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ABSTRACT 

The effects of the omega- 3 fatty acid, DHA, on neutrophil apoptosis 
and surface molecule expression in vitro 

Introduction: As neutrophils are a vital component of the innate immune system and 

in inflammation, the effects that the n-3 PUFAs could have on neutrophils relating to 

anti-inflammatory and pro-resolving effects is an interesting research field. During the 

inflammatory response, damage to the host can occur as neutrophils release oxidants, 

proteases and antimicrobial proteins that can cause tissue injury. They also secrete 

various cytokines that can amplify the inflammatory response. Therefore, if n-3 PUFAs 

would be shown to have anti-inflammatory or pro-resolving effects by affecting 

neutrophil survival and/or cellular function, especially during prolonged inflammation, 

it might prevent some of the tissue damage caused by neutrophils. 

Aim: The aim of this study was to assess the effects of the n-3 PUFA, DHA, on 

neutrophil apoptosis and their expression of various surface molecules. 

Methods: Human neutrophils, isolated from peripheral blood from healthy volunteers, 

and cultured in vitro with or without LPS, were harvested at different time-points. In 

some experiments, neutrophils were cultured with DHA (50 µM) or control (DMSO) for 

3 h and then cultured further with or without LPS for 2 or 9 h. The harvested cells were 

stained with annexin V and propidium iodide or with antibodies against CD11b, CD16a 

and CD62L and the percentage of positive cells determined using flow cytometry. 

Results: A successful in vitro culture system was set up for human neutrophils. The 

percentage of live neutrophils decreased with time in culture and the percentage of 

apoptotic cells increased. The percentage of neutrophils expressing CD11b, CD16a 

and CD62L also seemed to decrease with increased time in culture. LPS stimulation 

seemed to increase neutrophil survival by delaying neutrophil apoptosis and also 

delayed downregulation of CD11b expression and downregulated CD62L expression. 

Adding DHA to cultured neutrophils did not affect neutrophil apoptosis or their surface 

molecule expression. Two distinct neutrophil populations that differed in size and 

granularity were observed upon analysis of freshly isolated neutrophils. The larger and 

less granular neutrophils (P2) seemed to be less apoptotic and to have more prolonged 

expression of CD11b and CD16a in culture than the smaller and more granular 

neutrophils (P1). 
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Conclusion: The results indicate that LPS increases neutrophil survival and function 

but that DHA does not have an effect on neutrophil survival or their surface molecule 

expression. The results further indicate that of the two distinct neutrophil populations 

detected in freshly isolated human blood, the larger and less granular neutrophils may 

have more prolonged survival and be more functional than the smaller and more 

granular ones. 
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Ágrip 

Áhrif ómega-3 fitusýrunnar, DHA, í rækt á lifun daufkyrninga og 
tjáningu þeirra á mismunandi yfirborðssameindum  

Inngangur: Þar sem daufkyrningar eru ómissandi þáttur í meðfædda ónæmiskerfinu 

og í bólgu, eru möguleg áhrif ómega-3 fitusýra á daufkyrninga í tengslum við minnkun 

bólgu og bólguhjöðnun mjög áhugavert rannsóknarsvið. Við bólgusvörun losa 

daufkyrningar oxunarefni, próteasa og bakteríudrepandi prótein sem geta valdið 

vefjaskemmdum. Þeir seyta einnig ýmsum frumuboðum sem geta magnað 

bólgusvörunina. Ef ómega-3 fitusýrur minnka bólgu eða auka bólguhjöðnun með því 

að hafa áhrif á lifun daufkyrninga og/eða virkni þeirra, gæti það komið í veg fyrir hluta 

af þeim vefjaskemmdum sem verða af þeirra völdum. 

Markmið: Markmiðið með þessari rannsókn var að meta áhrif ómega-3 fitusýrunnar, 

DHA, á lifun daufkyrninga og tjáningu þeirra á mismunandi yfirborðssameindum. 

Aðferðir: Daufkyrningar, einangraðir úr útvefjablóði frá heilbrigðum sjálfboðaliðum, 

voru ræktaðir in vitro með eða án LPS og safnað á mismunandi tímapunktum. Í sumum 

tilraunum voru daufkyrningarnir ræktaðir með DHA (50 µM) eða leysisviðmiði (DMSO) 

í 3 klst og síðan ræktaðir áfram með eða án LPS í 2 eða 9 klst og frumunum þá safnað. 

Frumur úr þessum tilraunum voru litaðar með annexin V og propidium iodide eða með 

mótefnum gegn CD11b, CD16a og CD62L og hlutfall jákvæðra frumna ákvarðað með 

frumuflæðisjá. 

Niðurstöður: Árangursríkt in vitro ræktunarkerfi var sett upp fyrir daufkyrninga úr 

mönnum. Hlutfall lifandi daufkyrninga minnkaði með tíma í ræktun og hlutfall frumna í 

stýrðum frumudauða jókst. Hlutfall daufkyrninga sem tjáðu CD11b, CD16a og CD62L 

virtist einnig lækka með auknum tíma í ræktun. LPS örvun virtist auka lifun 

daufkyrninga með því að seinka stýrðum frumudauða þeirra og einnig virtist það seinka 

minnkun sem varð á hlutfalli daufkyrninga sem tjáðu CD11b og minnka hlutfall 

daufkyrninga sem tjáðu CD62L. DHA hafði engin áhrif á lifun daufkyrninga eða tjáningu 

þeirra á yfirborðssameindum. Tveir mismunandi daufkyrningahópar, sem voru 

mismunandi að stærð og kyrningu, komu fram við greiningu á ferskum einangruðum 

daufkyrningum. Hópurinn sem var stærri og minna kyrndur (P2) virtist hafa hærra 

lifunarhlutfall og það dró hægar úr hlutfalli þeirra sem tjáðu CD11b og CD16a í rækt, 

heldur en hjá hópnum sem var með minni en meira kyrndar frumur (P1). 
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Ályktanir: Niðurstöðurnar benda til þess að LPS auki lifun daufkyrninga og virkni 

þeirra, en að DHA hafi ekki áhrif á lifun daufkyrninga né tjáningu á þeirra á 

yfirborðsameindum. Niðurstöðurnar benda einnig til þess að af þeim tveimur ólíku 

daufkyrningahópum, sem voru sjáanlegir í fersku mannablóði, hafi stærri og minna 

kyrndi hópurinn (P2) lifað lengur og haft meiri virkni en minni og kyrndari hópurinn (P1). 
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1. INTRODUCTION 

 
1.1 The immune system 

The role of the immune system is to protect the body against potentially damaging 

foreign bodies. It is made up of a network of cells, molecules and organs and is crucial 

for survival. In the absence of a working immune system even a minor infection could 

prove to be fatal.   

The immune system encompasses all mechanisms and responses used by the 

body to defend itself against potential pathogenic microorganisms, their toxins or any 

foreign substances that could proof to be damaging. The primary form of host defense 

is termed the innate immunity, also called the nonspecific immunity. It is the primary 

host defense as it constitutes the first line barrier and reacts rapidly to exposure to 

diverse variety of threats. The second or subsequent form of host defense is termed 

the adaptive immunity, also called the acquired immunity. It is a much more complex 

and specialized form of defense mechanism than the innate immunity. It also creates 

immunological memory which leads to an enhanced response to subsequent 

encounters with that pathogen. The adaptive immune response differs from the innate 

immune response as it is slower to develop and it can take a week before the response 

is effective (Kenneth Murphy, 2017; Sirisinha, 2014). 

The cells of the immune system are derived from the pluripotent hematopoietic 

stem cells (HSCs) that are located in the bone marrow. They can give rise to all the 

different types of blood cells including white blood cells. White blood cells, also called 

leukocytes, are the cells of the immune system that are involved in protecting the body 

against foreign invaders. The two main types of leukocytes are of the myeloid and 

lymphoid lineages. A common myeloid progenitor gives rise to the myeloid lineage, 

which comprises the erythrocytes, monocytes, macrophages, majority of the dendritic 

cells (DCs), mast cells and the granulocytes (the collective term for the leukocytes 

called eosinophils, basophils and neutrophils). The myeloid lineage comprises most of 

the cells of the innate immune system. A common lymphoid progenitor gives rise to 

the lymphoid lineage, which comprises cells from both the innate and the adaptive 

immune system. The cells of the innate immune system that are generated from the 



 
  

2 

lymphoid progenitor include the natural killer (NK) cells, the innate lymphoid cells 

(ILCs) and some of the DCs. The cells of the adaptive immune system that are derived 

from the lymphoid progenitor are the B and T cells (Kenneth Murphy, 2017; Kondo, 

2010). 

 

1.2 The innate and adaptive immune system 

The innate immune system is found in some degree in all species and it predates the 

adaptive immune system, which is only found in vertebrates (Sirisinha, 2014). The 

innate immunity provides an early first line of defense against invading pathogens and 

its response occurs rapidly on exposure to an infectious organism. A major component 

of the innate immune system is the anatomical barrier, which includes the physical 

barrier such as the epithelial cell surfaces (layers that make up the skin and the 

mucosal linings of our respiratory and gastrointestinal tract) and the chemical barrier, 

which includes soluble proteins and various antimicrobial agents secreted by cells of 

the epithelia. These barriers are the host’s first line of defense against invading 

pathogens. If a pathogen breaches the host’s anatomical barriers the pathogen will 

encounter the cellular defenses of the innate immune system (Chaplin, 2010; Kenneth 

Murphy, 2017). 

