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ABSTRACT 

The effects of the omega-3 fatty acid, DHA, on neutrophil secretion of 

chemokines and cytokines in vitro.  

Introduction: Neutrophils are a big part of the innate immune response. They influence the 

inflammatory and immune responses by performing various effector functions like secretion 

of cytokines and chemokines. Neutrophil influx into tissue must be tightly regulated as their 

prolonged influences can lead to tissue damage. Omega-3 fatty acids can influence 

inflammation in various ways. Therefore, it was of interest to see if they affected neutrophil 

function. 

Aim: The aim of the study was to determine the effects of the omega-3 fatty acid, DHA, on 

neutrophil secretion of cytokines and chemokines. 

Methods: Human neutrophils were isolated from peripheral blood from healthy donors, and 

cultured in the absence or presence of LPS at 50, 100 or 200 ng/ml. Culture supernatants 

were collected at various time-points. In some experiments, neutrophils were cultured with 

50 M of DHA or solvent, for up to 12 h. After 3 h the neutrophils were stimulated with 100 

ng/ml LPS or left unstimulated. Supernatants were collected at four time-points (0, 3, 5 and 

12 h). The concentrations of the chemokines CXCL8, CCL20 and the cytokines IL-6 and IL-

1β were measured in the culture supernatants by enzyme-linked immunosorbent assay 

(ELISA). 

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

neutrophils secreted increased levels of CXCL8 by increased time in culture, whereas 

CCL20, IL-6 and IL-1β were hardly detectable. Stimulating the neutrophils with LPS induced 

secretion of CXCL8, CCL20, IL-6 and IL-1β. However, culturing neutrophils with 50 µM of 

DHA did not affect the chemokine or cytokine secretion by human neutrophils, regardless 

of whether they were stimulated with LPS or not.  

Conclusion: These results indicate that DHA, under the culture conditions used in this 

study, has no effect on the chemokine and cytokine secretion of neutrophils.  
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Ágrip 

Áhrif ómega-3 fitusýrunnar, DHA, á seytingu daufkyrninga  á flakkboðum 

og frumuboðefnum. 

Inngangur: Daufkyrningar gegna veigamiklu hlutverki í meðfæddum   ónæmisviðbrögðum. 

Þeir hafa áhrif á bólguviðbrögð og ónæmissvörun með ýmis konar stýrivirkni (e. effector 

functions) eins og t.d. seytingu á flakkboðum og frumuboðefnum. Flæði daufkyrninga inn í 

vefi verður að takmarka og stýra þannig að  þeir valdi ekki vefjaskemmdum. Ómega-3 

fitusýrur hafa áhrif á bólgur á ýmsa vegu, því var áhugavert að sjá hvort þær hafi áhrif á 

daufkyrninga. 

Markmið: Markmið rannsóknarinnar var að ákvarða áhrif ómega-3 fitusýrunnar, DHA, á 

seytingu daufkyrninga á flakkboðum og frumuboðefnum. 

Aðferðir: Daufkyrningar úr mönnum voru einangraðir úr útvefjablóði úr heilbrigðum 

sjálfboðaliðum og ræktaðir með eða án LPS í styrkjunum 50, 100 eða 200 ng/ml. Floti var 

safnað á mismunandi tímapunktum. Í sumum tilraunum voru daufkyrningar ræktaðir með 50 

μM af DHA eða leysi í allt að 12 klst. Eftir 3 klst. voru daufkyrningarnir örvaðir með 100 

ng/ml LPS eða ekki örvaðir. Floti var safnað á fjórum tímapunktum (0, 3, 5 og 12 klst). 

Styrkur flakkboðanna CXCL8 og CCL20 og frumuboðefnanna IL-6 og IL-1β var mældur í 

ræktunarflotinu með ensímbundnu ónæmissvörunarprófi (ELISA). 

Niðurstöður: Árangursríkt ræktunarlíkan var sett upp fyrir daufkyrninga úr blóði manna. 

Óörvaðir daufkyrningarnir seyttu auknu magni af CXCL8 með auknum tíma í rækt, en 

CCL20, IL-6 og IL-1β voru varla greinanleg. Örvun daufkyrninga með LPS jók seytingu 

CXCL8, CCL20, IL-6 og IL-1β. Hins vegar hafði DHA ekki áhrif á seytingu daufkyrninga á 

flakkboðum eða frumuboðefnum, óháð því hvort þeir voru örvaðir með LPS eða ekki. 

Ályktanir: Niðurstöðurnar benda til þess að DHA hafi ekki áhrif á seytun daukyrninga á 

flakkboðum og frumuboðefnum, við þau ræktunarskilyrði sem notuð voru. 
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1. INTRODUCTION 

 

1.1 The immune system 

The immune system is a system that allows the body to defend itself against what it 

thinks is a threat to its health, such as pathogenic microbes and toxins. It attacks the 

organisms and substances that cause diseases and impair the function of the body. 

The immune system consists of cells, tissues and organs that work together to 

maintain the body's homeostasis. It can distinguish between threat and the healthy 

tissues of the organism itself. Infection starts when a pathogen breaches one of the 

host’s anatomic barriers. The immune system immediately starts acting, by either 

killing the pathogen or weaken its effects.  

 There are two main classes of the immune system, the innate immune system 

and the adaptive immune system. The innate immune system is the bodies first 

defense against invaders; it is made of cells and processes that identify and attack the 

unwanted intruders. The adaptive immune system forms an immunological memory 

after it encounters certain pathogenic microorganisms for the first time. This leads to 

an increased and more rapid response the next time the immune system encounters 

the same pathogen.  

 When the immune system is less active than usual, it can lead to recurrent and 

dangerous infections, autoimmune diseases, inflammatory diseases and cancer. This 

can be caused by congenital genetic diseases, be acquired like in individuals with HIV 

infection or caused by immunosuppressive medication. The main functions/roles of 

the immune system are, among others, to identify the pathogens that enter the body, 

neutralize the pathogenic microorganisms and eliminate them if possible, resist 

against recurrent diseases caused by the same pathogen and fight against the body's 

own cells that have changed due to diseases such as cancer. 

 The cells of the immune system all have the same predecessor, the pluripotent 

hematopoietic stem cells that are found in the bone marrow. They divide to form two 

types of stem cells, common lymphoid progenitor and common myeloid progenitor. 

The common lymphoid progenitor gives rise to the cells of the adaptive immune 

system and some of the cells of the innate immune system whereas the common 

myeloid progenitor gives rise to the cells of the innate immune system (Murphy & 

Weaver, 2017).  
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1.2 The innate immune system 

The innate immune system starts working as soon as a pathogenic microorganism 

breaks down the external protection and enters the body. The purpose is to keep 

unwanted microbes and substances outside the body or preventing their further 

spread throughout the body. External protection such as the skin, mucosal 

membranes of the gastrointestinal and respiratory tract, nasopharynx, cilia, eyelashes 

and other body hairs are a part of the first line of defense of the immune system. Other 

first line defenses include stomach acid, secretions, bile, saliva, tears and sweat. Then 

there are the general immune responses like the inflammatory response and cellular 

responses (Murphy & Weaver, 2017).  

 Phagocytes are cells that engulf and destroy bacteria and viruses that enter the 

body. They are located all over the body and are ready to find potential threats. The 

main cells of the innate immune system, which count as phagocytes, are 

macrophages, monocytes, granulocytes, and dendritic cells. Other cells like mast cells 

and natural killer (NK) cells are also cells of the innate immune system and all these 

cells, apart from the NK cells, derive from the common myeloid precursor (Murphy & 

Weaver, 2017).  

 Macrophages are found in almost all tissues. One of their roles is to engulf and 

kill unwanted microorganisms. They get rid of pathogens, infected cells and debris. 

They can also trigger inflammatory responses as they secrete cytokines and produce 

inflammatory mediators which recruit other cells of the immune system to the site of 

infection or injury (Martinez, Helming, & Gordon, 2009; Murphy & Weaver, 2017).  

 Activated mast cells release mediators like cytokines and granules containing 

compounds that cause inflammatory responses, such as histamine, which enlarges 

blood vessels and increases blood flow and flow of inflammatory cells, such as 

neutrophils and monocytes, to the infected area. Mast cells are found in tissues under 

the skin and mucosa and around blood vessels (Murphy & Weaver, 2017). 

