salvatore, 2012). 

Given that ROS production is such an important driver of lung inflammation, the effect of 

MARCKS inhibition on ROS production was evaluated in zymosan-stimulated alveolar 

macrophages using luminescence. Zymosan elicits a robust respiratory burst response in alveolar 

macrophages within 30 minutes of stimulation (Figure 4). At peak stimulation, MANS peptide 

treatment attenuated zymosan-stimulated ROS production in a concentration dependent manner. 

In severe EAS, neutrophil infiltration induces lung inflammation. The respiratory burst response 

of peripheral blood neutrophils stimulated by zymosan was determined. Similar to alveolar 
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macrophages, zymosan stimulated significant ROS production by neutrophils (Figure 5). MANS 

peptide treatment significantly attenuated respiratory burst in a concentration dependent manner. 

The control peptide RNS had no effect. Taken together, these data demonstrate that MARCKS 

inhibition with MANS peptide attenuates zymosan-induced ROS production in both alveolar 

macrophages and peripheral blood neutrophils.  

DISCUSSION 

The goal of this study was to evaluate MARCKS protein as a potential target for asthma 

treatment. Using horses as a spontaneously occurring disease model, we first determined whether 

levels of MARCKS and phospho-MARCKS are altered in BAL isolated airway cells from horses 

with mild/moderate and/or severe EAS. We found that the levels of MARCKS protein was 

significantly increased in the BAL cell lysates from horses with inflammatory BALF cytology 

results compared to those from horses with no lower airway inflammation. The significance of 

MARCKS protein in inflammation is well characterized. To this date, many studies have 

associated MARCKS with neutrophil and macrophage function (Carballo et al., 1999; Green et 

al., 2012; Lee et al., 2015; Sheats et al., 2015, 2014). The increase in MARCKS protein levels 

seen in the BAL cell lysates from horses with lower airway inflammation is in agreement with 

these previous studies and are also consistent with the previous reports that describe significant 

activation of airway neutrophils and alveolar macrophages in horses with EAS (Joubert et al., 

2011; Vargas et al., 2017). Supporting our ELISA results, we were able to show an increase in 

total MARCKS in BAL cell lysates from horses with mild/moderate and severe EAS. The 

increase in the MARCKS protein levels in the BAL cell lysates from horses with lower airway 

inflammation is consistent with a previous study that showed increased MARCKS levels in 

TNFα- and LPS-stimulated human neutrophils (Thelen et al., 1990). 
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A critical regulator of MARCKS function is phosphorylation by PKC (Bubb et al., 1999; 

Seykora et al., 1996), which results in the  release of actin and PIP2. MARCKS plays an 

essential role in many actin- and PIP2-dependent events such as migration (Eckert et al., 2010; 

Sheats et al., 2015; Ziemba and Falke, 2018), adhesion (Sheats et al., 2014), cytokine secretion 

(Damera et al., 2010; Haddock et al., 2014) and respiratory burst (Sheats et al., 2014), all of 

which are important inflammatory cellular functions. A previous study demonstrated increased 

MARCKS phosphorylation in the lung homogenates of mice using a murine model of steroid-

resistant asthma (Wang et al., 2019). Based on the previous studies, it can be hypothesized that 

MARCKS phosphorylation is increased in the BAL cells from horses with EAS. However, we 

were unable to show an upregulation of phospho-MARCKS in BAL cell lysates from horses with 

EAS. The samples used for western blotting were from the mostly asymptomatic NCSU 

population; therefore, future studies using symptomatic horses will be warranted to properly 

assess MARCKS phosphorylation during severe asthma.  