The cells of the innate immune system are not able to react specifically to the 

invading pathogens and they are limited by the number of receptors they have to 

recognize the invading pathogens, but they are able to distinguish self from non-self 

and react accordingly. In order to detect pathogens, the cells of the innate immune 

system are equipped with germ-line encoded receptors called pattern recognition 

receptors (PRRs) that recognize conserved molecular structures of pathogens called 

pathogen-associated molecular patterns (PAMPs). The PRRs include the Toll-like 

receptors (TLRs), the NOD-like receptors (NLRs), C-type lectin receptors (CLRs) and 

retinoid acid inducible gene-1-like receptors (RLRs) (Ruslan Medzhitov & Janeway Jr, 

1998; Santoni et al., 2015). Innate immune cells express various PRRs to help them 

detect pathogens and the recognition of pathogens through PRRs triggers 

phagocytosis and the production of cytokines and chemokines. Cytokines and 

chemokines are small proteins which induce inflammation and attract other cells, such 

as neutrophils, to the site of infection. The neutrophils are phagocytic cells and they 
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accumulate quickly in large quantities at the site of infection where they help destroy 

the invasive organism (Beutler, 2004). 

The adaptive immune system is called into action against pathogens that are 

able to evade or overcome the innate immune defenses and the response typically 

takes four to seven days to develop. After the response has developed, it is more 

efficient than the response of the innate systems as it targets the pathogen more 

accurately by acting specifically against certain antigens. Another advantage of the 

adaptive immune system is that when it is exposed to a recurrent threat, the specifics 

of the antigen are memorized by the memory cells which can provide a long-lasting 

defense and protection against recurrent infections (Usharauli, 2010). 

The adaptive immune responses are carried out by B cells and T cells, also 

called lymphocytes. Each lymphocyte is only capable of recognizing one specific form 

of antigen, which differs from the cells of the innate immune system which are able to 

recognize a diverse collection of microbial pathogens. Even though the lymphocytes 

are only capable of recognizing one specific form of antigen, it does not limit their 

effectiveness because of the rearrangement of the gene segments that make up the 

antigen receptor chains. The receptor reservoir of lymphocytes is almost without limit 
(Chaplin, 2010; Parkin & Cohen, 2001). 

To bridge the gap between the innate and the adaptive immune response we 

have professional antigen presenting cells (APCs). When APCs such as DCs detect a 

pathogen, they phagocytose the pathogen and degrade their proteins into small 

peptides. At the same time, they receive activation signals through the PRRs, which 

stimulate the maturation of the DCs. When the DCs are mature they migrate to a 

nearby lymph node where they present the peptides to T cells by a process that is 

known as antigen presentation. The T cells then get activated if they recognize the 

peptides using their T cell receptors (TCRs) and differentiate into effector T cells (Ito, 

Connett, Kunkel, & Matsukawa, 2013). 
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1.2.1 Inflammation  

Inflammation is initiated by the immune system in response to injury or infection. It is 

an essential part of the host’s defense mechanism as it is instrumental in recognizing, 

containing and destroying invading pathogens and limiting tissue damage. The 

cardinal signs of acute inflammation are redness, swelling, heat and pain (Kenneth 

Murphy, 2017).  

During infection the first cells to respond are the cells of the immune system 

that reside at the infection site, i.e. tissue resident macrophages, DCs and mast cells. 

Upon pathogen recognition these cells start secreting various inflammatory mediators, 

such as the cytokines tumor necrosis factor (TNF)-α, interleukin (IL)-1 and IL-6 and the 

chemokines CCL2 and C-X-C motif chemokine ligand (CXCL)8. The cytokines act on 

local blood vessels to induce vasodilation, vascular permeability, increase in the supply 

of blood to the site of inflammation and activate the endothelial cells to express cell-

adhesion molecules. This inflammatory process permits large molecules and plasma 

to cross the endothelium and induces leukocytes to migrate from the bloodstream to 

the site of infection. Migration of leukocytes to the site of infection is promoted by the 

release of chemokines, with different chemokines attracting different types of cells. For 

example, CXCL8 attracts neutrophils and CC chemokine ligand (CCL)2 attracts 

monocytes to the site of infection. When leukocytes arrive at the site of infection, and 

after they have been activated, they start releasing additional pro-inflammatory 

mediators (Kenneth Murphy, 2017; Luster, Alon, & von Andrian, 2005; Moser & 

Willimann, 2004; J.-M. Zhang & An, 2007).  

In addition to cytokines, chemokines and other peptide mediators, inflammatory 

cells also release lipid-derived mediators, e.g. prostaglandins (PGs) and leukotrienes 

(LTs); reactive oxygen species (ROS), e.g. superoxide anion (O2−) and hydrogen 

peroxide (H2O2); amino acid derivatives, e.g. histamine and nitric oxide (NO); and 

enzymes, e.g. matrix proteases. The type of mediators produced depends upon a 

number of factors, such as the cell type involved, the nature of the inflammatory 

stimulus, and the stage of the inflammatory response. It is of vital importance that the 

inflammatory mechanism is tightly controlled and regulated as failure to do so might 

lead to chronic inflammation (Kenneth Murphy, 2017; R. Medzhitov, 2010). 
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1.2.2 Neutrophils  

Neutrophils are a vital component of the innate immune system and inflammation. 

They are the most abundant leukocyte population in the human circulation, as they 

comprise about 50-60% of the circulating leukocytes. They are essential in protecting 

the host from microbial pathogens, and they also help to minimize the deleterious 

effects mediated by injured or dying cells (Kolaczkowska & Kubes, 2013). Neutrophils 

are considered short-lived cells, but in case of infection, they are activated, and their 

lifespan is extended. As the neutrophils get activated, neutrophil granulopoiesis 

increases, and a large number of neutrophils are rapidly recruited to the site of infection 

(Kolaczkowska & Kubes, 2013). 

Neutrophils are the first cells to migrate to the site of infection where they can 

ingest and destruct invading microbes or other foreign particles. Large number of 

mature neutrophils are stored in the bone marrow and are retained there by their 

expression of chemokine receptor CXCR4 that binds to CXCL12, which is expressed 

in high amounts in the bone marrow. During inflammation or infection neutrophils are 

mobilized to the site of infection by stimulants, such as granulocyte-colony stimulating 

factor (G-CSF) that reduces the levels of CXCL12 in the bone marrow. Neutrophils 

then migrate through the blood vessels following chemical signals, i.e. CXCL8 and 

interferon (IFN)-g, in a process called chemotaxis. The chemokines also stimulate 

neutrophil adhesion and transmigration across the endothelium of post-capillary 

venules. The chemokines that guide the neutrophils to the site of infection are released 

from cells of the immune system (Furze & Rankin, 2008; Suratt et al., 2004).  

Neutrophils eradicate intruders mostly by phagocytosis. They are equipped with 

multiple types of receptors that can initiate phagocytosis, but for efficient phagocytosis, 

invading microbes have to be covered with opsonins. Opsonins are any molecules that 

enhance phagocytosis of microbes, for examples immunoglobulins and complements. 

Receptors on neutrophils, such as the Fc receptors (FcRs) and a subgroup of β2 

integrins (CD11b/CD18, also called complement receptor (CR)3) that bind to 

complement coated particles, help with the phagocytosis (W. L. Lee, Harrison, & 

Grinstein, 2003). The microbes are internalized into phagosomes that form around the 

microbes and then fuse with secretory vesicles and granules that are present in the 

neutrophils. Fusion of the phagosome with the granules and vesicle is required for the 
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killing of microorganism, as the phagosome is not capable of killing by itself (Nordenfelt 

& Tapper, 2011). There are four types of cytotoxic granules present in neutrophils and 

they are all laden with different powerful antimicrobial molecules (i.e. cationic peptides, 

proteases, lactoferrin, myeloperoxidase (MPO), etc). The granules are distinguished 

on the basis of their density and content (Kumar & Sharma, 2010).  

The killing of a microbe inside the phagosome is a complex process that 

involves both oxidative and non-oxidative antimicrobial mechanisms (Nauseef, 2007). 
Upon agonist binding, and after the granules have fused with the phagosome, a 

nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase is assembled and 

activated. As the NADPH-oxidase is getting activated the neutrophils start increasing 

their oxygen consumption and the NADPH-oxidase starts generating O2− and H2O2, a 

process often referred to as the respiratory burst (Hurst, 2012). The O2− and H2O2 are 

not sufficiently reactive to be bactericidal, but give rise to other ROS that are strong 

antimicrobial agents (e.g. hydroxyl radicals, singlet oxygen and ozone) (Robinson, 

2008).  

Degranulation is another effector mechanism that neutrophils utilize to kill 

microbes. During degranulation, granules start fusing with the cell membrane, which 

happens when neutrophils have been exposed to inflammatory mediators, and they 

then start releasing their contents, i.e. elastase, MPO and antimicrobial peptides into 

their surroundings. In addition to assisting in the killing of pathogens, the degranulation 

process also amplifies the inflammatory response (Faurschou & Borregaard, 2003; 

Lacy, 2006). 