 Dendritic cells are located in tissues and act as a bridge between the innate 

and the adaptive immune systems. They sense pathogens through various pattern-

recognition receptors (PRRs) and present antigens to antigen-specific T cells of the 

adaptive immune system (Pulendran, 2015).  

 NK cells destroy cells that are infected or modulate immune responses by 

secreting pro-inflammatory cytokines and chemokines. Infected host cells can recruit 
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NK cells to the site of infection. They develop in bone marrow and mature NK cells 

can be found at various sites as in the spleen, lymph nodes and blood, liver, lungs and 

adipose tissue (Kobayashi & Mattarollo, 2017).  

 Granulocytes, also called polymorphonuclear leukocytes (PMN), are cells that 

contain a lot of granules in the cytoplasm. These include basophils, eosinophils and 

neutrophils. Eosinophils release highly toxic proteins and free radicals that kill bacteria 

and parasites. They are found throughout the body, e.g. in the thymus, lower 

gastrointestinal tract, ovaries, uterus, spleen, and lymph nodes. Basophils, like mast 

cells, release histamine. These cells are the key to triggering an immune reaction of 

type 2 (Murphy & Weaver, 2017). Neutrophils will be discussed in the following 

chapter. 

 

1.2.1 Neutrophils  

Neutrophils are the most abundant type of granulocytes and the most abundant white 

blood cells in the circulation. During the beginning phase of inflammation or when 

bacterial infection is detected, neutrophils are one of the first cells to arrive to the area 

of inflammation. They migrate through the blood vessels to the site of infection 

following a process called chemotaxis, where chemical signals like CXC chemokine 

ligand (CXCL) 8 also called interleukin (IL) -8, interferon (IFN) -γ, C5a, or leukotriene 

(LT) B4 direct the pathway of migration (Foxman, Campbell, & Butcher, 1997). The 

pathogens activate the complement system which in turn coats their surfaces with 

complement proteins. This means that the pathogens can be recognized by the 

complement receptors on both macrophages and neutrophils and they can take them 

up by phagocytosis. The engulfed pathogens are then destroyed by a combination of 

reactive oxygen species (ROS) that are produced in stimulated neutrophils, as well as 

enzymes and other toxic agents contained in the granules of the neutrophils (Murphy 

& Weaver, 2017; Reeves et al., 2002).  

 Neutrophils use the granules located in their cytoplasm to fight infections in a 

process called degranulation. These granules can be divided into various types, 

depending on their contents, which include various antimicrobial proteins, proteases, 

cationic peptides, myeloperoxidase (MPO), lactoferrin, and others. These types of 

granules are divided into the peroxidase positive granules, also known as primary or 
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azurophilic granules, in which the defining protein is MPO (Bainton & Farquhar, 

1968a); peroxidase negative granules, also known as specific or secondary granules 

(Bainton & Farquhar, 1968b) and  gelatinase granules also known as tertiary granules 

(Kjeldsen, Bainton, Sengelov, & Borregaard, 1993). Release of the enzymes and toxic 

proteins from the granules contributes to the killing and degradation of the engulfed 

microorganisms following phagocytosis. 

 Neutrophils also have a way to disarm and kill bacteria extracellularly. Following 

activation, the neutrophils form neutrophil extracellular traps (NETs) to regulate the 

severity of the infection (Papayannopoulos & Zychlinsky, 2009). The NETs are 

composed of decondensed chromatin, granular proteases and cytoplasmic proteins 

that get released into the extracellular medium and trap, immobilize and kill the 

pathogens and enhance their phagocytosis (Brinkmann et al., 2004).  

 Neutrophils are short lived; their lifespan as inactivated neutrophils has been 

reported from 5 hours up to 90 hours (Tak, Tesselaar, Pillay, Borghans, & 

Koenderman, 2013). In case of infection, neutrophils are recruited to the site of 

infection where they become activated and participate in elimination of the pathogen. 

Thereafter, the neutrophils go into apoptosis, a self-programmed cell death, to 

regulate the neutrophil abundance and to conserve the toxic cell content, which serves 

both to prevent potential diseases associated with large numbers of neutrophils and 

to initiate resolution of inflammation. The apoptotic neutrophils then go through 

efferocytosis by macrophages to avoid lysis and thereby release of cytotoxic and 

inflammatory components, which can induce host tissue damage. In addition, the 

efferocytosis has been shown to reduce the production of pro-inflammatory cytokines 

by macrophages and thus affect resolution of inflammation (Fadok et al., 1998).  

 

1.2.2 Cytokines and chemokines secreted by neutrophils  

Cytokines are small proteins, released by cells that modulate immune responses, 

inflammation and responses to infection. These responses depend on the cells 

bearing the appropriate receptors (Zhang & An, 2007). Chemokines, also small 

proteins, are chemoattractant molecules that induce chemotaxis of target cells. They 

have been divided into two major sub-families, CXC and CC, based on the position of 

the cysteine residues within the protein (Graves & Jiang, 1995). 
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Neutrophils are known to synthesize and release a large variety of cytokines 

and chemokines, either constitutively or upon stimulation. They have a variety of roles, 

such as being pro-inflammatory or anti-inflammatory cytokines, chemokines, 

immunoregulatory cytokines, tumor necrosis factor (TNF) superfamily members or 

angiogenic/fibrogenic factors (Tecchio & Cassatella, 2014).  

Examples of cytokines and chemokines secreted by neutrophils, among many 

others, are the cytokines IL-6, IL-1β and the chemokines CXCL8 and CCL20. CXCL8 

is the most studied chemokine produced by neutrophils, but neutrophils also happen 

to be the primary target of this chemokine. It is expressed in response to inflammatory 

stimuli and its primary function is the chemotactic function, i.e. to attract neutrophils 

and other cells e.g. basophils and T lymphocyte subsets, to the site of infection 

(Cassatella, 1999; Murphy & Weaver, 2017). The chemotaxis means that neutrophils 

can likely amplify their own arrival to and activate and recruit distinct leukocytes to the 

inflamed tissue (Scapini & Cassatella, 2014; Scapini et al., 2000). CXCL8 can be 

synthesized by neutrophils in larger amounts than other chemokines or cytokines as 

it can be measured in ng/ml rather than pg/ml that the other cytokines are measured 

in (Cassatella, 1999). Neutrophils can also express and release the chemokine 

CCL20, also called macrophage inflammatory protein-(MIP) 3α, which is a strong 

chemoattractant for lymphocytes and dendritic cells and a weak attractant of 

neutrophils (Hieshima et al., 1997; Scapini et al., 2001). IL-1β, IL-6 and TNF-α are 

among the pro-inflammatory cytokines. They mediate, amongst other, acute phase 

response in the liver, fever and promote inflammation which helps with host defense 

in various ways. These cytokines also enhance recruitment of neutrophils from the 

bone marrow into the circulation (Murphy & Weaver, 2017).  

 

1.3 The adaptive immune system  

Unlike the innate immune system, which acts via multiple receptors that can be 

activated immediately, the adaptive immune system is activated through antigen-

specific receptors and provides immunological memory that can act upon repeated 

infections. The adaptive immune response is much slower than the immune response 

of the innate immune system, which is primed and ready to fight at all times. The cells 

of the adaptive immune system are much fewer than those of the innate immune 
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system and they derive from the common lymphoid progenitor. They are called 

lymphocytes and are divided into B and T cells (Murphy & Weaver, 2017). 

B cells mature in the bone marrow. From there, they travel through the 

lymphatic system where they meet antigens and their activation process begins. B 

cells express antigen-specific receptors (B cell receptors (BCRs), also called 

immunoglobulins (Igs)) on their surface and when they meet an antigen that matches 

their BCR, the activation starts. The B cells differentiate into either a memory B cells 

or effector B cells, also called a plasma cells. The memory B cells express the same 

BCRs on their membranes as the inactivated B cells, whereas plasma cells secrete 

the same immunogloblins. The immunogolbulins are then often referred to as 

antibodies. The role of these antibodies is to detect free pathogens in the blood and 

other body fluids.  