The MARCKS levels were further analyzed to evaluate correlations between the protein 

levels and the BALF cytology results. The overall BALF cellularity increases in horses with 

EAS (Barton and Gehlen, 2016), although differential cell count does not reflect the change in 

the overall cellularity. Also, % macrophages in the BALF is known to decrease in horses with 

EAS as % neutrophils increase (Couëtil et al., 2016). Therefore, the correlations between protein 

levels and absolute cell counts in addition to %BALF cell types were analyzed. Given the airway 

neutrophilia in horses with EAS and increase in the MARCKS in neutrophils, we hypothesized 

that MARCKS levels would be positively correlated with % BALF neutrophils and absolute 

neutrophil count in the BALF. When correlations between MARCKS levels and BALF cytology 

results were evaluated, the results were variable between the two populations. While there was a 
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significant positive correlation between normalized MARCKS levels and %BALF neutrophils in 

macrophages in the ERTB population, no significant correlations were found in the normalized 

MARCKS levels and %BALF cell types in the NCSU population. There were no significant 

correlations found in the normalized MARCKS levels and absolute counts of any specific cell 

types in either of the populations. The lack of consistent patterns of correlation between 

MARCKS and the percentage and the absolute count of specific cell types may be explained by 

the global expression of MARCKS. The difference in the degree of cell activation may also 

contribute to the variable correlation results of other cell types including neutrophils. This is a 

possibility considering that EAS affected horses in the ERTB population were symptomatic 

while the EAS affected horses in the NCSU population were mostly asymptomatic. Future 

studies evaluating the correlation between MARCKS protein levels, and the cell activity markers 

will likely help evaluate this possibility. 

Horses with mEAS, by definition, do not show respiratory signs at rest. Therefore, BALF 

cytology is considered a useful method to detect lower airway inflammation in horses especially 

in horses with mEAS. BAL is a noninvasive procedure that requires minimal equipment. 

However, BALF cytology has limitations as it does not always correlate with lung biopsy 

findings (Naylor et al., 1992). For the investigation of MARCKS protein levels, the horses that 

participated were grouped as normal, mEAS or sEAS based on the BALF cytology. The horses 

in the subpopulation received pulmonary function testing to aid in the disease classification, 

although this testing was not available for the horses in the main population. Performing further 

testing, such as evaluation for clinical signs upon exercise, airway hyperreactivity or lung biopsy, 

would have added useful information regarding the disease status of the horses included in this 

study and provide better information for translating this research to human asthma.   
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Following exposure to organic dust, alveolar macrophages become activated and release 

proinflammatory mediators including IL-6, CXCL1 and CXCL2 (Poole et al., 2012), as well as 

reactive oxygen species (Bullone and Lavoie, 2017). In response to these signals, large numbers 

of neutrophils are recruited to the airways. Indeed, as neutrophils are removed from the airways 

via phagocytosis and apoptosis, the severity of clinical signs of horses with EAS diminishes 

(Brazil et al., 2005). In a mouse model of neutrophilic airway inflammation, Damera et al. 

reported that MARCKS inhibition significantly attenuates neutrophilic infiltration and 

significantly reduced BALF levels of CXCL1, IL-6 and TNFα (Damera et al., 2010).  Taken 

together, the responses of alveolar macrophages and neutrophils are contributing factors of the 

symptoms and tissue damage in the airway of EAS affected horses, and thus targeting the 

inflammatory functions of neutrophils and macrophages is a viable strategy for the management 

of severe neutrophilic asthma.  

To investigate our hypothesis that MARCKS plays an essential role in the secretion of 

proinflammatory cytokines and ROS production, alveolar macrophages and peripheral blood 

neutrophils were stimulated with zymosan. Alveolar macrophages were treated with MANS 

peptide 30 minutes before stimulation with zymosan. Significant cytokine production of TNFα 

and IL-8 by zymosan stimulation was observed, but no significant differences mediated by 

MANS peptide were observed in cells stimulated for 6 hours. Although insignificant, MANS 

treatment trended to decrease IL-8 production by alveolar macrophages. In future studies, 

extending the incubation time may provide more information about cytokine production. Similar 

to previous studies, MANS peptide treatment attenuated reactive oxygen species production in 

both alveolar macrophages and peripheral blood neutrophils (Sheats et al., 2014). Our data 
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suggest that MARCKS inhibition may decrease the overall inflammation in the lungs by 

lowering ROS production, ultimately reducing oxidative stress-mediated tissue damage. 