The final effector mechanism that neutrophils utilize do defend the body against 

invading microbes, is the formation of neutrophil extracellular traps (NETs). NETs are 

formed when neutrophils undergo a unique form of cell death in which the nuclear 

chromatin is released into the extracellular space. NETs provide a high local 

concentration of antimicrobial molecules that kill microbes effectively and they also 

hold the microorganisms so other neutrophils and macrophages can phagocytose 

them more efficiently. They have also been shown to prime CD4+ T helper cells by 

reducing their activation threshold. NET formation requires the generation of ROS by 

NADPH-oxidase (Fuchs et al., 2007; Kolaczkowska & Kubes, 2013).  
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  Circulating neutrophils have limited capacity to respond to activating stimuli, 

which protects against unwarranted inflammatory response. However, to be able to 

clear away invading pathogens effectively, neutrophils must be able to mount a swift 

and vigorous response against the pathogens. The transition of neutrophils to a state 

of a more enhanced responsiveness has been termed neutrophil priming. Neutrophil 

priming occurs following exposure to pro-inflammatory cytokines, chemokines and 

bacterial and viral products, often called priming agents. Primed neutrophils exhibit 

markedly enhanced phagocytosis, degranulation, ROS production, chemotaxis, NET 

formation, lifespan and cytokine production (Miralda, Uriarte, & McLeish, 2017; Yao et 

al., 2015). Neutrophil priming can also have an effect on their expression of surface 

molecules. For example, neutrophil exposure to some priming agents increases 

expression of CD11b/CD18 and decreases expression of CD62L, a selectin receptor, 

through receptor shedding (Miralda et al., 2017; Yang, Liu, Wang, Rosenberg, & 

Morgan, 2011). The β2 integrin, also called CR3, regulates neutrophil adhesion and 

migration, while CD62L acts as a homing receptor for neutrophils and other leukocytes 

to enter secondary lymphoid tissues via high endothelial venules (Miralda et al., 2017; 

Nilsson, Weineisen, Andersson, Truedsson, & Sjobring, 2005; Xia et al., 2002; Yang 

et al., 2011). Priming agents have, however, been report to have less effect on 

neutrophil expression of CD16 (Edwards, Watson, MacLeod, & Davies, 1990). CD16 

is an FcgR (FcgRIII) and it has been suggested that it may be important in the activation 

of secretory processes in cytokine-primed neutrophils (Fossati, Moots, Bucknall, & 

Edwards, 2002). Although priming does not seem to affect the expression of CD16, 

age does. As neutrophils age in culture they start expressing less of CD16 and the 

decrease in its expression is in parallel with decline in their functional ability. Thus, 

CD16+ neutrophils are non-apoptotic and functional, whereas CD16− neutrophils are 

apoptotic and non-functional (Dransfield et al., 1994; Moulding, Hart, & Edwards, 

1999). 

Neutrophils have long been considered to be pro-inflammatory cells only, but now 

there have been reports of different subsets of neutrophils that may have different 

kinds of functions, such as the ability to suppress T cell function as well as provide help 

for T cells (Abi Abdallah, Egan, Butcher, & Denkers, 2011; Pillay et al., 2012). There 

is also increasing evidence that neutrophils can exhibit anti-inflammatory 

characteristics by secreting anti-inflammatory cytokines (Kasten, Muenzer, & Caldwell, 
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2010; X. Zhang, Majlessi, Deriaud, Leclerc, & Lo-Man, 2009). These data point to a 

more diverse function of neutrophils than just to capture and kill pathogens and they 

suggest that neutrophils are more heterogeneous than previously believed and that 

they can have anti-inflammatory effects, not only pro-inflammatory (Abi Abdallah et al., 

2011; Kasten et al., 2010; Pillay et al., 2012; X. Zhang et al., 2009). 

 

1.3 Resolution of inflammation 

The inflammatory response, a process that is designed to be damaging to 

pathogens, can cause damage to the host tissue as well. To restrict the damage the 

inflammatory response can have on the host’s tissue, it is normally quick to resolve. 

The resolution of inflammation was at first believed to be a passive process and that 

only the removal of the antigens that caused the inflammation and termination of pro-

inflammatory mediators would lead to its resolution. The fact is, however, that 

resolution of inflammation is more of an active process rather than a passive one. The 

resolution process is dependent upon a number of events and it is initiated by novel 

host mechanisms and endogenous mediators. It requires the activation of a negative 

feedback mechanism like secretion of anti-inflammatory cytokines or pro-resolving 

mediators and inhibition of pro-inflammatory signaling cascades. Another important 

factor is the disposal of inflammatory leukocytes in a controlled and effective manner 

(Calder, 2015; Ortega-Gómez, Perretti, & Soehnlein, 2013; Serhan et al., 2007). 

The inflammatory cells that are involved in the pro-inflammatory phase also 

contribute to the onset of resolution by undergoing a functional repolarization. There is 

also evidence to suggest that many pro-inflammatory mediators that promote the 

inflammatory phase can also initiate the resolution phase (Serhan & Savill, 2005). An 

example of this are the PGs. PG biosynthesis is significantly increased during 

inflammation and the PGs play an important role in the generation of the inflammatory 

response. There are, however, PGs, e.g. PGE2 and PGD2, that contribute both to the 

promotion and the resolution of inflammation. They contribute to the resolution of 

inflammation by switching on the transcription of enzymes that are required for the 

generation of pro-resolving lipid mediators (Freire & Van Dyke, 2013; Ricciotti & 

FitzGerald, 2011). The pro-resolving mediators that are generated include lipoxins, 

resolvins, maresins and protectins. These mediators are collectively called specialized 
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pro-resolving mediators (SPMs) (Serhan & Savill, 2005). SPMs are produced by the 

cells of the innate immune system and they are synthesized from essential fatty acids. 

These include the omega-6 polyunsaturated fatty acid (PUFA) arachidonic acid (ARA) 

and the omega-3 PUFAs eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) 

and docosahexaenoic acid (DHA) (Serhan, 2017). Lipoxins are derived from the 

omega-6 PUFAs, while resolvins, protectins and maresins are derived from the omega-

3 PUFAs (Dalli, 2017). 

Another important factor in resolution of inflammation is neutrophil apoptosis 

(Jones, Robb, Perretti, & Rossi, 2016). As neutrophils undergo apoptosis they expose 

phosphatidylserine on their surface, which signals them for efferocytosis by 

macrophages (Jones et al., 2016). During neutrophil apoptosis, the pro-resolving 

protein annexin A1 (AnxA1) is released by degranulation. AnxA1 is stored in 

neutrophils in large amounts, mostly in tertiary granules (Perretti et al., 2000). AnxA1 

facilitates resolution of inflammation and repair by inhibiting leukocyte recruitment, 

promoting neutrophil apoptosis and by regulating neutrophil TNF-a and IL-6 production 

(Jones et al., 2016; Scannell & Maderna, 2006). AnxA1 also promotes the recruitment 

of monocytes to the site of inflammation and promotes macrophage efferocytosis 

(Jones et al., 2016; McArthur et al., 2015). The efferocytosis of neutrophils by 

macrophages is important for the maintenance of tissue homeostasis as it prevents 

neutrophil autolysis. The autolysis of neutrophils would result in tissue damage as the 

neutrophils start disintegrating and leaking inflammatory and cytotoxic cell content 

(Greenlee-Wacker, 2016; Silva, 2011). Another important factor in macrophage 

efferocytosis of neutrophils is that they start to shift their phenotype from a more pro-

inflammatory phenotype to one which is more pro-resolving. This macrophage 

phenotype shift results in reduced production of pro-inflammatory cytokines and 

increased release of anti-inflammatory cytokines such as IL-10 and transforming 

growth factor (TGF)b, resulting in the promotion of wound healing (Campana et al., 

2018; Ferracini, Rios, Pecenin, & Jancar, 2013; Ortega-Gómez et al., 2013). 

Increasing evidence suggest that AnxA1 also promotes this shift of macrophages to a 

more pro-resolving phenotype and increases the expression of TGFb (Sugimoto, 

Vago, Teixeira, & Sousa, 2016). Another way neutrophils can aid in the resolution of 

inflammation is by acting as antigen sinks. As neutrophils start to die their ability to 

respond to pro-inflammatory signals diminishes. But as apoptotic neutrophils do still 
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express the receptors for the pro-inflammatory mediators they can act as an antigen 

sinks and stop the mediators from binding to other viable cells (Jones et al., 2016).   

 

1.4 Polyunsaturated fatty acids  

PUFAs play an important role in the structure and function of biological membranes, 

for the maintenance of normal permeability barriers, and as precursors of eicosanoids 

(i.e. PGs, LTs) and SPMs (Calder, 2013; Shaikh & Edidin, 2008). PUFAs are 

categorized primarily as omega-3 (n-3) and omega-6 (n-6) fatty acids (Kadegowda & 

Yu, 2016). The n-3 fatty acids have the first double bond between carbons number 3 

and 4 in the hydrocarbon chain counting from the methyl group while the n-6 fatty acids 

have the first double bond between carbons number 6 and 7 (Calder, 2015). 

In the body, the n-3 PUFA α-linolenic acid (ALA) is the main precursor for EPA 

and DHA, while the n-6 PUFA linoleic acid (LNA) is the main precursor for ARA. ALA 

and LNA cannot be synthesized in humans as humans lack the enzymes necessary 

for inserting double bonds in the n-3 and n-6 positions. These fatty acids must, 

therefore, be obtained from food. Because of this they are called essential fatty acids 

(Calder, 2013; Wallis, Watts, & Browse, 2002). A typical modern diet contains 

excessive levels of n-6 PUFAs but very low levels of n-3 PUFAs, leading to a high n-

6:n-3 ratio (A. P. Simopoulos, 2008). Because of the higher levels of n-6 PUFAs in the 

modern diet, the n-6:n-3 ratio has gone up from 1:1 during evolution to 15:1 or even 

higher in modern days (A. P. Simopoulos, 2002; Artemis P. Simopoulos, 2016). 
Another concern is the fact that the enzymes that are required for the synthesis of the 

n-3 PUFAs from ALA are also used for the synthesis of the n-6 PUFAs from LNA, so 

the competition between the two classes of PUFAs for the enzymes might mean that 

the conversion from ALA to EPA, DPA and DHA might not be very efficient 

(Domenichiello et al., 2016; Sprecher, 2000; Surette, 2008). The n-3 PUFAs EPA, DPA 

and DHA are found in significant quantities in fish and other seafood, especially oily 

fish, while ARA is found mainly in grain-fed animals, dairy and eggs (Artemis P. 

Simopoulos, 2016). 