Precursors of T cells form, like the B cells, in the bone marrow. From there they 

go to the thymus where they develop and become fully mature T cells, which then 

express antigen-specific receptors (T cell receptors (TCRs)) and also either the CD4 

or the CD8 co-receptor. TCRs can only recognize antigens if they are bound to specific 

molecules, called major histocompatibility complex (MHC) molecules. MHC molecules 

of class 1 (MHCI) are expressed on all nucleated cells and are recognized by CD8+ T 

cells, which differentiate into cytotoxic T cells when they become activated. MHC 

molecules of class II (MHCII) are expressed on antigen-presenting cells, such as 

dendritic cells, macrophages and B cells and are recognized by CD4+ T cells which 

differentiated into helper T cells or inducible T regulatory cells when they become 

activated (Murphy & Weaver, 2017).   

 

1.4 Inflammation   

Acute inflammation is a reaction of the innate immune system, which the body uses 

when it gets into contact with pathogens or suffers tissue damage. Inflammatory 

reactions are for defense purposes, to rid the body of pathogens, repair injury and 

restore homeostasis. However, if the inflammation becomes excessive or prolongs so 

that the body cannot cope with it, it can lead to chronic inflammatory diseases and 

tissue damage. 
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 Along with major autoimmune and allergic diseases, such as asthma, 

rheumatoid arthritis and gastrointestinal inflammatory diseases, chronic inflammation 

is also the underlying factor in many of today's most prominent diseases, such as 

cancer, Alzheimer’s and cardiovascular diseases (Charles N. Serhan et al., 2007; 

Sugimoto, Sousa, Pinho, Perretti, & Teixeira, 2016).  

 The symptoms of acute inflammation include redness, pain, swelling and fever 

which are all hallmarks of increased blood flow to the site of inflammation and 

increased permeability of capillaries that allows leukocytes to reach the site of action. 

After attacking the infection, it is important for the inflammation to get resolved to avoid 

it developing into chronic inflammatory disease (Charles N. Serhan, 2014). 

During the early phase of inflammation, the first cells to respond are resident 

cells of the innate immune system, epithelial cells, mast cells, dendritic cells and 

macrophages. These cells detect the initial inflammation and respond by producing 

various inflammatory mediators, such as cytokines and chemokines. These cells can 

control the infection while the adaptive immune system is being formed. The cells 

express PRRs that play the role of detecting pathogens or the damage they have 

made and induce their phagocytosis. Among the PRRs are the toll-like receptors 

(TLRs), which primary role is to activate the innate cells (Thomas & Schroder, 2013). 

The PRRs detect so-called pathogen-associated molecular patterns (PAMPs) or 

damage-associated molecular patterns (DAMPs), which are structures in 

microorganisms or damaged cells (Murphy & Weaver, 2017; Portou, Baker, Abraham, 

& Tsui, 2015; Soehnlein & Lindbom, 2010). 

The resident immune cells participating in the inflammatory response produce 

various pro-inflammatory mediators. TNF-α is a cytokine that is involved in the onset 

of acute inflammation. It is produced by resident macrophages among other cells. It 

activates the endothelial cells of the vascular system so that permeability increases. 

This allows soluble molecules and other inflammatory cells to enter the tissue and fluid 

flow increases to the lymph nodes. IL-6 is also an important inflammatory cytokine, 

which apart from its inflammatory role, activates lymphocytes and increases antibody 

production. IL-1β also activates the endothelium of the vascular system, activates 

lymphocytes and increases the access of effector cells. As mentioned earlier, the 

chemokine CXCL8 is involved in recruiting neutrophils to the infected site but the 

neutrophils are the first cells to enter the inflamed tissue from the circulation (Murphy 

& Weaver, 2017). Eicosanoid lipid mediators, like LTs and prostaglandins (PGs), 
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produced from the essential fatty acid arachidonic acid (AA), also contribute to the 

initiation of inflammation, whereof PGE2 and LTB4 are the most potent pro-

inflammatory mediators (Charles N. Serhan, 2014). They also participate in recruiting 

the effector cells of the innate immune system, neutrophils and monocytes, to the site 

to help destroy pathogens. Later the resolution of inflammation starts which involves 

the death of the recruited effector cells. 

 

1.5 Effects of polyunsaturated fatty acids on inflammation 

Polyunsaturated fatty acids (PUFAs) are fatty acids with two or more double bonds. 

They can be further classified into n-3 fatty acids and n-6 fatty acids. The n-3 fatty 

acids have their first double bond at the third carbon from the methyl end of the 

hydrocarbon chain and the n-6 fatty acids have their first double bond at the sixth 

carbon from the methyl end. The n-3 and n-6 fatty acids cannot be synthesized by 

animals and must, therefore, be included in their diets (Fritsche, 2007).  

Fatty acid composition of cell membranes influences their function. Oral 

administration of n-3 and n-6 fatty acids has been shown to change the composition 

of cell membranes and to affect their function (Calder, 2011). They can affect the 

membrane fluidity, lipid mediator production by the cells as well as cell signaling 

(Calder, Yaqoob, Harvey, Watts, & Newsholme, 1994). 

Western diet contains relatively little of the long chain n-3 PUFAs but more of 

the n-6 PUFAs and the n-6:n-3 PUFA ratio of Western diet has been increasing all last 

century (Blasbalg, Hibbeln, Ramsden, Majchrzak, & Rawlings, 2011; Simopoulos, 

2008). Linoleic acid (LA; 18:2), an n-6 PUFA, is one of the most common fatty acid in 

this the Western diet. LA is a precursor for AA, which is a precursor for the pro-

inflammatory mediators PGs and LTs (Schmitz & Ecker, 2008). On the other hand, the 

n-3 PUFA α-linolenic acid (ALA; 18:3), can be metabolized into eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), which are precursors for the specialized pro-

resolving mediators (SPMs), resolvin E, resolvin D, maresins or protectins that are 

important for the resolution of inflammation (Lopez-Vicario et al., 2016; Marion-

Letellier, Savoye, & Ghosh, 2015).  

 Both EPA and DHA can inhibit the production of pro-inflammatory cytokines by 

human endothelial cells and EPA can inhibit cytokine production by cultured 
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monocytes and macrophages (Calder, 2013). The transcription factor nuclear factor 

κB (NFκB) is involved in regulating inflammatory gene expression, including the 

cytokine and chemokine expression (Sigal, 2006; Weldon, Mullen, Loscher, Hurley, & 

Roche, 2007) and n-3 PUFAs can inhibit the pathway of  NFκB  and, therefore, affect 

the inflammatory conditions (Siriwardhana et al., 2012). The increase in the n-6:n-3 

ratio in the Western diet is thought to be, in part, a cause of the increase in 

inflammatory diseases observed in the Western world and epidemiological studies 

show a connection there between (Thorburn, Macia, & Mackay, 2014).   

 

1.6 Resolution of inflammation  

In order to reach homeostasis after an inflammatory response, it is necessary for the 

inflammation to go through a resolution process (fig. 1). This is important to prevent 

the progression from non-resolving acute inflammation to persistent chronic 

inflammation; thus, the resolution of inflammation must be effective. The resolution 

has been shown to be an active process rather than a passive one, as believed before. 

Endogenous biochemical pathways that get activated during defense reactions are 

able to counter-regulate inflammation and promote resolution (Charles N. Serhan et 

al., 2007). The same molecular and cellular mechanisms that are involved in the onset 

of inflammation take part in the initiation of the pro-resolving response (Sugimoto et 

al., 2016). PUFAs switch from being metabolized to pro-inflammatory mediators like 

PGs and LTs to pro-resolving mediators including the SPMs (Levy, Clish, Schmidt, 

Gronert, & Serhan, 2001).  

 What happens at the start of resolution of inflammation is that 

permeability of the endothelium and epithelium is reduced, neutrophil flow to the 

inflammatory site is greatly reduced, and the clearance of apoptotic neutrophils, 

inflammatory debris and microbial invaders is started by macrophages (Duvall & Levy, 

2016; Charles N. Serhan, 2014). The SPMs that are formed in cells by metabolism of 

PUFAs, proteins like annexin A1 (AnXA1), along with other substances like 

adrenocorticotropic hormone, chemerin peptides, gaseous mediators aid this process 

(Headland & Norling, 2015; Charles N. Serhan, 2014; Sugimoto et al., 2016). 
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Figure 1: Components that dominate the inflammatory process from induction to the 
resolution of inflammation (Headland & Norling, 2015). 