Only alveolar macrophages and peripheral blood neutrophils were included in our ex vivo 

sEAS model. While alveolar macrophages and neutrophils are key cell types in the initiation and 

perpetuation of the lower airway inflammation in response to airborne triggers of severe asthma, 

there are other cell types that significantly contribute to the pathophysiology, including airway 

epithelial cells. As the lung’s first line of defense against airborne irritants, the airway epithelial 

cells secrete a variety of proinflammatory cytokines and chemokines that modulate host immune 

response (Message and Johnston, 2004; Takizawa, 1998). In the future, we plan to conduct 

studies using cultured respiratory epithelial cells to determine the role of MARCKS in the 

inflammatory responses of airway epithelial cells.  
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TABLES 

Table 1. Population data from NCSU herd.  

 

*Indicates horse grouped as sEAS due to respiratory signs at rest. 
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Table 2. Population data from ERTB herd.  
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Table 3. Equine asthma disease classifications based on BAL cytology 

Disease Classification % Neutrophils % Mast Cells % Eosinophils 

Normal ≤ 6% ≤ 2% ≤ 1% 

Mild/Moderate ≥ 7% but ≤ 20% (and/or) ≥ 3% (and/or) ˃ 1% 

Severe ≥ 20%   
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FIGURES 

 

Figure 1. MARCKS Levels in Horse Populations. MARCKS levels in BAL cell lysates from 

the NCSU population (n=18) (A) and the ERTB population (n=24) (B). The samples were tested 

for normality. The NCSU population was analyzed using nonparametric one-way ANOVA with 

Dunn’s multiple comparisons test. The ERTB population was analyzed using ordinary one-way 

ANOVA with Tukey’s multiple comparisons test. *p<0.05, **p<0.005. 
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Figure 2. Immunoblot of phospho- and total MARCKS in equine BAL cell lysates. BAL cell 

lysates from normal horses and horses with mild/moderate and severe disease were 

immunoblotted for phospho-MARCKS and total MARCKS.  
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Figure 3. Effects of MANS peptide treatment on alveolar macrophage cytokine secretion. 

Isolated alveolar macrophages were treated with indicated concentrations of MANS peptide 

either 30 minutes before or after stimulation with 100 ug/mL zymosan. Supernatants were 

collected for ELISA analysis of equine specific (A) TNFα and (B) IL-8. Data represented as 

mean ± SD, (n=7-9) for (A), n=3 for (B).  Data analyzed by one-way ANOVA with Dunnett’s 

multiple comparisons test. 
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Figure 4. ROS production by zymosan-stimulated equine alveolar macrophages pretreated 

with MARCKS inhibiting MANS peptide. (A) Stimulation with 100 ug/mL zymosan caused 

robust ROS production by alveolar macrophages. (B) Pretreatment with MANS peptide 

significantly attenuated ROS production by zymosan-stimulated alveolar macrophages at 30 

minutes. Data analyzed by repeated measures one-way ANOVA with Dunnett’s multiple 

comparisons test, n=8. *p<0.05 when compared to zymosan stimulation. 
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Figure 5. ROS production by zymosan-stimulated equine peripheral blood neutrophil 

pretreated with MARCKS inhibiting MANS peptide. (A) Stimulation with 100 ug/mL 

zymosan caused robust ROS production by alveolar macrophages. (B) Pretreatment with MANS 

peptide significantly attenuated ROS production by zymosan-stimulated alveolar macrophages at 

30 minutes. Data analyzed by repeated measures one-way ANOVA with Dunnett’s multiple 

comparisons test, n=6. *p<0.05 when compared to zymosan stimulation 
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Supplemental Figure 1. Pulmonary function test results of horses from ERTB 

subpopulation. (A) Delta PpL, (B) pulmonary resistance, and (C) Elastase were determined in 

the ERTB horse population. One-way ANOVA with Tukey’s multiple comparisons test (n=21). 