As the cell membrane commonly contains higher amount of n-6 PUFAs than n-

3 PUFAs, ARA is usually the prime precursors for eicosanoids. ARA acts as a substrate 

for cyclooxygenase (COX) for the formation of PGs and for lipoxygenase (LOX) for the 
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formation of LTs. EPA is also a substrate for both COX and LOX, but gives rise to 

derivatives that have different structures than those formed from ARA that are less 

potent mediators of inflammation than the ARA derived mediators (Calder & Grimble, 

2002; Wada et al., 2007).  

 

1.5 Omega-3 PUFAs and the immune response 

There has been much interest in the effects that dietary n-3 PUFAs have on 

inflammatory responses as the they have been shown to affect the generation of pro-

inflammatory eicosanoids and cytokines that are produced early on in inflammation. 

As was mentioned above, EPA is a substrate for PGs and LTs that are in general less 

pro-inflammatory than those produced from ARA, and EPA and DHA are substrates 

for the pro-resolving resolvins, protectins and maresins (Calder, 2011; Nicolaou, 

Mauro, Urquhart, & Marelli-Berg, 2014). 

Several studies have investigated the effects of dietary n-3 PUFAs on the 

inflammatory response. Dietary fish oil supplementation resulted in a higher n-3:n-6 

PUFA ratio in cell membranes in healthy human subjects (Caughey, Mantzioris, 

Gibson, Cleland, & James, 1996; Endres et al., 1989; Faber et al., 2011; Kew et al., 

2004; T. H. Lee et al., 1985; Sperling et al., 1993; Yaqoob, Pala, Cortina-Borja, 

Newsholme, & Calder, 2000). The increased n-3:n-6 ratio in the membranes 

decreased the synthesis of the pro-inflammatory cytokines TNF-a and IL-1b, and 

decreased the formation of the chemoattractant LTB4. By decreasing LTB4, n-3 PUFAs 

could decrease LTB4 mediated chemotaxis of immune cells, such as neutrophils 

(Calder, 2013; Endres et al., 1989; T. H. Lee et al., 1985; Sperling et al., 1993). Higher 

ratio of n-3:n-6 PUFAs in the cell membranes also gave rise to more production of 

eicosanoids derived from EPA, such as PGE3 and LT5, that are less potent mediators 

of inflammation than the ARA-derived mediators, PGE2 and LT4 (Calder, 2015; Wada 

et al., 2007).  

N-3 PUFAs have also been shown to have important roles in orchestrating the 

resolution of inflammation because of the production of SPMs. For example, resolvins 

and protectins work as pro-resolving mediators by inhibiting both neutrophil and 

eosinophil chemotaxis and neutrophil transmigration across the epithelial and 

endothelial cell monolayers (Serhan, Krishnamoorthy, Recchiuti, & Chiang, 2011; 
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Serhan et al., 1995). They also stimulate macrophage efferocytosis of apoptotic 

neutrophils and upregulate the recruitment of monocytes to the site of healing (Chiang, 

Arita, & Serhan, 2005; Serhan & Petasis, 2011). Maresins are important as they 

stimulate tissue regeneration and exert a potent tissue homeostatic action; they also 

inhibit neutrophil infiltration and stimulate macrophage phagocytosis and efferocytosis 

(Deng et al., 2014; Serhan, Chiang, & Dalli, 2015). 

Research has also been conducted in vitro to assess n-3 PUFAs effects on 

endothelial cells and neutrophil migration. In one of these studies EPA reduced 

neutrophil migration across the endothelial cell monolayer. The decrease in migration 

was the effect of a decrease in the formation of the ARA-derived PGD2, which provided 

a necessary signal for neutrophils to migrate across the endothelial cell monolayer and 

because of an increase in the generation of PGD3, which antagonized the action of 

PGD2 (Tull et al., 2009). Another study showed that DHA inhibited neutrophil adhesion 

to the endothelium by reducing surface expression of CD62E (E-selectin) on cytokine 

stimulated endothelial cells and thereby could reduce neutrophil migration (Yates et 

al., 2011). Furthermore, pretreatment of endothelial cells with DHA decreased TNF-a-

induced endothelial cell surface expression of CD62P (P-selectin) resulting in 

decreased TNF-a-induced neutrophil adhesion on endothelial cells (Wang, Liu, & 

Thorlacius, 2003). By affecting the endothelial cells these n-3 PUFAs, EPA and DHA, 

could have anti-inflammatory effect by hindering or decreasing neutrophil recruitment 

to the site of inflammation.  

These studies indicate that increased omega-3 PUFAs in the cellular membrane 

of the immune cells could increase resolution of inflammation and perhaps shorten the 

length of inflammation by affecting the inflammatory response in a pro-resolution 

manner.  

 

1.5.1 The effects of omega-3 PUFAs on neutrophils 

The effects that n-3 PUFAs have on neutrophils are of much interest as neutrophils 

are important cells in the inflammatory response. They are the first cells to be recruited 

to the site of inflammation and they express and release various cytokines that amplify 

the inflammatory response. They also recruit and activate other cells of the immune 

system which can play an important role in prolonging inflammation (Kenneth Murphy, 
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2017; Tull et al., 2009). In addition, as mentioned earlier, neutrophils may also have 

an anti-inflammatory role and their apoptosis and efferocytosis is important for 

resolution of inflammation. 

The incorporation of n-3 PUFAs into neutrophil membrane has been 

demonstrated in several human studies. When healthy volunteers were given fish oil 

supplements for 12 weeks there was an increase in the percentage of EPA and DHA 

in neutrophil phospholipids at 4 weeks and a decrease in ARA after 12 weeks (Calder, 

2015; Healy, Wallace, Miles, Calder, & Newsholme, 2000). Another study, in which 

human subjects were given low-doses of marine oil for 6 weeks, also showed elevated 

incorporation of n-3 PUFAs and reduced percentage of ARA in neutrophil membranes 

(Venø, Nielsen, Lundbye-Christensen, Schmidt, & Handberg, 2013). Incorporation of 

n-3 PUFAs into neutrophil membranes in humans given n-3 PUFA rich diets was 

shown to have anti-inflammatory effects, as it inhibited the 5-LOX pathway in 

neutrophils. The 5-LOX pathway is a major source of potent pro-inflammatory ARA-

derived LTs in neutrophils, and the suppression of the 5-LOX pathway could result in 

the suppression of neutrophil synthesis of LTs, such as LTB4 (Hedi & Norbert, 2004; 

T. H. Lee et al., 1985; Sperling et al., 1993). These studies indicate that an increase in 

the n-3:n-6 PUFA ratio in neutrophil membranes could have an anti-inflammatory effect 

by reducing neutrophil chemotaxis as well as diminishing the potential of the 

neutrophils to synthesize ARA-derived mediators of inflammation. 

In vitro studies have also been conducted to determine the effects of EPA and 

DHA on neutrophil activity. Both EPA and DHA increased neutrophil phagocytosis 

capability by goat neutrophils (Pisani et al., 2009), whereas only DHA, not EPA, 

increased neutrophil phagocytosis by rat neutrophils (Paschoal, Vinolo, Crisma, 

Magdalon, & Curi, 2013). By increasing neutrophil phagocytosis, n-3 PUFA may 

improve the defensive performances of neutrophils against bacteria. 

Incubation of human neutrophils with either EPA or DHA downregulated their 

ROS production (Chen, Lawson, & Mehta, 1994), but only DHA incubation decreased 

ROS production by goat neutrophils (Pisani et al., 2009). By decreasing ROS 

production, n-3 PUFA may decrease possible cellular and tissue damage that 

neutrophil ROS generation might cause. However, not all studies have shown n-3 

PUFAs to decrease ROS production, as incubation of rat neutrophils with EPA or DHA 

increased their ROS production (Paschoal et al., 2013). 
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These in vitro studies indicate that EPA and DHA may exert a direct effect on 

isolated neutrophils by increasing neutrophil phagocytosis and either downregulating 

or increasing neutrophil ROS production.  
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2. OBJECTIVES 
 

To determine the effects of the omega-3 fatty acid, DHA, on neutrophil apoptosis and 

their expression of surface molecules.  
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3. MATERIALS, EQUIPMENT AND METHODS 
 

3.1 Materials 

Materials used in the study are listed in table 1.  

Table 1: List of materials used in the study 

Material Lot number Manufacturer 

20 mM EDTA  - Dept. of immunology 

20% BSA in PBS  - Dept. of immunology 

Annexin V binding buffer B234799 Biolegend 

Annexin V FITC B253066 Biolegend 

Antibodies and isotypes for flow 
cytometry: 

Anti-human CD16a: APC 

Clone: eBioCB16 

Anti-human CD62L: AF700 

Clone: DREG-56 

Anti-human CD49d: BV421 

Clone: 9F10 

Anti-mouse/human 

CD11b:AF488 

Clone: M1/70 

Mouse IgG1, k Isotype 

Ctrl: APC 

Clone: P3.6.2.8.1 

 

 

4329370 

 

B241423 

 

B224419 

 

B214936 

 

 

4276175 

 

 

 

 

 

 

 

 

 

Biolegend 
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Mouse IgG1, k Isotype 

Ctrl: AF700 

Clone: MOPC-21 

Mouse IgG1, k Isotype 

Ctrl: BV421 

Clone: MOPC-21 

Rat IgG2b, k Isotype  

Ctrl: AF488 

Clone: RTK4530 

B187556 

 

 

B225356 

 

 

B250267 

 

Bovine serum albumin (BSA) 780 Millipore 

Dextran BCBS9155V SIGMA 

Dimethyl sulfoxide (DMSO) - Dept. of immunology 

Distilled water (dH2O) - Dept. of immunology 

Docosahexaenoic acid (DHA) - Dept. of immunology 

Ethylenediamine-tetraacetic acid 
(EDTA) 