 

Lipoxins (LXs), derived from AA, are mediators that have anti-inflammatory roles, in 

contrast to the other AA-derived eicosanoids PGs and LTs, that are pro-inflammatory 

(Markworth, Maddipati, & Cameron-Smith, 2016). LXs stop infiltration of neutrophils to 

the inflammation site and stimulate chemotaxis and adherence of monocytes and 

efferocytosis of apoptotic cells (Chiang, Arita, & Serhan, 2005; Fierro et al., 2003; 

Scannell & Maderna, 2006). Resolvins of the D series are enzymatically synthesized 

from DHA by trans-cellular biosynthesis. They prevent flow of neutrophils across the 

endothelium in murine models (Sun et al., 2007) and enhance macrophage 

engulfment of apoptotic neutrophils (Krishnamoorthy et al., 2010). The E-series 

resolvins are synthesized from EPA. They contribute to decreased neutrophil counts 

and enhancement of macrophage engulfment of apoptotic neutrophils (Schwab, 

Chiang, Arita, & Serhan, 2007). Maresins are DHA-derived SPMs. They are primarily 

produced in macrophages and are stimulants for macrophage engulfment and 

phagocytosis of apoptotic neutrophils (C. N. Serhan et al., 2012). Protectins, derived 
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from DHA, inhibit trans-endothelial migration of neutrophils and promote efferocytosis 

of apoptotic neutrophils (Schwab et al., 2007).  

 AnXA1 is a glucocorticoid-regulated protein with potent anti-inflammatory and 

pro-resolving functions, stored in great amounts in neutrophils, monocytes and 

macrophages. It prevents the transport of neutrophils to the site of inflammation, 

promotes neutrophil apoptosis, promotes macrophage engulfment of apoptotic cells, 

controls their TNF-α and IL-6 production and downregulates the degranulation of mast 

cells (Scannell & Maderna, 2006). AnXA1, secreted by apoptotic neutrophils, also has 

the ability to attract monocytes to the site of inflammation, which differentiate into 

macrophage, which can clean the site of debris and apoptotic cells (McArthur et al., 

2015).  
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2. OBJECTIVES 
 

The objective of the study was to determine the effects of the n-3 PUFA, DHA, on the 

secretion of chemokines and cytokines by neutrophils. 
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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 Batch number Manufacturer 

Annexin V binding buffer  B234799 Biolegend 

Annexin V FITC B247182 Biolegend 

Antibodies for flow cytometry + 
isotype control: 

 CD16a APC 

 CD62L AF700 

 CD49d BV421 

 CD11b AF88 

 Isotype control APC 

 Isotype control AF700 

 Isotype control BV421 

 Isotype control AF88 

4329370 
B241423 
B224419 
B214936 
4276175 
B187556 
B225356 
B250267 

Biolegend 
Biolegend 
Biolegend 
Biolegend 
Biolegend 
Biolegend 
Biolegend 
Biolegend 

Blocking solution - Department of Immunology 

Bovine serum albumin (BSA) 780 Millipore 

Dextran BCBS9155V Sigma-Aldrich 

Dimethyl sulfoxide (DMSO) - Department of Immunology 

Docosahexaenoic acid (DHA) - Department of Immunology 

ELISA DuoSet: capture 
antibodies, detection antibodies, 
standards  
-CXCL8 
-IL-10 
-IL-1β 
- CCL20 

- R&D Systems 

ELISA HPR Substrate 170409 ECO-TEK 

Enzyme-linked immunosorbent 
assay 
(ELISA) buffer 

- 
 Department of Immunology 

Ethylenediamine-tetraacetic acid 
(EDTA) 68H0024 Sigma-Aldrich 

Fc B247182 Biolegend 

Fetal bovine serum (FBS) - Gibco, Life Technologies 

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

Histopaque-1077 RNBG0645 Sigma-Aldrich 
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Histopaque-1119 RNBF7809 Sigma-Aldrich 

Lipopolysaccharide (LPS) - Sigma-Aldrich 

NaCl, Sodium chloride, Red cell 
lysis buffer 0.2% - Department of Immunology 

Normal human serum:Normal 
mouse sermum (NHS:NMS) 1:1 - Department of Immunology 

Paraformaldehyde, PFA 4% - Department of Immunology 

Penicillin:Streptomycin 
(Pen:Strep) - Gibco, Life Technologies 

Phosphate buffered saline, PBS - Department of Immunology 

Potassium chloride, KCL SZBE1730V Sigma-Aldrich 

Potassium phosphate 
monobasic, KH2PO4 BCBV1381 Sigma-Aldrich 

Propidium Iodide B240723 Biolegend 

RPMI culture medium - Gibco, Life Technologies 

RPMI 1640 culture (1X) [+]L-
Glutamine 1870707 Gibco, Life Technologies 

Sodium azide, NaN3 STBH0657 Sigma-Aldrich 

Sodium chloride, NaCl SZBG2670H Honeywell fluka 

Sodium phosphate dibasic 
sihydrate, Na2HPO4 SZBE1350V Sigma-Aldrich 

Staining buffer - Department of Immunology 

Stop solution - Department of Immunology 

Streptavidin-HRP P105209 R&D Systems 

Sucrose SLBT1463 Sigma-Aldrich 

Sulfuric acid 95-97% SZBB0970V Sigma-Aldrich 

Tris-buffered saline (TBS) - Department of Immunology 

Tris ELISA buffer - Department of Immunology 

Trypan blue 0.4% 1871159 Invitrogen 

Tween-20 SZBA3190V Sigma-Aldrich 

Washing solution - Department of Immunology 

20 mM EDTA - Department of Immunology 

20% BSA in PBS - Department of Immunology 
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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 

Block solution  

 

 5 g BSA 

 25 g Sucrose 

 0,25 g NaN3 

 500 ml PBS 

Dextran 3% 

 

 6 g dextran 

 180 ml dH2O 

 20 ml HBSS x 1 

ELISA buffer 

 

 5 g BSA 

 500 ml PBS  

HBSS w/o Ca2+ Mg2+ 

 

 450 ml dH2O 

 50 ml 10X HBSS (once blended, 

remove 50 ml)  

 50 ml EDTA 

PBS pH 7,4, sterile 

 

 40 g NaCl 

 5,75 g Na2HPO4 (or 7,2 g of 

Na2HPO4 x 2H20) 

 1 g KH2PO4 

 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 Pen Strep 

Staining buffer  440 ml PBS 

 12,5 ml 20% BSA in PBS, filtered 
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  50 ml 20mM ETDA, sterile 

 0,5 g NaN3 

Stop solution (0,18M H2SO4) 

 

 20 ml 0,5M H2SO4 

 35,5 ml dH20 

Tris – ELISA buffer 

 

 0,5 g BSA 

 0,25 ml Tween® 20 

 500 ml TBS pH 7,3 

 Keep refrigerated  

Washing solution, PBS with 0,05% 

Tween®20   

 

 500 ml PBS pH 7,4 

 5 ml Tween® 20 

 dH2O up to 10 L 

20% BSA in PBS 

 

 40 g BSA 

 PBS ad 180 ml, let stand over 

night 

 PBS ad 200 ml, the day after 

 Filter with 0,2  filter to 4 sterile 

50 ml tubes 

20 mM EDTA 

 

 3,72 g EDTA 

 500 ml PBS 

 Autoclaved 

 

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 

Cell culture plate, 96 well, 
flat-bottom 

Nuclon Delta Surface 
(sterile) Thermo scientific 
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Cell culture plate, 48 well, 
flat-bottom 

Nuclon Delta Surface 
(sterile) Thermo scientific 

Centrifuge Heraeus Multifuge 3SR+ Thermo Scientific 

ELISA plate; 96 well, flat-
bottom  - Thermo Scientific 

ELISA plate sealing tape  - Thermo Scientific 

Eppendorf tubes 0.5 ml; 1.5 ml Sarstedt 

Falcon tube 50 ml Sarstedt 

Filter unit 0.2 L Whatman 

Flow cytometer Navios Beckman Coulter 

Freezer; -80°C Glacier NU-9668E NuAire 

Hemocytometer C-Chip NanoEnTek 

Magnetic stirrer hotplate Monotherm Rodwell 

Microplate washer Elx405 BioTek 

Microplate stacker BioStack 2WR BioTek 

Multichannel pipette Finnpipette, 5-50 l Labsystems 

Multichannel pipette Finnpipette, F1 30-300 l Thermo Scientific 

Microscopes DMLS Leica 

Micro tube  2 ml Sarstedt 

Mixer Vortex Genie 2 Scientific Industries 

Pipet aid  - Corning 

Pipettes 10 µl; 100 µl; 1000 µl Thermo Scientific 

Pipettes 
50 µl; 100 µl, 200 µl; 100 
µl: 100 µl   

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 BD Plastipak 

Transfer pipette 3,5 ml Sarstedt 

Tube 5 ml   

Universal tube 25 ml (sterile) Thermo Scientific 

Vacuette EDTA tubes 9 ml Greiner bio-one 

Water distiller Distinction  Bibby Scientific 
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3.3 Methods 

3.3.1 Isolation of neutrophils 

Blood was obtained from healthy volunteers that had not been diagnosed with 

allergies, asthma or atopic dermatitis or had consumed alcohol for the past 48 hours. 