**p<0.005, ***p=0.001.  
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Supplemental Figure 2. Correlations between normalized MARCKS levels and BALF cells 

in NCSU population. Correlation between normalized MARCKS levels and BALF % 

neutrophils (A), % mast cells (B), % eosinophils (C), % macrophages (D), and % lymphocytes 

(E). Correlation between normalized MARCKS levels and absolute BALF counts of neutrophils 

(F), lymphocytes (G), macrophages (H), mast cells (I), and eosinophils (J). No significant 

correlation was found in between normalized MARCKS levels and the BALF cytology results. p 

values were calculated with Pearson’s correlation coefficient analysis. n=18 
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Supplemental Figure 3 Correlations between normalized MARCKS levels and BALF cells 

in ERTB population. Correlation between normalized MARCKS levels and BALF % 

neutrophils (A), % mast cells (B), % eosinophils (C), % macrophages (D), and % lymphocytes 

(E). Correlation between normalized MARCKS levels and absolute BALF counts of neutrophils 

(F), macrophages (G), mast cells (H), lymphocytes (I) and eosinophils (J). Significant positive 

and negative correlations are found between % BALF neutrophils and macrophages and 

normalized MARCKS levels, respectively. p values were calculated with Pearson’s correlation 

coefficient analysis. n=24. 
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Abstract 

Neutrophil extracellular trap (NET) formation is the most recently discovered neutrophil effector 

function deployed during infection and inflammation. NETs consist of extruded DNA that is 

decorated with antimicrobial proteins, such as neutrophil elastase, myeloperoxidase, and 

citrullinated histone 3. Although the mechanisms of NET release are yet to be fully elucidated, 

this process, like other neutrophil effector functions, may utilize β2-integrins. Previous research 

in our lab demonstrated that MARCKS protein plays an essential role in β2-integrin dependent 

neutrophil effector functions; therefore, we hypothesized that MARCKS protein would also be 

essential for NET formation. Neutrophils were treated with two different MARCKS inhibitor 

peptides and stimulated with PMA to induce NETs. We measured NETs using 3 different assays: 

SYTOX green detection of DNA, neutrophil elastase ELISA, and fluorescence microscopy. Our 

results demonstrate that MARCKS inhibition decreased the release of NET-DNA and obtained 

microscopy evidence that MARCKS inhibition diminished NET formation. MARCKS inhibition 

did not significantly affect the release of neutrophil elastase. These preliminary findings indicate 

that MARCKS may have an essential role in NET formation, but further studies are needed to 

determine the extent and the mechanism of its involvement.  

Introduction 

Neutrophils are considered the first responders of the immune system. When an infection 

occurs, tissue resident cells recognize the infection and produce chemoattractants, such as IL-8, 

for neutrophil recruitment. These signals form a gradient to the bloodstream, where circulating 

neutrophils will respond to the signal via G-protein coupled receptors (GPCRs). Neutrophil 

recognition through GPCRs trigger inside-out activation of neutrophil β2-integrins, resulting in 

the engagement of ligands, such as ICAM-1, on the vascular endothelium. Neutrophils then 
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crawl and move between endothelial cells, traveling to the infected tissue. Upon arrival at the site 

of infection, neutrophils unleash an arsenal of inflammatory functions to eliminate the pathogen 

or source of inflammation. One potential function is neutrophil extracellular trap (NET) 

formation, where the neutrophil attempts to capture the pathogen for destruction. 

NETs have been observed in response to various stimuli: inflammatory mediators 

(Brinkmann et al., 2004; Mitroulis et al., 2011), bacteria (Alyami et al., 2019; Brinkmann et al., 

2004; Fuchs et al., 2007), fungi (Byrd et al., 2013), parasites (Muñoz-Caro et al., 2015), and 

viruses, including SARS-CoV-2 (Jenne et al., 2013; Middleton et al., 2020; Narasaraju et al., 

2011; Saitoh et al., 2012; Thierry and Roch, 2020; Veras et al., 2020; Wardini et al., 2010). The 

process is characterized by the release of extracellular DNA that is decorated with antimicrobial 

proteins, such as citrullinated histone 3 (citH3), myeloperoxidase (MPO), and neutrophil elastase 

(NE) (Brinkmann et al., 2004). Two distinct pathways of NET formation have been identified; 

however, they are still incompletely understood. NADPH oxidase 2 (Nox)-dependent NET 

formation is induced by PMA, LPS, and microbes, while Nox-independent NETs are triggered 

by calcium ionophores and involve PAD4-mediated histone citrullination (Khan and Palaniyar, 