68H0024 Sigma 

Fcg-block B247182 Biolegend 

Fetal bovine serum (FBS) - GIBCO 

Flow-check Pro Fluorospheres 9311317 Beckman Coulter 

Flow-set Pro Fluorospheres 9001044 Beckman Coulter 

HBSS (10X) [-]CaCl2, [-]MgCl2 1815250 GIBCO 

Histopaque 1077 RNBG0645 SIGMA 

Histopaque 1119 RNBF7809 SIGMA 

Lipopolysaccharide (LPS) - SIGMA 
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Normal human serum:Normal 
mouse serum (NHS:NMS) 1:1 

-  BioRad 

Paraformaldehyde 4% - Dept. of immunology 

Penicillin:Streptomycin 
(Pen:Strep) 

- GIBCO 

Phosphate buffered saline (PBS) - Dept. of immunology 

Potassium chloride (KCl) SZBE1730V SIGMA-ALDRICH 

Potassium phosphate 
monobasic (KH2PO4) 

BCBV1381 SIGMA-ALDRICH 

Propidium Iodide Solution B240723 Biolegend 

RPMI culture medium - GIBCO 

RPMI medium 1640 (1X) [+] L-
Glutamine 

1870707 GIBCO 

Sodium azide (NaN3) STBH0657 SIGMA-ALDRICH 

Sodium chloride (NaCl) SZBG2670H Honeywell fluka 

Sodium chloride (NaCl), Red cell 
lysis buffer 0.2% 

- Dept. of immunology 

Sodium phosphate dibasic 
sihydrate (Na2HPO4) 

SZBE1350V SIGMA-ALDRICH 

Sucrose SLBT1463 SIGMA 

Sulfuric acid 95-97% SZBB0970V SIGMA-ALDRICH 

Trypan blue 0.4% 1871159 Invitrogen 
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3.1.1 Recipes for solution and buffers 

Recipes for buffers and solutions prepared at the Dept. of Immunology are shown in 

table 2.   

Table 2: Recipes for solutions prepared at the Dept. of immunology 

Solution Formulation 

20% BSA in PBS 40g BSA dissolved in 180 ml PBS and tempered over 

night 

Fill up to 200 ml with PBS the day after 

Filter the solution with a 0.22 µm filter into four sterile 

50 ml falcon tubes 

Keep refrigerated 

20 mM EDTA 3.72g EDTA 

500 ml PBS 

Autoclaved 

Kept at room temperature 

Dextran 6g Dextran 

180 ml DH2O 

20 ml HBSS 

HBSS w/o Ca2+/Mg2+ 450 ml DH2O 

50 ml 10xHBSS (once blended with DH2O remove 

50 ml) 

50 ml 20 mM EDTA 

PBS pH 7,4, sterile 

 

40 g NaCl 

5.75 g Na2HPO4 (or 7.2 g of Na2HPO4 x 2H20) 

1 g KH2PO4 
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1 g KCl 

dH2O ad 5 L 

RPMI culture medium RPMI 1640 [+] L-Glutamine (500 ml flask) 

50 ml of FBS (10%) 

5 ml of Penicillin/Streptomycin 

Keep refrigerated 

Staining buffer 440 ml PBS 

12.5 ml 20% BSA in PBS, filtered 

20 ml 20 mM EDTA, sterile 

0.5g NaN3 

Keep refrigerated 

 

3.2 Equipment 

List of main equipment used in the study are shown in table 3. 

Table 3: List of equipment used in the study 

Equipment Type Manufacturer 

Analytical balancer AE240 Mettler 

Autoclave AAC046 Astell Scientific 

Biological safety Cabinet NU-425-400E Class II NuAire 

C-Chip Hemocytometer (Sterile) NanoEnTek 

Cell culture plate, 96 well, 
flat-bottom 

Nuclon Delta Surface 

(Sterile) 

Thermo scientific 

Cell culture plate, 48 well, 
flat-bottom 

Nuclon Delta Surface 

(Sterile) 

Thermo scientific 
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Centrifuge Heraeus Multifyge 3SR+ Thermo scientific 

Eppendorf tubes 0.5 ml; 1.5 ml Sarstedt 

Falcone tube 50 ml (Sterile) Sarstedt 

Filter unit 0.2 µm (Sterile) Whatman 

Flow cytometry Navios Beckman Coulter 

Flow cytometry tubes 5 ml Sarstedt 

Freezer (-80°C) Glacier NU-9668E NuAire 

Magnetic stirrer hotplate  Monotherm Rodwell 

Microscope DMLS Leica 

Micro tube 2 ml Sarstedt 

Mixer Vortex-Genie 2 Scientific Industries 

Pipette 10 µl; 100 µl; 1000 µl Labsystems 

Pipette 50 µl; 100 µl, 200 µl;  Thermo electron corporation 

Pipet aid - Corning 

Pipette tips 200 µl; 1000 µl (Sterile) Sarstedt 

Serological pipettes 5 ml; 10 ml; 25 ml 

(Sterile) 

Sarstedt 

Steri-Cult CO2 incubator HEPA Class 100 Thermo electron corporation 

Syringe 10 ml (Sterile) BD Plastipak 

Transfer pipette 3,5 ml (Sterile) Sarstedt 

Universal tube  25 ml (Sterile) Thermo Scientific 

Vacuette EDTA tubes 9 ml (Sterile) Greiner bio-one 

Water distiller Distinction Bibby Scientific 



 
  

22 

3.3 Methods 

3.3.1 Neutrophil isolation 

Before each experiment venous blood was drawn into EDTA coated tubes from healthy 

volunteers that had not consumed alcohol for the past 48 hours. An ethical approval 

for the blood collection had been obtained (06-068). The blood was allowed to reach 

room temperature (RT) for 30 minutes on a rocking board. In a Universal tube, 4,5 ml 

of histopaque-1.077 was layered on top of 4,5 ml of histopaque-1.119, and then 9 ml 

of the EDTA blood was carefully layered on top. The tubes were centrifuged for 30 

minutes at 400G at 22°C, with minimal acceleration and brake. The centrifugation 

resulted in the formation of distinct layers because of a difference in density gradient. 

The plasma formed the top layer with PBMCs located on top of histopaque-1.077. The 

granulocytes formed a layer at the histopaque-1.077 and 1.119 interface, which is just 

above the red blood cell layer. The top layers containing the plasma and PBMCs were 

discarded before the granulocyte-rich layer was carefully collected using a Pasteur 

pipette and placed in 50 ml falcon tubes. The top layer of the red blood cells was also 

collected to get as many granulocytes as possible. After all the granulocytes had been 

collected into falcon tubes an equivalent amount of 3% Dextran was added to the tubes 

and they were inverted a few times. The granulocytes were incubated with the 3% 

Dextran at RT for approximately 20 minutes which allowed the sedimentation of the 

red blood cells. The top granulocyte-rich layer was removed and put into new falcon 

tubes and filled up with 1xHBSS w/o Ca2+/Mg2+. The tubes were centrifuged for 10 

minutes at 350G at 4°C, and at full acceleration and brake. The supernatant was 

discarded, and the red blood cells were lysed with 0.2% NaCl for 30 seconds exactly 

and then the tubes were filled up with 1xHBSS w/o Ca2+/Mg2+. The tubes were 

centrifuged as before. Supernatant was discarded again, and the cells were re-

suspended in 15 ml 1xHBSS w/o Ca2+/Mg2+ and the cells were counted manually using 

improved C-chip Hemocytometer counting chambers. After counting the tubes were 

filled up with 1xHBSS w/o Ca2+/Mg2+ and the cells then rested on ice for 30 minutes 

and then centrifuged as before and supernatant discarded. 
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3.3.2 Culturing of neutrophils with LPS 

To assess the effect LPS stimulation have on neutrophils in culture, a time course 

study using different concentrations of LPS was performed. After isolation, as 

described above, cells were diluted in appropriate amounts of 1640 RPMI culture 

medium containing L-Glutamine, 10% fetal bovine serum (FBS) and antibiotics 

(Pen/strep) to obtain 106 cells per 200 µl. 200 µl cell suspension was then added into 

each well in a 96 well flat-bottomed culture plate and cultured in the absence or 

presence of LPS at 50, 100 or 200 ng/ml (see table 4).  

Table 4: Plate layout for neutrophils cultured with and without LPS in varied concentrations 
(50, 100 and 200 ng/ml) 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 1 1 1 2 2 2 3 3 3 4 4 4 

B 6 6 6 12 12 12 18 18 18 24 24 24 

C 1 1 1 2 2 2 3 3 3 4 4 4 

D 6 6 6 12 12 12 18 18 18 24 24 24 

E 1 1 1 2 2 2 3 3 3 4 4 4 

F 6 6 6 12 12 12 18 18 18 24 24 24 

G 1 1 1 2 2 2 3 3 3 4 4 4 

H 6 6 6 12 12 12 18 18 18 24 24 24 
Blue = no stimulation, green = 50 ng/ml LPS, orange = 100 ng/ml LPS, red = 200 ng/ml LPS 

The neutrophils were then cultured at 37°C, 5% CO2 and 95% humidity and 

cells are harvested at specific time points after plating (1, 2, 3, 4, 6, 12, 18 and 24 

hours). From this time course study, the concentration of 100 ng/ml was chosen as the 

appropriate concentration for LPS to use in subsequent experiments. 

Another time course study was performed, now using the chosen 100 ng/ml 

LPS concentration, with fewer time points and a different plate. The cells were diluted 

to 106 cells per 500 µl and were added to every well on a 48-flat-bottomed culture plate 

(see table 5).  
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Table 5: Plate layout for neutrophils culture with and without LPS (100 ng/ml) 

 1 2 3 4 5 6 7 8 

A 2 2 2 4 4 4 6 6 

B 6 12 12 12 18 18 18 24 

C 24 24       

D 2 2 2 4 4 4 6 6 

E 6 12 12 12 18 18 18 24 

F 24 24       
Blue = no stimulation, orange = 100 ng/ml LPS  

The neutrophils were then cultured at 37°C, 5% CO2 and 95% humidity and 

cells were harvested at specific time-points after plating (2, 4, 6, 12, 18 and 24 hours). 