Venous blood was drawn into EDTA tubes and then tempered for about 30 minutes 

on a rocking board. In a universal tube, Histopaque 1077 was layered on top of 

Histopaque 1199 and the blood layered carefully on top with a Pasteur pipette. The 

tube was then centrifuged at 400 xg for 30 minutes at 22°C with minimal acceleration 

and brake. The granulocyte-rich layer was collected into a falcon tube and an 

equivalent amount of 3% dextran was added. The tube was inverted a few times and 

incubated at room temperature (RT) for about 20 minutes for the red blood cells to 

sediment. The top leukocyte rich layer, containing other leukocytes than neutrophils, 

was removed and the rest was filled up to 50 ml with 1xHBSS w/o Ca2+/Mg2+ and put 

in the centrifuge at 350 xg at 4°C for 10 minutes. The supernatant was discarded and 

the red blood cells were lysed with 0.2% NaCl for 3 seconds. The tube was then filled 

up with 1xHBSS w/o Ca2+/Mg2+ and put in the centrifuge at 350 xg at 4°C for 10 

minutes. The supernatant was discarded and the cells resuspended in 15 ml of 

1xHBSS w/o Ca2+/Mg2+. For staining, 10 l of Trypan Blue 0.4% was mixed with 10 l 

of the cell solution and 10 µl of the solution put into C-Chip hemocytometer counting 

chamber and the cells counted manually. The total number of cells was then 

calculated. The tube was filled up with of 1xHBSS w/o Ca2+/Mg2+ and left to rest on 

ice for 30 minutes. Then the cells were centrifuged at 350 xg at 4°C for 10 minutes, 

the supernatant discarded and then the cells were ready for further examination. 

 

3.3.2 Selection of culture conditions 

Cells were diluted in 1640 RPMI culture medium with L-Glutamine + 10 % foetal bovine 

serum (FBS) + Pen/Strep to get 106 cells per 200 µl. Two hundred µl of cell suspension 

were transferred to each well in a 96 well flat-bottomed culture plate and 

lipopolysaccharide (LPS) added into the wells at different concentrations as seen in 

table 4. The cells were then cultured at 37°C, 5% CO2 and 95% humidity and collected 
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at various time-points (1, 2, 3, 4, 6, 12, 18 and 24 hours). The supernatants were 

collected and stored at -80°C until used (see chapter 3.3.4). 

 

Table 4: Plate layout for neutrophils cultured with and without LPS 

 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 

Numbers refer to time-points. Blue = no stimulation, grey = 50 ng/ml LPS, green = 100 ng/ml LPS, 

orange = 200 ng/ml LPS. 

It was decided to use 100 ng/ml of LPS for subsequent experiment, as our results 

showed no difference between the different concentrations on the effects on the 

neutrophils. Fewer time-points were also used for further experiments. Therefore, the 

effect of LPS on neutrophils was analysed with or without 100 ng/ml LPS at 0, 2, 4, 6, 

12, 18 and 24 hours as in shown in table 5. The supernatants were collected and 

stored at -80°C until used (see chapter 3.3.4). 

 

Table 5: Plate layout for neutrophil 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       

Numbers refer to time-points. Blue = no stimulation, grey = 100 ng/ml LPS. 
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3.3.3 Culturing of neutrophils with DHA 

Cell suspension (1x106 cells/500 µl) was transferred into each well of a 48 well, flat-

bottomed plate. DHA that had been dissolved in DMSO and then in culture medium 

was added to the cells at 50 µM. DMSO diluted the same way was used as a control. 

After 3 hours of incubation the cells were stimulated with LPS, 100 ng/ml, or left 

unstimulated as shown in table 6. Cells were harvested at 3, 5 and 12 hours. The 

supernatants were collected and stored at -80°C until used (see chapter 3.3.4). 

Table 6: Plate layout for neutrophil culture with DHA (50 µM) or solvent 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   

Numbers refer to time-points. Blue = DMSO and no stimulation, grey = DHA and no stimulation, green 

= DMSO with 100 ng/ml LPS, orange = DHA with 100 ng/ml LPS. 

 

3.3.4 Neutrophil staining, for purity evaluation in flow cytometry 

After culturing, cells were harvested from the culture plate and triplicates pooled into 

FACS tubes and centrifuged at 350 xg for 10 minutes at 4°C. Supernatants were then 

saved and stored at 80°C for the ELISA assay. The cell solution was then resuspended 

in 279 µl of staining buffer enriched with 2% NHS/NMS and 5% Fc block and 

incubated for 10 minutes at 4°C. The cell suspension was then transferred into 3 FACS 

tubes, 100 µl per tube, and specific antibodies added to tube 1, isotype control 

antibodies to tube 2 and annexin V and propidium iodide into tube 3 (see table 7). 
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Table 7. Volume of specific and isotype control antibodies and annexin V and propidium 
iodide added per 1x106 cells 

Staining molecules Volume per 1x106 cells 

Annexin V FITC 5 µl 

Propidium Iodide 10 µl 

CD16a APC 0.1 µl 

CD62L AF700 2 µl 

CD49d BV421 1 µl 

CD11b AF488 0.5 µl 

Isotype control APC 0.1 µl 

Isotype control AF700 5 µl 

Isotype control BV421 1 µl 

Isotype control AF488 0.5 µl 

 

The cell suspension was then incubated for 20 minutes at 4°C in the dark and 2 ml of 

staining buffer added to each tube. The tubes were centrifuged and the supernatant 

discarded. 150 µl of staining buffer or annexin binding buffer were added into 

appropriate tubes and 150 µl of 4% PFA into all tubes. After incubation for 10 minutes 

at 4°C, 2 ml of staining buffer were added into each tube and the tubes centrifuged for 

10 minutes. Supernatant was discarded and 300 µl of staining buffer or annexin 

binding buffer were added into each tube. They were then stored at 4°C in the dark 

until they were run on Navios flow cytometer and the results analysed using the Kaluza 

program.  

 

3.3.5 Determination of chemokine and cytokine concentration in 

supernatants 

Sandwich ELISA was used to measure the concentration of the chemokines CXCL8 

and CCL20 and the cytokines IL-1β and IL-6 in supernatants, using DuoSet® ELISA 
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kits from R&D Systems according to the manufacturer’s instructions. A 96 well flat-

bottomed ELISA plate (Maxisorp, Nunc) was coated with appropriate capture 

antibodies. The antibodies were diluted in PBS and 100 l of that dilution was added 

to each well. The plate was then incubated overnight at RT. The day after, the coating 

solution was discarded and 300 l of blocking solution was added to each well and the 

plate then incubated at RT for 1 hour. The plate was then washed four times with 

washing solution in an ELISA plate washer. 100 l of buffer, appropriate for the assay, 

was added in each row for standard and blank (columns 1-2).  A standard for the 

cytokine to be measured was diluted in appropriate buffer and 100 l of that solution 

was put into each well in the top row for columns 1 and 2. It was then diluted by seven 

twofold serial dilutions for a standard curve and the last row left for blank. 100 l of the 

supernatants, diluted 1:2 in the appropriate buffer, CXCL8 or undiluted CCL20, IL1β 

and IL-6 (table 8), were put in duplicates into the appropriate wells (see appendix C 

for plate set up). The plate was incubated at RT for 2 hours and then washed four 

times as before. Detection antibodies, which were biotinylated goat antibodies against 

human cytokines, were diluted in appropriate buffers and 100 l added to each well. 