2017). In order for NETs to form, neutrophils must be able to adhere to the endothelium, 

extracellular matrix, or tissues (Kamoshida et al., 2018). NET formation also involves the 

neutrophil cell surface receptors β2-integrins (Byrd et al., 2013; Raftery et al., 2014; Rossaint et 

al., 2014). Our lab has previously shown that the actin-binding protein MARCKS plays an 

essential role in many β2-integrin dependent neutrophil functional responses, including adhesion, 

migration, and respiratory burst. We presented evidence in Chapter 3 that MARCKS protein has 

a demonstrated role in β2-integrin activation and signaling. The combination of this evidence led 

us to hypothesize that MARCKS protein would also have an essential role in NET formation. 
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Therefore, this short pilot study was designed to evaluate the role of MARCKS protein in NETs. 

Peptide inhibitors of MARCKS (MANS and BIO-11006) were used to evaluate MARCKS 

function in NET formation. MANS peptide inhibits MARCKS function by displacing MARCKS 

from the plasma membrane to the cytosol (Eckert et al., 2010). BIO-11006 is a smaller analog of 

MANS and has the same MARCKS-inhibitory effects. BIO-11006 reduces neutrophil-mediated 

lung inflammation in mice (Damera et al., 2010; Yin et al., 2016) and has completed phase 2 

clinical trials for several lung inflammatory conditions (www.biomarck.com/science/). Our 

results indicate that MARCKS may play an important role in NET formation.   

MATERIALS & METHODS 

Materials 

Isolation of human neutrophils 

Human blood collection protocols were reviewed and approved by the Institutional Research 

Ethics Committee of NCSU (IRB approval #616). For all neutrophil experiments, 10 - 30 mL of 

whole blood was collected using heparinized syringes from healthy human volunteers that 

provided consent for participation. Neutrophils were isolated from whole blood using Ficoll-

Paque Plus (GE Healthcare) density gradient centrifugation. Briefly, heparinized whole blood 

was mixed with 0.6% Dextran in a 15 mL polypropylene conical and allowed to settle at room 

temperature for 45-60 minutes. Up to 10 ml of leukocyte rich plasma was aspirated using a bulb 

syringe and layered on 5 mL of Fill in a separate 15 mL conical tube. Cells were then centrifuged 

at 1800 rpm for 20 minutes with the brake off. The supernatant was discarded and remaining 

blood cells within the cell pellet were removed by 60 seconds of hypotonic lysis. Isolated 

neutrophils were resuspended/washed in sterile HBSS without additives. Cell number and 

viability was quantified using trypan blue exclusion (1:1) and a manual hemocytometer count. 
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Final suspension of cells was in HBSS++ chemotaxis buffer [1x HBSS, 1 mM Ca2+, 1 mM 

Mg2+, 5% HI fetal bovine serum] at the indicated concentration for each experiment. All 

experiments were completed within 4 to 6 hours of blood collection. Neutrophils from a sex-

balanced cohort of individual human donors were used for all time points and treatment 

conditions for each experiment (i.e. “n” represents a separate human donor). 

Peptide Treatment 

MANS and RNS peptides were synthesized by Genemed Synthesis, Inc. The sequence of MANS 

is identical to the first 24 amino acids of the human MARCKS protein: myristic acid-

GAQFSKTAAKGEAAAERPGEAAVA. The RNS peptide is a randomly scrambled control: 

myristic acid-GTPAPAAEGAGAEVKRASAEAKQAF. BIO-11006 acetate is an analog of the 

MANS peptide that was designed by Biomarck Pharmaceuticals and synthesized by 

MedChemExpress. Dr. Ken Adler at North Carolina State University gifted us this peptide. 

Where indicated, pretreatment of cell suspensions with indicated peptide concentrations occurred 

at 37 °C for 30 minutes. 

SYTOX Green Assay 

Isolated human neutrophils were resuspended in RPMI at a concentration of 1.0x106 cells/mL 

and were pretreated with indicated concentrations of peptide for 30 minutes at 37 ºC. 100,000 

cells were plated and allowed to settle for 10 minutes then stimulated with 50 nM PMA or PBS 

at 37ºC or 4 hours. SYTOX green dye (5 µM) was then added to the cells for 10 minutes prior to 

detection at 485 nm excitation, 523 nm emission using a BioTek plate reader. 