 

3.3.3 Culturing of neutrophils with DHA 

To assess the effect that DHA has on neutrophils in culture a time course study was 

performed were the neutrophils were cultured with 50 µM of DHA, which had been 

dissolved in DMSO and then diluted in culture medium. DMSO alone diluted in culture 

medium was used as a control. After isolation, as described above, cells were diluted 

in appropriate amounts of 1640 RPMI culture medium containing L-Glutamine, 10% 

FBS and Pen/strep to obtain 106 cells per 500 µl. 500 µl cell suspension was then 

added into each well in a 48 well flat-bottomed culture plate with proper concentrations 

of DHA added to half the wells and DMSO to the other half (see table 6). 
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Table 6: Plate layout for neutrophils culture with or without DHA (50 µM) and with or without 
LPS (100 ng/ml) 

 1 2 3 4 5 6 7 8 

A 3 3 3 5 5 5 12 12 

B 12        

C 3 3 3 5 5 5 12 12 

D 12        

E 5 5 5 12 12 12   

F 5 5 5 12 12 12   
Blue = no stimulation and DMSO, green = no stimulation and 50 µM DHA, orange = 100 ng/ml 

LPS and DMSO, red = 100 ng/ml LPS and 50 µM DHA  

The neutrophils were then cultured at 37°C, 5% CO2 and 95% humidity for 3 

hours. After 3 hours of incubation with DHA or DMSO, LPS at 100 ng/ml was added to 

the wells, according to the plate setup (see table 6) and cultured further. The cells were 

harvested at specific time points after plating (3, 5 and 12 hours). 

 

3.3.4 Set up of Neutrophil flow cytometry 

Before the neutrophils could be analysed by flow cytometry, a protocol had to be set 

up and the flow cytometer adjusted for color compensation. Neutrophils were isolated 

from healthy volunteers as described above. After isolation the cells were re-

suspended in staining binding buffer enriched with 2% NHS/NMS and 5% Fcg to obtain 

106 cells per 100 µl and stored at 4°C for 10 minutes. After incubation 100 µl of the cell 

suspension was transferred into 10 fluorescence activated cell sorter (FACS) tubes 

and specific antibodies or isotype control antibodies added in appropriate amounts:  

a. CD16a APC 0.1 µl per 106 cells 

b. CD62L AF700 2 µl per 106 cells 

c. CD49d BV421 1 µl per 106 cells 

d. CD11b AF488 0.5 µl per 106 cells 

e. Isotype control APC 0.1 µl per 106 cells (IgG1) 

f. Isotype control AF700 5 µl per 106 cells (IgG1) 

g. Isotype control BV421 1 µl per 106 cells (IgG1) 

h. Isotype control AF488 0.5 µl per 106 cells (IgG2b) 
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i. All four specific antibodies 

j. All four isotype antibodies 

After 20 minutes incubation at 4°C the cell suspension was washed with 2 ml 

staining buffer, the tubes were centrifuged for 10 minutes at 350 G at 4°C, and the 

supernatant discarded. The cells were fixed by adding 150 µl staining buffer/annexin 

binding buffer and 150 µl 4% PFA and incubated for 10 minutes at 4°C in the dark. 

Cells were then washed again with 2 ml staining buffer and 300 µl staining 

buffer/annexin binding buffer was added into each tube and stored at 4°C in the dark 

until they could be run on the Navios.  

 

3.3.5 Flow cytometry analysis: evaluation of neutrophil cell purity 
and apoptosis 

After neutrophil isolation and culture, as described above, the cell culture medium in 

the wells were vigorously pipetted up and down to release the cells from the bottom of 

the culture plate and triplicates were put in the same FACS tube. The FACS tubes 

were then centrifuged for 10 minutes at 350 G at 4°C. The supernatant was removed 

and stored at -80°C for ELISA (not part of this project). Cells were re-suspended in 

annexin V binding buffer (100 µl per 106 cells) enriched with 2% NHS/NMS and 5% 

Fcg block and incubated for 10 minutes at 4°C. After 10 minutes the cell suspension 

was divided into 3 FACS tubes, each containing approximately 106 cells, and specific 

antibodies were added into one tube, isotype antibodies into another and annexin V 

and propidium iodide into the third tube in appropriate amounts: 

a. Annexin V FITC 5 µl per 106 cells 

b. Propidium Iodide 10 µl per 106 cells 

c. CD16a APC 0.1 µl per 106 cells 

d. CD62L AF700 2 µl per 106 cells 

e. CD49d BV421 1 µl per 106 cells 

f. CD11b AF488 0.5 µl per 106 cells  

g. Isotype control APC 0.1 µl per 106 cells (IgG1) 

h. Isotype control AF700 5 µl per 106 cells (IgG1) 

i. Isotype control BV421 1 µl per 106 cells (IgG1) 
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j. Isotype control AF488 0.5 µl per 106 cells (IgG2b) 

After 20 minutes incubation at 4°C in the dark the cells were washed and fixed 

as described before and stored at 4°C in the dark until they could be run on the Navios.  

3.3.6 Statistical analysis 

Results are presented as mean ± standard error of the mean (SEM). GraphPad Prism 

software was used to analyse differences between results using two-way analysis of 

variance (ANOVA) and followed by Tukey’s multiple comparison test.  Differences 

were considered statistically significant if p < 0.05. 
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4.  RESULTS 
 

4.1 Purity of neutrophils after isolation 

Cellular expression of CD16a and lack of expression of CD49d was used to determine 

the purity of the neutrophils following their isolation from human blood. The proportion 

of cells expressing CD16a at 0 h is shown for donors 3, 4, 16, 17 and 18 in figure 1. 

There was no expression of CD49d on the isolated cells.  

 
Figure 1: Proportions of cells expressing CD16a. The proportion of cells expressing this surface 
molecule at 0 h determines neutrophil purity. 

As there were not enough cells left at 0 h in the FACS tube for donor 15 its purity could 

not be assessed. See appendix B for CD16a expression at 0 h for all the donors that 

were analyzed at 0 h on Navios.  

 

4.2 The effects of LPS on neutrophils in culture 
Isolated human neutrophils were stimulated without or with LPS at three different 

concentrations (50, 100 and 200 ng/ml) to determine whether LPS directly affected 

neutrophil apoptosis and their expression of surface molecules. These results were 

then used to select the concentration of LPS to be used for subsequent experiments.  

When cultured without LPS, a high percentage of neutrophils (70-90%) was 

viable for the first 6 h in culture, but at 12 h the percentage of viable cells had 
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decreased to ~30%. When stimulated with LPS, there was a tendency towards higher 

percentage of neutrophils being viable at 12 h (~50-70%) (Fig. 2, A). Reciprocally, the 

percentage of apoptotic neutrophils was less at 12 h when the neutrophils were 

stimulated with LPS than when they were cultured without LPS (Fig. 2, B). 

 

Figure 2:The effects of LPS on percentage of live neutrophils and on neutrophil apoptosis. 
Neutrophils, isolated from EDTA blood from healthy volunteers, were cultured with and without LPS at 
different concentrations (50, 100, or 200 ng/ml). Neutrophils were harvested at different time-points (0, 
1, 2, 3, 4, 6, 12 and 18 h). To assess apoptosis, neutrophils were stained with annexin V and propidium 
iodide and analysed with flow cytometry. Results are given as percentage live cells (A) and percentage 
apoptotic cells (B). n=2.  

There was little difference in the effect of the three concentrations of LPS on 

percentage of live cells and percentage of apoptotic cells (Fig. 2, A and B). No 

statistical analyses could be performed on the data as only two experiments were 

performed. 

The percentage of neutrophils expressing CD11b, CD16a and CD62L declined 

with increasing time in culture, regardless of whether they were stimulated with LPS or 

not (Fig. 3, A-D). The percentage of neutrophils expressing CD11b (activation marker) 

was decreased 12 h after culturing them without LPS, but there was a tendency 

towards a less decrease when the neutrophils were cultured with LPS (Fig. 3, A). 

Higher percentage of neutrophils seemed to express CD62L (adhesion molecule) 

when cultured without LPS at 2-6 h than when they were cultured with LPS, regardless 

of the concentration of the LPS (Fig. 3, C). There was no effect of LPS on the 

expression of CD16a (FcgRIIIa) (Fig. 3, B).  
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Figure 3: The effects of LPS on neutrophil expression of surface molecules. Neutrophils, isolated 
from EDTA blood from healthy volunteers, were cultured with and without LPS at different 
concentrations (50, 100, or 200 ng/ml). Neutrophils were harvested at different time-points (0, 1, 2, 3, 4, 
6, 12 and 18 h). To assess surface molecule expression, neutrophils were stained with antibodies 
against CD11b, CD16a and CD62L and analysed with flow cytometry. The results are given as 
percentage positive cells as compared with cells stained with isotype control antibodies. n=2. 

As there was little difference between the effects of the three concentrations of 

LPS on apoptosis and expression of surface molecules and as 100 ng/ml is a 

commonly used concentration in other in vitro neutrophil studies (Gong et al., 2015; Li 

et al., 2016; Lynn, Raetz, Qureshi, & Golenbock, 1991; Murray & Wilton, 2003) it was 

decided to use that for further experiments. Several experiments were performed with 

that concentration and the effect on apoptosis and expression of surface molecules 

examined. However, the percentage of live cells after the isolation of neutrophils and 

before they were put in culture did not meet our expectations based on previous results 

and, therefore, they were not used, but are presented in appendix C. 
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4.3 The effects of DHA on neutrophils in culture 
In order to assess whether the n-3 PUFA DHA affected neutrophil apoptosis or 

neutrophil expression of surface molecules, the neutrophils were cultured for 3 h with 

50 µM of DHA or solvent only and then (t=3 h) stimulated or not with LPS at 100 ng/ml 

for 2 h (t=5 h) and 9 h (t=12 h). 