The plate was then incubated at RT for 2 hours and washed four times as before. 

Streptavidin labeled with horseradish peroxidase (HRP) was diluted in appropriate 

buffer and 100 l added to each well. The plate was incubated in the dark for 20 

minutes and then washed four times as before. 100 l of substrate solution were then 

added to all the wells and the plate incubated in the dark until a blue color developed 

in the highest standard. The reaction was stopped by adding 50 μl of a sulfuric acid 

stop solution to each well and the color turned yellow. The optical density (OD) was 

read immediately at 450 nm in an Original multiskan EX microplate photometer. The 

data was analysed using excel software. A seven-point standard curve was 

constructed with concentration on x-axis and OD on y-axis. The concentration of the 

cytokines in the supernatants were read from the curve and given as pg/ml.  
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Table 8. Buffers and sample dilutions for each cytokine 

Chemokine/cytokine Buffer Dilution 

CXCL8/IL-8 TRIS-ELISA buffer 1:2 

IL-1β ELISA-buffer No dilution 

IL-6 ELISA-buffer No dilution 

CCL20 ELISA-Buffer No dilution 

 

 

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 treatments using two-way analysis 

of variance (ANOVA) 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 

 

Figure 2: 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.  

 

4.2 The effects of LPS on chemokine and cytokine secretion by 

neutrophils 

In order to determine the appropriate concentration of LPS for stimulation and time-

points for collecting supernatants, neutrophils were cultured in the absence or 

presence of LPS at 50, 100 or 200 ng/ml. Neutrophil supernatants from cell cultures 

were collected at 9 time-points, 0, 1, 2, 3, 4, 6, 12, 18 and 24 hours.  

Figure 3 shows the effects of different concentrations of LPS on the secretion of 

CXCL8 and IL-1β by neutrophils at different time-points. The results show that the 

levels of CXCL8 increased with time in culture and that there was a dose-dependent 

increase in the secretion levels with increased levels of LPS (Fig. 3A). For IL-1β, there 

was more or less no secretion by unstimulated neutrophils and neutrophils stimulated 

with the lowest concentration of LPS (Fig. 3B). Neutrophils stimulated with the two 

higher concentrations of LPS secreted detectable levels of IL-1β, with 200 ng/ml of 

LPS inducing the highest levels during the first 4 h but after 6 h neutrophils stimulated 
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with 100 ng/ml LPS secreted more IL-1β than those stimulated with 200 ng/ml of LPS. 

No statistical analysis could be performed on the data as only two experiments were 

performed.  

 

 

Figure 3:The effects of different concentrations of LPS on neutrophil secretion of CXCL8 and IL-

1β. Neutrophils, isolated from EDTA blood from healthy volunteers, were cultured in the absence or 

presence of LPS at 50, 100 and 200 ng/ml. Supernatants were collected at various time-points (0, 1, 2, 

3, 4, 6, 12, 18 and 24 h) and the levels of CXCL8 and IL-1β were measured by sandwich ELISA. Results 

are presented as mean ± SEM, n = 2. 

Based on these results, LPS at 100 ng/ml was used in subsequent experiments. 

Several experiments were performed with that concentration and several different 

time-points and the effects of LPS on the chemokines CXCL8 and CCL20 and the 

cytokines IL-1β and IL-6 examined. However, the percentage of live cells after the 

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

and, therefore, they were not used, but are presented in appendix A. 

 

4.3 The effects of DHA on chemokine and cytokine secretion by 

neutrophils 

The effects of the n-3 PUFA, DHA, on secretion of chemokines and cytokines by 

neutrophils in culture, either unstimulated or stimulated with LPS at 100 ng/ml were 

determined and the results shown in Figures 4 and 5. Neutrophils were cultured in the 

presence of 50 µM of DHA or solvent only for 12 h and at 3 h the cells were either left 

unstimulated or stimulated with LPS at 100 ng/ml. Neutrophil supernatants were 

collected at four time-points, 0, 3, 5 and 12 h. Samples of raw data and setup behind 

the results are shown in appendix C.  

Figure 4 shows both increased secretion of CXCL8 and CCL20 with time, as well as 

with stimulation with LPS. However, DHA had no effect on neutrophil secretion of 
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either CXCL8 or CCL20, compared with control cells incubated with solvent (DMSO) 

only, regardless of whether they were left unstimulated or stimulated with LPS (Fig. 

4A and B). 

 

Figure 4: The effects of DHA on neutrophil secretion of chemokines. Neutrophils, isolated from 

EDTA blood from healthy volunteers, were cultured in the presence of 50 µM of DHA or solvent (DMSO) 

only and after 3 h the cells were left unstimulated or stimulated with LPS at 100 ng/ml. Supernatants 

were collected at various time-points (0, 3, 5 and 12 h) and the levels of CXCL8 and CCL20 measured 

by sandwich ELISA. Results are presented as mean ± SEM, n = 4. * Control LPS different from control 

and DHA LPS different from DHA, P<0.05. 

 

Figure 5 shows detectable levels of IL-6 and IL-1β after 12 h incubation without LPS 

stimulation with slightly higher levels upon stimulation with LPS (Fig. 5A and B). 

However, DHA had no effect on either IL-6 or IL-1β secretion by the neutrophils, 

regardless of whether they were left unstimulated or stimulated with LPS (Fig. 5A and 

B). 

 

Figure 5: The effects of DHA on neutrophil secretion of cytokines. Neutrophils, isolated from EDTA 

blood from healthy volunteers, were cultured in the presence of 50 µM of DHA or solvent (DMSO) only 

and after 3 h the cells were left unstimulated or stimulated with LPS at 100 ng/ml. Supernatants were 

collected at various time-points (0, 3, 5 and 12 h) and the levels of IL-1β and IL-6 measured by sandwich 

ELISA. Results are presented as mean ± SEM, n = 4. 
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5. DISCUSSION 
 

In this study an in vitro culture system was set up for human neutrophils that were 

cultured either in the absence or presence of LPS. To get back to homeostasis and 

prevent progression to chronic inflammation, resolution of inflammation is an important 

step. Neutrophil clearance after they have done their job in early stages of 

inflammation is very important as otherwise they can contribute to host damage that 

can lead to chronic diseases (Sadik, Kim, & Luster, 2011). As neutrophils secrete 

cytokines and chemokines that amplify the inflammatory responses and affect other 

cells of the immune system it was of interest to analyse the effect of the n-3 PUFA, 

DHA, on the cytokine and chemokine secretion of unstimulated and LPS stimulated 

neutrophils using this culture system. 

This study showed that culturing neutrophils with 50 µM of DHA had no effect 

on cytokine and chemokine secretion of human neutrophils. This applied to the 

secretion of CXCL8, CCL20, IL-6 and IL-1 β. The study did, however, show that most 

of the cytokines measured were not secreted or secreted at very low levels by 

neutrophils in culture, with the exception of CXCL8, which was induced quite rapidly 

during culture and increased with time in culture. The study also showed that 

stimulation of neutrophils with LPS led to a time- and dose-dependent upregulation of 

the secretion of the cytokines and chemokines. 

 There may be several explanations for why DHA did not affect neutrophil 

secretion of the cytokines and chemokines measured in this study. Firstly, it may be 

possible that DHA does not affect secretion of these cytokines and chemokines by 

neutrophils. This is, however, not likely as a previous study has shown that the same 

concentration of DHA, as used in the present study (50 µM), increased LPS-induced 

secretion of IL-1 by rat neutrophils (Paschoal, Vinolo, Crisma, Magdalon, & Curi, 

2013). In addition, it has been shown before that both DHA and EPA affect the cytokine 

and chemokine secretion by other cells of the immune system (Calder, 2013; Weldon, 

Mullen, Loscher, Hurley, & Roche, 2007) and affect the transcription factors that 

regulate inflammatory gene expression (Sigal, 2006; Weldon et al., 2007).  

 Another possibility is that the concentration of DHA (50 M) was not optimal. 