Microscopy 

Isolated human neutrophils were resuspended in RPMI with 2% FBS at a concentration of 1x106 

cells per/mL. Neutrophils were then pretreated with either 100 µM MANS, 100 µM RNS, or 
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PBS prior to being plated in wells of a chambered coverslip. Cells were then stimulated with 50 

nM PMA for 4 hours at 37ºC. After stimulation, neutrophils were fixed with 4% PFA for 15 

minutes at room temperature. Cells were then permeabilized with 0.1% Triton X-100 for 15 

minutes at room temperature. Wells were blocked with 5% BSA in PBS for 1 hour prior. Cells 

were then stained with anti-neutrophil elastase antibody (1:500) and anti-histone H3 antibody 

(1:500) in 5% BS for 1 hour. Cells were then stained with secondary antibody for 1 hour, washed 

with PBS, and then mounted with DAPI Fluorimount (Southern Biotech). 

Neutrophil Elastase Assay 

Isolated human neutrophils were pretreated with indicated concentrations of peptide for 30 

minutes at 37ºC. 1x106 cells were added to a 24 well plate, allowed to settle for 10 minutes, then 

stimulated with 50 nM PMA for 4 hours at 37ºC. The plate was then centrifuged prior to 

removing the supernatant by aspiration to remove free elastase. The wells were then washed 

twice with warm RPMI, removing the buffer each time. 500 µL S7 nuclease (15 U/mL) was then 

added to the wells and incubated for 15 minutes at 37ºC to disrupt the NETs. 10 µL EDTA (500 

mM) was then added to stop the reaction. The cell suspension was centrifuged, and the 

supernatants were aliquoted and frozen for analysis. Neutrophil elastase levels were measured 

using the R&D Systems Human Neutrophil Elastase ELISA per manufacturer’s 

recommendations. Samples were diluted 1:10 prior to analysis using the provided reagent 

diluent. 

Statistics 

Data are reported as mean ± SD of independent experiments as listed. All statistical tests were 

performed using GraphPad Prism software (San Diego, CA) with the appropriate test details in 
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the figure legend. P values <0.05 were considered statistically significant. *indicates p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001. 

RESULTS 

The effect of MARCKS inhibition on NET DNA release 

Neutrophil extracellular traps (NETs) are characterized by the extrusion of extracellular 

DNA, which can be measured using the SYTOX green DNA binding dye. To determine whether 

MARCKS inhibition decreased the release of DNA from NETS, neutrophils were with phorbol 

myristate acetate (PMA). PMA is a commonly used stimulant for NET formation in vitro and is 

known to directly activate PKC (Keshari et al., 2013). Pretreatment with MANS peptide (Figure 

1A) decreased extracellular DNA induced by PMA stimulation in a concentration dependent 

manner. Similarly, BIO-11006 decreased NET DNA, although not following a concentration 

dependent trend (Figure 1B). PMA is known to induce NET formation in a β2-integrin-dependent 

manner that is also Nox-dependent. Therefore, anti-CD18 F(ab)’2 and DPI NADPH oxidase 

inhibitors were included as positive controls for inhibition (Figure 1).  

MANS peptide, but not BIO-11006 peptide, interferes with detection of DNA via SYTOX 

green. 

Based on the observations that MANS peptide, but not BIO-11006, decreased NET DNA 

in a concentration dependent manner, we decided to investigate whether the peptides interfered 

with the detection of DNA. To do this, a standard curve of DNA was determined and incubated 

DNA with either 100 µM or 1 µM peptide in a similar manner to experiments containing cells. 

The results demonstrate that MANS peptide (Figure 2A) significantly interfered with the 

detection of DNA using SYTOX green but BIO-11006 did not (Figure 2B).  
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The effect of MARCKS inhibition on neutrophil elastase release 

Elastase is contained in the primary/azurophilic granules of neutrophils and is considered 

one of the most powerful and toxic weapons utilized by neutrophils during infection (Brinkmann 

et al., 2004). Elastase release is commonly associated with NETs and used as a marker for NET 

formation in vitro and the plasma of patients with inflammatory disorders (Aldabbous et al., 

2016). Supernatants from MANS or BIO-11006 pretreated neutrophils stimulated with PMA 

were evaluated for the presence of NE using an ELISA assay. PMA induced a significant 

increase in neutrophil elastase after 4-hour stimulation with PMA; however, neither MARCKS 

targeting inhibitor peptide had a significant effect on elastase levels (Figure 3). MANS peptide 

did trend to reduce the levels of neutrophil elastase (Figure 3A).  