Culturing and stimulating neutrophils in the presence of DHA had no effect on 

the percentage of live cells or the percentage of apoptotic cells (Fig. 4, A and B). 

 

Figure 4: The effects of DHA on percentage of live neutrophils and on neutrophil apoptosis. 
Neutrophils, isolated from EDTA blood from healthy volunteers, were cultured with or without 50 µM of 
DHA dissolved in DMSO. DMSO at the same concentration was used as a control (Ctrl). After 3 h 
incubation, the neutrophils were cultured further with or without LPS at 100 ng/ml. Neutrophils were 
harvested at different time points (0, 3, 5 and 12 h). To assess viable cells and apoptosis, neutrophils 
were stained with annexin V and propidium iodide and analysed using flow cytometry. The results are 
given as percentage live cells (A) and percentage apoptotic cells (B). n=4.  

In this experiment, unlike the experiment presented in Fig. 2, there was no effect 

of LPS on percentage of live cells or the percentage of apoptotic cells at 12 h after 

stimulation (Fig. 4, A-B) 

Culturing neutrophils with DHA did not affect expression of the surface 

molecules examined (Fig. 5, A-D). In agreement with the data shown in Fig. 3, LPS at 

100 ng/ml seemed to increase the percentage of neutrophils expressing CD11b as 

compared with neutrophils cultured without LPS for 9 h (at t=12h) (Fig. 5, A). 

Conversely, when neutrophils were cultured with LPS there is a tendency towards 

lower percentage of neutrophils expressing the surface marker CD62L compared with 

neutrophils cultured without LPS for 2 and 9 h (t=5 and 12 h, respectively) (Fig. 5, C). 

LPS at 100 ng/ml did not affect neutrophil expression of CD16a (Fig. 5, B). 
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Figure 5: The effects of DHA on neutrophil expression of surface molecules. Neutrophils, isolated 
from EDTA blood from healthy volunteers, were cultured with or without 50 µM of DHA dissolved in 
DMSO. DMSO at the same concentration was used as a control (Ctrl). After 3 h incubation, the 
neutrophils were cultured further with or without LPS at 100 ng/ml. Neutrophils were harvested at 
different time points (0, 3, 5 and 12 h). To assess surface molecule expression, neutrophils were stained 
with antibodies against CD11b, CD16a and CD62L and analysed by flow cytometry. The results are 
given as percentage positive cells as compared with cells stained with isotype control antibodies. n=4.  
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4.4 Characterization of two populations of freshly isolated 
neutrophils 

While analysing the freshly isolated neutrophils, it was observed that they 

formed two populations differing in size and granularity (forward and side scatter dot 

plots) (Fig. 6, A). The P1 population was smaller (lower forward scatter) and slightly 

more granulated (slightly higher side scatter) than the P2 population. The P1 

population also seemed to include neutrophils with higher expression of CD62L, than 

that in the P2 population (Fig. 6, B and C). 

 

Figure 6: Two distinct neutrophil populations in freshly isolated blood. Neutrophils, isolated from 
EDTA blood from healthy volunteers, were stained with antibodies against CD16a and CD62L and 
analysed using flow cytometry. (A) A representative dot plot of forward and side scatter. Dot plots 
showing double labeling with CD16a and CD62L for P1 (B) and P2 (C).  

 The P2 population seemed to have a slightly higher mean expression of 

CD11b (Fig. 7, D) than the P1 population (Fig. 7, A), but similar mean expression of 

CD16a and CD62L (Fig. 7, B, C, E and F). The presence of neutrophils with high 

expression of CD62L in the P1 populations was seen as a shoulder in the histogram 

for the CD62L expression (Fig. 7, C) that was not seen in the histogram for the P2 

population (Fig. 7, F). 
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Figure 7: Surface molecule expression of the two distinct neutrophil populations. Neutrophils, 
isolated from EDTA blood from healthy volunteers, were stained with antibodies against CD11b, CD16a 
and CD62L and analysed with flow cytometry. Histograms showing labeling for C11b, CD16a and 
CD62L for P1 (A-C) and P2 (D-F) and for isotype control of both populations (G-I). 

A slightly lower percentage of the P1 neutrophils seemed to be alive at 12 h 

than of the P2 neutrophils, regardless of whether they were stimulated with LPS or not 

(Fig. 8, A). Reciprocally, there seemed to be a higher percentage of apoptotic 

neutrophils in the P1 population at 12 h than in the P2 population (Fig. 8, B).  
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Figure 8: Percentage live and apoptotic P1 and P2 neutrophils cultured with or without LPS. 
Neutrophils, isolated from EDTA blood from healthy volunteers, were cultured for 12 h with or without 
LPS at 100 ng/ml added at 3 h. Neutrophils were harvested at different time points (0, 3, 5 and 12 h). 
To assess apoptosis, neutrophils were stained with annexin V and propidium iodide and analysed with 
flow cytometry. The results are given as percentage live cells (A) and percentage apoptotic cells (B). 
n=4 in P1 and n=3 in P2. Populations were determined by gating on Kaluza based on difference in size 
and granularity.  

The percentage of neutrophils expressing CD11b seemed to be lower in the P1 

population than in the P2 population after the cells had been in culture for 12 h (Fig. 9, 

A). In addition, there seemed to be a higher percentage of P1 neutrophils expressing 

CD11b when they had been stimulated with LPS for 9 h (t=12 h) compared with 

unstimulated P1 neutrophils (Fig. 9, A). At 12 h, the percentage of neutrophils 

expressing CD16a was lower in P1 neutrophils, with and without LPS stimulation, than 

in P2 neutrophils, with and without LPS stimulation (Fig. 9, B). There was no difference 

in expression of CD62L between the P1 and the P2 neutrophil populations, but there 

seemed to be a lower percentage of neutrophils expressing CD62L on both neutrophil 

populations when stimulated with LPS compared with that of unstimulated neutrophils 

(Fig. 9, C). At 5 h, the percentage of P2 neutrophils expressing CD62L after LPS 

stimulation seemed to be lower than for P2 neutrophils not stimulated with LPS (Fig. 

9, C). The percentage of P2 neutrophils expressing both CD62L and CD16a after LPS 

stimulation was lower than for P2 neutrophils not stimulated with LPS at 5 h (Fig. 9, 

D). In addition, the percentage of P1 neutrophils expressing both CD62L and CD16a 

not stimulated with LPS was lower than for unstimulated P2 neutrophils at 12 h (Fig. 

9, D). 
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Figure 9: Expression of surface molecules on P1 and P2 neutrophils cultured with or without 
LPS. Neutrophils, isolated from EDTA blood from healthy volunteers, were cultured for 12 h with or 
without LPS at 100 ng/ml added at 3 h. Neutrophils were harvested at different time points (0, 3, 5 and 
12 h). To assess surface marker expression, neutrophils were stained with antibodies against CD11b, 
CD16a and CD62L and analysed with flow cytometry. The results are given as percentage positive cells 
compared with cells stained with isotype control antibodies. n=4 in P1 and n=3 in P2. Populations were 
separated by gating on Kaluza based on difference in size and granularity. (B) * difference between P1 
neutrophils with and without LPS stimulation and P2 neutrophils with and without LPS stimulation; (D) * 
5h; difference between P2 neutrophils with or without LPS stimulation, 12h; difference between 
unstimulated P1 and P2 neutrophils. 
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5. DISCUSSION 
 

While many studies have analysed the effects of n-3 PUFA on cells of the immune 

system, their effects on neutrophil surface marker expression and apoptosis, which 

could be important in the resolution of inflammation, have not been reported. The 

results from the current study indicate that the n-3 PUFA, DHA, has no effect on 

neutrophil apoptosis or their surface molecule expression. LPS, did however, show 

some effect by prolonging neutrophil survival, delaying downregulation of CD11b 

expression and downregulating CD62L expression.  

 At the beginning, time-course experiments were performed using different 

concentrations of LPS to assess which concentration of LPS and what time-points 

should be selected for further studies. As the data using three different concentrations 

of LPS did not reveal much difference in their effect, it was decided to use the medium 

concentration, i.e. 100 ng/ml for further studies. This concentration had also been 

shown by others to affect neutrophil apoptosis (Gong et al., 2015; Li et al., 2016; 

Murray & Wilton, 2003) and expression of CD11b (Lynn et al., 1991).  

The results from the first experiment in the present study showed that most of 

the isolated neutrophils were alive for the first 6 h in culture but after that the number 

of live cells declined and the proportion of apoptotic cells increased. These results are 

similar to what have been reported (Murray & Wilton, 2003). Culturing the neutrophils 

with LPS delayed somewhat this decrease in live cells, as at 12 h there were more 

cells alive when they were cultured with LPS, but at 18 h most of the cells were no 

longer alive, regardless of whether they were culture with or without LPS. These results 

are in accordance with previous studies which have shown that LPS prolongs 

neutrophil survival by preventing or reducing the rate of apoptosis (Gong et al., 2015; 

Goshima, Kotani, Lowry, & Calvano, 2004; Li et al., 2016; Murray & Wilton, 2003). The 

results from another experiment in the present study (the DHA experiment) were not 

in concordance with the results from the first experiment in that the neutrophils had 

more prolonged survival than in the first experiment and LPS did not affect their 

viability. This might perhaps be because more neutrophils were alive in the DHA 

experiment at the start of the culture and the neutrophils were less apoptotic, compared 

with the neutrophils in the first experiment, at the start of the study. Had the neutrophils 

in the DHA experiment been cultured for a longer period of time (they were only 
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cultured for 12 h), a delay in apoptosis of neutrophils cultured with LPS compared with 

neutrophils cultured without LPS could maybe have been observed, similar to the 

results mentioned above and in accordance to the studies mentioned earlier. 