However, this is also unlikely as this concentration was used successfully in the 

aforementioned rat neutrophil study (Paschoal et al., 2013). This concentration was 
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also used for both DHA and EPA in cultures of dendritic cells where it reduced their 

secretion of IL-12 and TNF-α (Wang et al., 2007). Weldon et al. used a higher 

concentration of DHA and EPA (100 M) when they showed a decrease in 

macrophage secretion of TNF-α, IL-1β and IL-6, but they also showed that a lower 

concentration of 25 M, especially for DHA, downregulated the secretion of IL-1β 

(Weldon et al., 2007).  

 The third possibility is the culture time, which may not be long enough to allow 

for incorporation of the DHA in to the neutrophil membranes. In the present study 

neutrophils were stimulated after 3 h of incubation with DHA or left unstimulated. 

Although there was no difference between stimulated neutrophils incubated with DHA 

and stimulated control neutrophils or unstimulated neutrophils incubated with DHA and 

unstimulated control neutrophils, it is worth it to speculate if time is a factor here. The 

neutrophils that were left unstimulated were cultured in the presence of DHA for up to 

12 h, which may have been enough time for the DHA to be incorporated into the 

membranes of the neutrophils. However, as the setup experiments had shown that no 

or very little cytokine and chemokine secretion was observed for unstimulated 

neutrophils it was not surprising that 12 h incubation with the DHA did not affect the 

cytokine and chemokine secretion of the unstimulated neutrophils. However, when the 

neutrophils were stimulated with LPS they had only been 3 h in the presence of the 

DHA. Paschoal et al. who saw an effect of DHA on IL-1 β secretion incubated the rat 

neutrophils for 18 h in the presence of both DHA and LPS (Paschoal et al., 2013). 

However, as neutrophils are very short lived cells, that go into apoptosis shortly after 

culture, and it occurs at faster rate when they are activated, this was deemed to be 

too long culture time for the neutrophils in the present study. Other cells, whose 

cytokine and chemokine secretion has been shown to be affected by DHA, have been 

cultured with the fatty acid for a longer time, such as the dendric cells that were 

cultured for 48 h (Weldon et al., 2007). On the other hand, 12 h incubation of resident 

peritoneal macrophages with 50 M DHA was enough to increase their TNF-α 

secretion (Skuladottir, Petursdottir, & Hardardottir, 2007). However, both of these cells 

types are long lived in culture and do not die by apoptosis as quickly as the cultured 

neutrophils do.      
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 If given longer time for this study, testing all these factors might possibly provide 

an insight into whether DHA can affect cytokine and chemokine secretion by human 

neutrophils. 

 

5.1 Limitations  

There were several limitations that affected this study. Firstly, the isolation of the 

neutrophils rendered them very sensitive to apoptosis and NETosis and many 

experiments were unsuccessful. This prolonged the setting up of the culture system 

and delayed the beginning of the DHA experiments. Secondly, because of limited time 

after successful setting up of the culture system, only few experiments with DHA could 

be performed, which affected the possibility to perform proper statistical analysis of 

the results. Thirdly, this study is done in vitro and, therefore, can only be used to give 

an indication of what happens in vivo in the body.  
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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 their secretion of chemokines 

and cytokines.  

The results obtained in this study indicate that DHA does not influence secretion 

of the chemokines CXCL8 and CCL20 and the cytokines IL-1β and IL-6 by human 

neutrophils in vitro, at least not under the culture conditions used in this study. Further 

studies are necessary to determine whether DHA can affect neutrophil secretion of 

chemokines and cytokines if used at higher concentrations, for longer times in the 

culture or using different culture conditions. 

The results did, however, show that the secretion of chemokines and cytokines 

by LPS-stimulated neutrophils is time- and dose-dependent, but most of the 

chemokines and cytokines were not detectable in the culture medium if the neutrophils 

were left stimulated.  

Further studies are needed to confirm the results obtained in the present study. 

Additional studies could also be performed to test different concentrations of DHA, as 

well as measuring other mediators of inflammation and its resolution. 
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9. APPENDIX 
 

APPENDIX A – Neutrophil counts after neutrophil isolation 

Neutrophils were counted manually after isolation in each experiment with the results 

shown in appendix figure 1. The numbers of neutrophils counted varied greatly 

between experiments and donors. Numbers of neutrophils for donors 7 and 8 are 

omitted as the cells were almost all dead after isolation.  

 

Appendix figure 1. Number of neutrophils, for each donor, after their isolation. 
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APPENDIX B – Neutrophil secretion of cytokines and chemokines 
after being stimulated with LPS at 100 ng/ml 

During the experiments where effects of LPS on neutrophils was analysed, several 

problems arose which affected the reliability of the data. Many times, the neutrophils 

did not survive the isolation steps or died very quickly in culture. However, when 

sufficient neutrophils survived to finish an experiment, secretion of cytokines and 

chemokines was measured and the data are shown in appendix figures 2-5. Since the 

neutrophils were not as viable as expected, the results are not considered reliable, 

and are only presented in this appendix.  

 Supernatants from the neutrophil cultures were collected at 7 time-points, 0, 2, 

4, 6, 12, 18 and 24 hours. Neutrophil secretion of CXCL8 increased with time and 

neutrophils stimulated with LPS secreted higher levels of CXCL8 at all time-points than 

unstimulated neutrophils (appendix figure 2). 

Secretion of CCL20 was only measured in two experiments and the data are 

shown in appendix figure 3. Unstimulated neutrophils did not secrete CCL20 and 

neutrophils from only one of the two donors secreted CCL20 after LPS stimulation, 

which could be detected at 6 h and thereafter.  

As for CCL20, unstimulated neutrophils did not secrete IL-1β (appendix figure 

3) or IL-6 (appendix figure 4). However, LPS stimulation induced secretion of both 

cytokines by neutrophils, already at 2 h for IL-1β and at 4 h for IL-6.  
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Appendix figure 2. The effects of LPS on neutrophil secretion of CXCL8. Neutrophils, isolated from 

EDTA blood from healthy volunteers, were cultured in the absence or presence of LPS at 100 ng/ml. 

Supernatants were collected at various time-points (0, 2, 4, 6, 12, 18 and 24 hours) and the levels of 

CXCL8 were measured by sandwich ELISA. Results are presented as individual levels with the mean 

level also shown, n = 7.    

 

 

Appendix Figure 6. The effects of LPS on neutrophil secretion of CCL20. Neutrophils, isolated 
from EDTA blood from healthy volunteers, were cultured in the absence or presence of LPS at 100 
ng/ml. Supernatants were collected at various time-points (0, 2, 4, 6, 12, 18 and 24 hours) and the 
levels of CCL20 were measured by sandwich ELISA. Results are presented as individual levels with 
mean levels also shown, n = 2.    
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Appendix Figure 7. The effects of LPS on neutrophil secretion of IL-1β. Neutrophils, isolated from 
EDTA blood from healthy volunteers, were cultured in the absence or presence of LPS at 100 ng/ml. 
Supernatants were collected at various time-points (0, 2, 4, 6, 12, 18 and 24 hours) and the levels of 
IL-1β were measured by sandwich ELISA. Results are presented as individual levels with mean levels 
also shown, n = 6. * LPS stimulated levels differed from unstimulated levels at the same time-point, 
P<0.05. 

 

 

Appendix Figure 8. The effects of LPS on neutrophil secretion of IL-6. Neutrophils, isolated from 
EDTA blood from healthy volunteers, were cultured in the absence or presence of LPS at 100 ng/ml. 
Supernatants were collected at various time-points (0, 2, 4, 6, 12, 18 and 24 hours) and the levels of 
IL-6 measured by ELISA. Results are presented as individual levels with mean levels also shown, n = 
4.    
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APPENDIX C – Determination of chemokine and cytokine 
concentration by ELISA 

Sandwich ELISA assay was used to determine the concentrations of the the 

chemokines CXCL8 and CCL20 and the cytokines IL-1β and IL-6 in supernatants 

collected from cultured neutrophils. The neutrophils had been incubated with 50 μM 

DHA or solvent (DMSO) for up to 12 hours and were stimulated with LPS (100 ng/ml) 

at the 3 h time-point. Supernatants were collected at four time-points (0, 3, 5 and 12 

h) and were frozen at -80°C until assayed. DuoSet® ELISA kits from R&D Systems 

were used according to the manufacturer’s instructions. 