The effect of MARCKS inhibition on PMA-induced NET formation 

Although NET formation is commonly measured using single assays, such as SYTOX 

green or NE detection, microscopy is the best tool for evaluating the presence of NETs because 

many NET components can be visualized together. Microscopy was used to evaluate how 

MANS peptide treatment impacted NETs stimulated with PMA. In Figure 4 panels A-C, the 

unstimulated cells show a rounded morphology with DNA and neutrophil elastase both 

remaining contained within the cell without significant colocalization. Once stimulated with 

PMA, there are extrusions from the cells that contain both DNA and neutrophil elastase, 

indicating NET formation (panels D-F). MANS treatment abrogated the extrusion of NETs, as 

shown in panels G-I, but RNS control peptide treatment did not hinder the formation of NETs 

following PMA stimulation (panels J-L). Therefore, our data demonstrate that MARCKS 

inhibition with the MANS peptide diminishes PMA-stimulated NET formation.  
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DISCUSSION 

Neutrophil extracellular trap (NET) formation has been observed in many inflammatory 

conditions, including severe SARS-CoV-2 infection. NET formation is just one of many 

neutrophil inflammatory functions, many of which require functional MARCKS protein. 

Therefore, to investigate MARCKS role in NET formation, PMA was used to stimulate NET 

formation in primary human neutrophils, a highly characterized model for in vitro analyses. 

There are many ways to quantify NET formation, including microscopy and high-throughput 

plate-based assays of SYTOX green and ELISAs. This study utilized a combination of these 

approaches to assess NET formation.  

The first assay looked at the extracellular DNA using SYTOX green (Figure 1). The 

results demonstrate that PMA stimulates a robust release of DNA inhibited by the NADPH 

oxidase inhibitor DPI. MARCKS inhibitor peptides decreased the fluorescence and the amount 

of DNA detected. However, it was then determined that the MANS peptide inhibitor for 

MARCKS interferes with the detection of DNA using SYTOX green (Figure 2), which likely 

explains the observed concentration dependence for MANS peptide but not BIO-11006 in Figure 

1.  

PMA has been shown to stimulate NETs in a β2-integrin-dependent manner (Raftery et 

al., 2014); therefore, the addition of anti-CD18 F(ab)’2 antibody served as a positive control the 

DNA release experiments. Our data aligns with others that have also demonstrated this effect  

(Raftery et al., 2014). Given that previous studies highlighted MARCKS role in other β2-

integrin-dependent neutrophil functions (Sheats et al., 2014) and that we have demonstrated a 

role in β2-integrin activation (Chapter 3), we hypothesize that MARCKS does play an essential 

role in some types of NET formation. MARCKS role in NETs induced by other stimuli, such as 
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calcium ionophores, have not yet been evaluated; therefore, future experiments should consider 

both Nox-dependent and Nox-independent stimuli. There are various physiological stimuli that 

form β2-integrin-dependent NETs (Raftery et al., 2014; Silva et al., 2020), so there is a strong 

likelihood that MARCKS-targeting peptides would inhibit NETs induced in those conditions.  

Neutrophil elastase is an enzyme released from the azurophilic granules and cleaves 

histones during NET formation (Papayannopoulos et al., 2010). We did not observe any 

significant effect of MARCKS inhibition on neutrophil elastase release (Figure 3), despite 

MANS treatment trending to decrease NE release (Figure 3A). Examining MARCKS inhibition 

on NE production is likely not the best predictor of reducing overall NET burden; inhibition of 

NE during NET formation did not decrease NET-induced cytotoxicity of A549 cells 

(Saffarzadeh et al., 2012). Previous studies demonstrated MARCKS inhibition with MANS 

peptide decreased the release of neutrophil myeloperoxidase (MPO) from azurophilic granules at 

1, 2, and 3 hours post PMA stimulation (50 nM) (Takashi et al., 2006). Although both NE and 

MPO are release from azurophilic granules, they display different surface charge and size, 

indicating they may not be released similarly. In the current study, NE release was evaluated 4 

hours post PMA stimulation, so it is possible that different effects would be seen with earlier 

time points similar to the MPO experiments.  