In the present study, neutrophil expression of CD16a decreased with time in 

culture, not unexpectedly, as previous studies have shown that as neutrophil age in 

culture, they express less CD16a. In addition, the studies showed that the CD16 

positive neutrophils were non-apoptotic and functional, whereas the CD16 negative 

neutrophils were apoptotic and non-functional (Dransfield et al., 1994; Moulding et al., 

1999). Previous studies have also shown that LPS and other priming agents can 

increase neutrophil expression of CD11b (Lynn et al., 1991; Miralda et al., 2017; 

Pédron, Girard, & Chaby, 2001; Sabroe et al., 2003; Yang et al., 2011) and in the 

present study, stimulation with LPS resulted in higher percentage of neutrophils 

expressing CD11b. Time and LPS stimulation had similar effects on the proportion of 

neutrophils expressing CD11b as it had on the proportion of apoptotic cells, indicating 

that when neutrophils go into apoptosis they decrease their expression of CD11b. 

Indeed, that apoptotic neutrophils express less CD11b than non-apoptotic neutrophils 

has been shown by others (Atallah et al., 2012). LPS downregulated expression of 

CD62L, compared with neutrophils cultured without LPS. These results are in 

accordance with results from previous studies in which LPS, or other priming agents, 

decreased neutrophil expression of CD62L through receptor shedding (Lynn et al., 

1991; Miralda et al., 2017; Pédron et al., 2001; Sabroe et al., 2003; Yang et al., 2011). 

LPS had no effect on the proportion of neutrophils expressing CD16a. This effect that 

LPS seems to have on the neutrophils in the present study, underlines the effect that 

priming agents have been reported to have on neutrophils, by enhancing neutrophil 

survival and cellular function (Miralda et al., 2017; Yao et al., 2015). 

  Incubation of neutrophils with DHA did not affect neutrophil apoptosis or their 

surface marker expression in the present study. This applied to neutrophils both when 

cultured with or without LPS. Previous studies have shown that the same concentration 

of DHA as used in the present study (50 µM) increased rat neutrophil production of 

TNF-a and IL-1b as well as their ROS production (Paschoal et al., 2013) but decreased 

ROS production was observed following incubation of goat neutrophils with 50 µM DHA 

(Pisani et al., 2009). Higher concentrations (100 µM) of DHA were needed to see an 

effect on rat neutrophil phagocytosis (Paschoal et al., 2013). There may be several 



 
  

39 

reasons for DHA not having an effect on neutrophil apoptosis or expression of surface 

molecules in the present study. Firstly, neutrophil apoptosis and expression of surface 

molecules may be unaffected by DHA. Secondly, there may have been insufficient 

incorporation of DHA into the cell membranes, either because of the DHA 

concentration in the culture medium being too low or the culture time being too short. 

Because of the limited time allowed for this project, different concentrations of DHA 

and different culturing times could not be tested. In addition, determination of the DHA 

content in the cell membranes was not possible. Thirdly, as neutrophils are short-lived 

cells and do not survive for long in culture, the time that it takes for DHA to be 

incorporated into the cell membrane may be too long for it to be feasible to study in 

this cell population.  

 Two distinct neutrophil populations, that differed in size and granularity, were 

observed in fresh human blood. The two populations also differed in the rate of 

apoptosis and their expression of surface markers after being in culture. The P1 

population was smaller and slightly more granular than the P2 population, and also 

had more neutrophils with high expression of CD62L. In addition, the P1 neutrophils 

had accelerated apoptosis following incubation and the expression of CD11b and 

CD16a was downregulated at a faster rate in P1 than in P2 neutrophils, suggesting 

that the P2 population was more functional than the P1 population. The presence of 

two human neutrophil populations with different size and granularity has been 

described before (Daniels et al., 1994; Sandilands, McCrae, Hill, Perry, & Baxter, 2006) 

but their functions have not been studied in any detail. Two distinct neutrophil 

populations have also been noticed in two mouse peritonitis models. In both studies 

these neutrophil populations proved to be different than the two populations seen in 

the present study, when related to both size and granularity, so it was impossible to 

compare the two neutrophil populations in the present study with the ones in those 

studies (Arnardottir, Freysdottir, & Hardardottir, 2013; Tomasdottir, Vikingsson, 

Hardardottir, & Freysdottir, 2014). 

 

 

 



 
  

40 

5.1 Limitations  
The present study had several limitations. Firstly, the isolation and culturing of 

neutrophils is very difficult and, therefore, many experiments that were set up were 

unsuccessful. This prolonged the time used in setting up the optimal culture condition 

and decreased the time available for the experiment analysing the effects of DHA on 

neutrophils. Secondly, because of the limited number of successful experiments, 

statistical analyses could either not be performed or showed little differences between 

groups. Thirdly, since this is an in vitro study and only one type of cell of the immune 

system was being investigated, it limits the ability to interpret the results into what is 

happening in the body. However, in vitro studies may give an indication of the direct 

effects of LPS and DHA on neutrophils in vivo. It would have been preferable to test 

both different concentrations of DHA and different culture times, as well as measuring 

the incorporation of DHA into cell membranes.  
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6. CONCLUSIONS 
 

In this study, an in vitro culture model for human neutrophils was successfully set up 

and used to determine the effects of LPS and DHA on neutrophil apoptosis and their 

expression of surface molecules. 

The results of the study indicate that DHA does not affect neutrophil apoptosis 

or neutrophil expression of surface molecules, at least not with the culture conditions 

used in the study. Further studies are necessary to determine whether DHA can affect 

neutrophil apoptosis or their expression of surface molecules if used at higher 

concentrations, for longer times in the culture or using different culture conditions.  

Stimulating the neutrophils with LPS seemed to delay neutrophil apoptosis as 

well as delaying the decrease in expression of the activation marker CD11b and 

downregulating expression of the adhesion molecule CD62L. These effects are in line 

with results by others and underline the effect that priming agents have on neutrophils, 

as they intensify neutrophil capability of mounting a rapid and vigorous response 

against pathogens by enhancing their survival and cellular function.  

Two distinct neutrophil populations, differing in size and granularity, were 

observed upon analyses of freshly isolated neutrophils. The larger and less granular 

neutrophils (P2) were less apoptotic and had more prolonged expression of both 

CD11b and CD16a in culture than the smaller and more granular neutrophils (P1), 

suggesting that they may have more prolonged survival and be more functional than 

the P1 neutrophils.  

Further studies are planned to confirm the results obtained in the present one, 

as well as to determine the effects of DHA on neutrophil functions related to resolution 

of inflammation, such as their production of Annexin A1 and other pro-resolving 

molecules. 
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9. APPENDIX 
 

APPENDIX A – Neutrophil counts following neutrophil isolation 

The number of neutrophils obtained from the EDTA blood from the donors is shown in 

appendix figure 1. The number of neutrophils obtained varied between experiments 

and donors. There were almost no cells alive after neutrophil isolation from blood from 

donors 7 and 8.  

 

Appendix figure 1. Number of neutrophils, for each donor, after their isolation. 
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APPENDIX B – Neutrophil expression of CD16a and CD62L 

Cellular expression of CD16a and lack of expression of CD49d was used to determine 

the purity of the neutrophils following their isolation from human blood. The proportion 

of cells expressing CD16a at 0 h is shown for all donors, that were run on Navios, in 

appendix figure 2. There was no expression of CD49d on the isolated cells.  

 

Appendix figure 2. Percentage of cells expressing CD16a after isolation of neutrophils from 
blood. Isolated cells were stained with antibody against CD16a and analysed with flow cytometry.  
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APPENDIX C - The effects of LPS and time in culture on 
neutrophil apoptosis and their surface molecule expression 
To assess how LPS at 100 ng/ml affected neutrophils in culture, time-course studies 

were performed. The percentage of live cells after the isolation of the neutrophils was 

lower in these experiments than in the previous study (Fig. 2) and, therefore, they are 

only presented here. In contrast to the experiment shown in figure 2, LPS had no effect 

on the percentage of live cells (Appendix Fig. 3, A) or neutrophil apoptosis (Appendix 

Fig. 3, B) in these experiments. 

 

 
Appendix figure 3. LPS does not affect neutrophil apoptosis. Neutrophils, isolated from EDTA blood 
from healthy volunteers, were cultured with or without LPS (100 ng/ml). Neutrophils were harvested at 
different time-points (0, 1, 2, 3, 4, 6, 12, 18 and 24 h). To assess apoptosis, neutrophils were stained 
with annexin V and propidium iodide and analysed with flow cytometry. Results are given as % live cells 
(A) and % apoptotic cells and (B). n=7.  

Also, in contrast to the previous experiment shown in figure 3, the decline in the 

percentage of positive cells expressing CD11b, CD16a, and CD62L occurred after 3 h 

(Appendix Fig. 4, A-D) not 6 or 12 h as in the earlier experiment. Surprisingly, LPS had 

no effect on neutrophil surface marker expression either (Appendix Fig. 4, A-D). 
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Appendix figure 4. LPS does not affect neutrophil surface marker expression. Neutrophils, isolated 
from EDTA blood from healthy volunteers, were cultured with or without LPS (100 ng/ml). Neutrophils 
were harvested at different time-points (0, 1, 2, 3, 4, 6, 12, 18 and 24 h). To assess surface molecule 
expression, neutrophils were stained with antibodies against CD11b, CD16a and CD62L and analysed 
with flow cytometry. The results are given as percentage positive cells as compared with cells stained 
with isotype control antibodies. n=7. 

 

 