 

Appendix Table 9. ELISA plate scheme 

 

 

Two donors were assayed in duplicates on each plate, one in columns, 3, 4, 5 and 6 

and the other in columns 7, 8, 9, and 10. 

  

A

B

C

D

E

F

G

H

Blank

Blank

3h, DHA

5h, DHA

5h, DHA LPS

12h, DHA

Blank

Blank

12h, DMSO

12 h, DMSO LPS

Blank

Blank

Blank

Blank

Blank

Blank

Blank

Blank

3h, DMSO

5h, DMSO

5h, DMSO LPS

Standard 1

Standard 2

Standard 3

Standard 4

3h, DHA

5h, DHA

5h, DHA LPS

12h, DHA

12 h, DHA LPS

Blank

12h, DMSO

12 h, DMSO LPS

Blank

BlankBlank

12 h, DHA LPS

Blank

Standard 5

Standard 6

Standard 7

Column  9-10 Column 11-12

BlankBlank0h

Column    1-2 Column    3-4 Column    5-6 Column   7-8

0h

3h, DMSO

5h, DMSO

5h, DMSO LPS
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Determination of CXCL8 concentration 

Data used for calculation of CXCL8 concentration in cultured neutrophils isolated from 

EDTA blood from donors 15 and 16 (D15-D16). Samples were diluted 1:2 with TRIS-

ELISA buffer. CXCL8 concentration in the samples was calculated using the equation 

of the best fit line. 

Appendix Table 10. CXCL8. Optical density (OD) measurement of ELISA plate, read at 450 nm 

 

  

Appendix Figure 9. Standard curve for CXCL8. Equation of best line fit was used for calculations.  

 

Appendix Table 11. OD measurements for the standards for CXCL8 

 

 

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

A 2.578 2.637 0.075 0.075 0.064 0.069 0.088 0.082 0.071 0.066 0.062 0.067

B 2.034 2.022 0.08 0.079 0.082 0.082 0.543 0.62 0.57 0.635 0.064 0.061

C 1.267 1.308 0.086 0.083 0.086 0.087 1.576 1.562 1.52 1.677 0.065 0.067

D 0.724 0.741 0.151 0.144 0.155 0.145 1.505 1.529 1.59 1.649 0.063 0.074

E 0.41 0.418 0.114 0.118 0.112 0.124 2.2 2.232 2.181 2.252 0.061 0.07

F 0.245 0.236 0.651 0.615 0.71 0.689 2.245 2.255 2.354 2.31 0.073 0.065

G 0.148 0.141 0.063 0.067 0.063 0.062 0.061 0.059 0.061 0.065 0.06 0.06

H 0.066 0.065 0.065 0.063 0.057 0.059 0.063 0.065 0.066 0.063 0.06 0.06

Concentration 

pg/ml
OD-blank

2000 2.542714

1000 1.963214

500 1.222714

250 0.667714

125 0.349214

62.5 0.175714

31.25 0.079714
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Determination of CCL20 concentration 

Data used for calculations of concentration of cytokine CCL20 from donors 15 and 16 

(D15-D16). Samples were undiluted. The concentration of CCL20 in supernatant 

samples was calculated using the equation of the best fit line. 

Appendix Table 12. CCL20. Optical density (OD) measurement of ELISA plate read at 450 nm 

 

  

Appendix Figure 10. Standard curve for CCL20. Equation of best line fit was used for 
calculations. 

 

Appendix Table 13. Standards for CCL20 

 

 

 

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

A 2.233 2.283 0.063 0.059 0.063 0.062 0.057 0.053 0.06 0.06 0.062 0.067

B 1.436 1.397 0.058 0.057 0.059 0.056 0.082 0.08 0.076 0.076 0.058 0.061

C 0.872 0.808 0.059 0.059 0.058 0.055 0.128 0.133 0.125 0.122 0.056 0.06

D 0.46 0.413 0.059 0.058 0.057 0.053 0.146 0.132 0.118 0.114 0.058 0.058

E 0.275 0.242 0.059 0.061 0.059 0.054 0.411 0.36 0.323 0.305 0.068 0.103

F 0.164 0.151 0.071 0.073 0.072 0.069 0.43 0.367 0.395 0.378 0.059 0.06

G 0.11 0.104 0.058 0.059 0.057 0.059 0.058 0.057 0.056 0.059 0.057 0.059

H 0.062 0.059 0.059 0.058 0.053 0.057 0.061 0.059 0.057 0.058 0.058 0.059

Concentration 

pg/ml
OD-blank

1000 2.197632

500 1.356132

250 0.779632

125 0.376132

62.5 0.198132

31.25 0.097132

15.625 0.046632
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Determination of IL-6 concentration 

Data used for calculations of concentration of cytokine IL-6 from donors 15 and 16 

(D15-D16). Samples were undiluted. The concentration of IL-6 in supernatant samples 

was calculated using the equation of the best fit line. 

Appendix Table 14. IL-6. Optical density (OD) measurement of ELISA plate read at 450 nm 

 

  

Appendix Figure 11. Standard curve for IL-6. Equation of best line fit was used for 
calculations. 

 

Appendix Table 15. Standards for IL-6  

 

 

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

A 2.168 2.099 0.074 0.073 0.07 0.07 0.065 0.067 0.066 0.068 0.068 0.076

B 1.457 1.386 0.066 0.066 0.065 0.064 0.061 0.062 0.062 0.066 0.063 0.064

C 0.9 0.846 0.065 0.068 0.066 0.066 0.079 0.079 0.08 0.081 0.062 0.065

D 0.511 0.463 0.069 0.068 0.069 0.071 0.072 0.074 0.081 0.077 0.065 0.063

E 0.299 0.272 0.071 0.071 0.067 0.066 0.923 0.878 0.875 0.795 0.063 0.064

F 0.205 0.18 0.492 0.485 0.554 0.506 0.887 0.881 1.088 1.001 0.069 0.093

G 0.136 0.13 0.071 0.07 0.067 0.07 0.066 0.066 0.068 0.067 0.067 0.068

H 0.078 0.068 0.057 0.064 0.064 0.062 0.064 0.062 0.064 0.065 0.066 0.063

Concentration 

pg/ml
OD-blank

600 2.0665

300 1.3545

150 0.806

75 0.42

37.5 0.2185

18.75 0.1255

9.375 0.066
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Determination of IL-1β concentration 

Data used for calculations of concentration of cytokine IL-β from donors 15 and 16 

(D15-D16). Samples were undiluted. The concentration of IL-β in supernatant samples 

was calculated using the equation of the best fit line. 

Appendix Table 16. IL-1β. Optical density (OD) measurement of ELISA plate read at 450 nm 

 

  

Appendix Figure 12. Standard curve for IL-1β. Equation of best line fit was used for 
calculations. 

 

Appendix Table 17. Standards for IL-1β 

 

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

A 1.703 1.748 0.088 0.088 0.089 0.092 0.08 0.081 0.092 0.092 0.097 0.097

B 0.975 1.059 0.086 0.086 0.087 0.087 0.117 0.109 0.121 0.116 0.09 0.091

C 0.56 0.608 0.087 0.086 0.087 0.088 0.14 0.128 0.135 0.121 0.089 0.092

D 0.317 0.34 0.084 0.083 0.084 0.085 0.127 0.121 0.129 0.127 0.096 0.089

E 0.211 0.222 0.088 0.087 0.087 0.086 0.561 0.497 0.511 0.497 0.089 0.092

F 0.156 0.161 0.242 0.258 0.347 0.309 0.579 0.533 0.764 0.632 0.086 0.098

G 0.128 0.129 0.09 0.09 0.089 0.086 0.089 0.088 0.089 0.089 0.095 0.088

H 0.093 0.09 0.088 0.088 0.085 0.088 0.086 0.091 0.089 0.092 0.085 0.083

y = 0.0106x0.9185

R² = 0.9991
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IL-1beta

Concentration 

pg/ml
OD-blank

250 1.635447

125 0.926947

62.5 0.493947

31.25 0.238447

15.625 0.126447

7.8125 0.068447

3.90625 0.038447