Although DNA and NE were examined individually, there is hesitation in the field to use 

assays detecting single components as a definitive indicator of NET formation. Therefore, 

microscopy is always warranted and combination assays, such as DNA-NE and MPO-DNA 

ELISAs are more trustworthy compliments to the microscopy since those components are 

commonly located in tandem in the physical NET. To determine if MARCKS inhibition 

impacted the formation of NETs, immunofluorescence microscopy of DNA, NE, and 



   

189 

 

citrullinated histone 3 (citH3) was evaluated. PMA induced NETs that stained for DNA and NE, 

but citH3 was not detected. This finding was not particularly surprising given that PMA is Nox-

dependent stimulus of NETosis, which does not induce significant citrullination of histone 3 like 

that of calcium ionophores (Khan and Palaniyar, 2017). This preliminary microscopy experiment 

confirmed that MARCKS inhibition with MANS peptide decreased NET formation induced by 

PMA. We do not have microscopy data with the BIO-11006 peptide; however, the evidence 

presented with this peptide is particularly interesting given that BIO-11006 has been in phase 2 

clinical trials for ARDS treatment. ARDS can be induced in various trauma or diseases, 

including SARS-CoV-2. NET formation is pronounced in severe COVID-19 patients, and it is 

possible that BIO-11006 could provide therapeutic benefit against NETs and ARDS in these 

patients (Middleton et al., 2020).  

CONCLUSION 

Our preliminary findings demonstrate a putative role for MARCKS in NET formation. Future 

studies should include physiologically relevant stimuli and evaluate NETs using combinatorial 

assays to best assess the effects of MARCKS inhibition. 
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FIGURES 

 

Figure 1. MANS and BIO-11006 peptides attenuate PMA-induced NET-DNA release.  

Isolated neutrophils pretreated with MARCKS inhibitor peptides, DPI, or anti-CD18 F(ab)’2 

were stimulated with 50 nM PMA for 4 hours. Extracellular DNA was measured using SYTOX 

green. Data are presented as mean ± SD (n=2-7). (*) indicates significant difference in RFUs 

when compared to PMA. One-way ANOVA with Holm Sidak’s multiple comparisons test. 
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Figure 2. MANS peptide interferes with detection of DNA via SYTOX green.  

A standard curve of DNA (●) was generated and incubated with either 100 µM MANS (▲) or 1 

µM MANS (■) for 4 hours followed by detection of DNA using SYTOX green. Data are 

presented as mean ± SD (n=3). (*) indicates significant difference in RFUs when compared to 

the standard curve. Repeated measures one-way ANOVA with Holm-Sidak’s multiple 

comparisons test. 
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Figure 3. MANS peptide trends to decrease PMA-induced elastase release.  

Isolated neutrophils pretreated with MARCKS inhibitor peptides were stimulated with 50 nM 

PMA for 4 hours. Supernatants were assayed by ELISA for neutrophil elastase. Data are 

represented as mean ± SD (n=4). (*) indicates significant when compared to PMA. One-way 

ANOVA with Holm Sidak’s multiple comparisons test. 
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Figure 4. MANS peptide decreases PMA-induced NET formation. 

Isolated human neutrophils were pretreated with indicated concentrations of peptide for 30 

minutes at 37 ºC. Cells were then added to a chambered microscope coverslip and stimulated 

with 50 nM PMA for 4 hours. Cells were then fixed and stained prior to imaging using a 

Keyence BZ-X810. DAPI (blue) (left column), neutrophil elastase (magenta) (middle column), 

and overlayed with a brightfield image (right column). (A-C) unstimulated, (D-F) 50 nM PMA, 

(G-I) MANS, and (J-L) RNS. (n=1). 
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