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When perusing joint fluid, take care, 
’cause you’re not on the right ch’min de fer 
The proximal issue 
is found in the tissue 
(An exudate comes from elsewhere) 
 
On the neutrophils’ likely emotion, 
If we actually watch them in motion: 
their, to crystals, fixation 
smacks of flirtation, 
to monos, we’d venture, devotion 
 
The neutrophils act like marauders, 
overrunning synovium´s borders 
´Tho seemingly bold 
they do what they´re told 
They´re soldiers, just following orders 
 
When neutros beguin their beguin-ery, 
possessing exquisite machinery, 
we will probably find 
it´s the monos behind 
their engaging in Idi ami-ery 

 

On Acute Gouty Arthritis, by Stephen E. Malawista, MD 
Arthritis and Rheumatism 2012 (cited with permission) 
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ABSTRACT 
Inflammation is a powerful process, involved in many disease states, as well as in physiological 
situations. Neutrophils, the main characters of this thesis, are potent immune cells with the capacity to 
regulate inflammatory responses.  

In health, circulating blood neutrophils are regarded as quiescent, with limited responsiveness to stimuli. 
When needed to combat infection, or during, e.g., flares of inflammatory disease, neutrophils have to 
leave the circulation to reach the inflamed tissue. The process of passing through, i.e., transmigrate, the 
blood vessel wall is believed to functionally alter and pre-activate the neutrophils, an event referred to 
as priming. Primed neutrophils are able to respond forcefully to activating stimuli, including the 
performance of efficient phagocytosis, maximal release of microbicidal molecules, production of 
reactive oxygen species (ROS) and formation of neutrophil extracellular traps (NETs). In certain disease 
states also circulating blood neutrophils can be primed, due to the presence of, e.g., proinflammatory 
cytokines or bacterial products in the bloodstream. While properly regulated priming of tissue 
neutrophils is beneficial for fighting bacteria, priming of neutrophils in the circulation often results in 
adverse outcomes, since uncontrolled neutrophil activation can damage the surrounding vasculature. 
Priming is thus to be seen as a control mechanism, important in the regulation of neutrophil activation.  

Despite tissue neutrophils being the main effector cells, blood neutrophils represent the main source of 
knowledge on neutrophil biology, due to the simplicity of obtaining these cells. The overall aim of this 
thesis was to increase the current knowledge on neutrophil priming and activation, complex processes 
that participate in regulating inflammation, in blood and tissue, in health as well as in inflammatory 
disease.  

In paper I, a simple skin blister technique to obtain and study in vivo transmigrated neutrophils was 
described and characterized.  

In paper II, in contrast to neutrophils obtained from skin blisters and skin chambers (two in vivo models 
of aseptic inflammation) and the leading dogma, synovial fluid neutrophils derived from patients with 
inflammatory arthritis were shown to display no, or only mild, signs of priming.  

In paper III, the interactions between neutrophils and monosodium urate (MSU) crystals, triggers of 
the inflammatory disease gout, were studied. Neutrophil ROS production induced by the crystals was 
shown to be strictly intracellular and clearly primed in tissue neutrophils derived from skin chambers. 
NET formation induced by the crystals was not dependent on ROS and not primed in any of the studied 
tissue neutrophils.  

In paper IV, blood neutrophils from gout patients were shown to be primed for baseline and MSU 
crystal triggered ROS production, while NET formation and receptor expression were similar between 
neutrophils from gout patients and controls.  

In conclusion, this thesis highlights the complexity of neutrophil priming and activation and the changes 
that neutrophils undergo during transmigration to different inflamed tissues.   
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Inflammation är den reaktion som uppstår när kroppen försvarar sig mot något som upplevs som 
främmande och/eller skadligt. Benämningen härrör från det latinska ordet inflammare som betyder tända 
eld på och symtomen kan helt klart liknas vid att bränna sig; det blir rött, varmt, svullet och gör ont. 
Reaktionen drivs av vårt immunsystem och utgör ett nödvändigt skydd mot infektioner och behövs för 
att städa upp vävnadsskador. Målet med den akuta inflammationsreaktionen är att döda invaderande 
mikroorganismer och att läka skadad vävnad. De beskrivna symtomen uppkommer framförallt till följd 
av att blodkärlen i området vidgas vilket leder till ökad blodgenomströmning (som ger värme och 
rodnad) och att blodkärlen blir mer genomsläppliga (vilket leder till svullnad). Vidare rekryteras vita 
blodkroppar och det frisätts en mängd olika inflammatoriska substanser som bland annat retar 
smärtreceptorer (vilket leder till att det gör ont). Ibland påverkar inflammationen hela kroppen och kan 
då ge symtom som feber och trötthet. Inflammation kan i vissa fall utvecklas så att kroppens celler och 
vävnader skadas och kronisk inflammation är involverad i många olika sjukdomstillstånd, till exempel 
ledgångsreumatism. Man liknar ofta inflammation vid ett tveeggat svärd – den är på både gott och ont. 

 

 

Immunsystemet - kroppens egen försvarsmakt 

Vårt immunsystem/immunförsvar utgörs till stor del av olika vita blodkroppar och lösliga komponenter 
och brukar delas in i två (överlappande) delar; det medfödda och det förvärvade, eller adaptiva, 
immunsvaret. Det medfödda immunsvaret utgör den första försvarslinjen och har som sin främsta 
uppgift att snabbt vara på plats vid hotande invasion/infektion, utan att egentligen veta vem det är som 
anfaller. Det adaptiva immunsvaret som utgörs av T-lymfocyter och antikropps-producerande B-
lymfocyter, specialförbanden om man vill fortsätta att vara metaforisk, befinner sig ett steg upp på 
gradskalan och kräver lite mer mobilisering. Väl på plats använder de sig av sina respektive 
spetskompetenser för att göra processen kort med fienden. Specialförbanden upparbetar även kunskap 
(immunologiskt minne – principen som vaccination grundar sig på) om fiender de mött genom åren. 
Denna kunskap gör att de både snabbt och effektivt kan nedkämpa inkräktaren om den återkommer. 

Neutrofiler – avhandlingens huvudkaraktärer 

Den här avhandlingen fokuserar på en särskild sorts vita blodkroppar - neutrofiler - vilka tillhör det 
medfödda immunsvaret och är livsviktiga för vår förmåga att försvara oss mot infektioner. Låga nivåer 
av neutrofiler i blodet, som till exempel vid cellgiftsbehandling, gör oss mycket infektionskänsliga. 
Neutrofiler patrullerar normalt sett blodbanan i ett vilande (fredligt) tillstånd, men vid en invasion, som 

Akut inflammation är kroppens skydd 
mot infektion och/eller vävnadsskada. 
Blodflödet i den inflammerade vävnaden 
ökar och vita blodkroppar tillkallas. 
Fyra vanliga symtom vid akut 
inflammation är tumor (svullnad), rubor 
(rodnad), calor (värmeökning) och 
dolor (smärta). 
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till exempel infektion, vävnadsskada, eller akuta skov i inflammatoriska sjukdomar (ledgångsreumatism 
eller gikt för att ta några vanliga exempel), mobiliserar de snabbt till den inflammerade vävnaden. 
Processen att ta sig över blodkärlsväggen och ut i vävnaden försätter neutrofiler i beredskapsläge, vilket 
är en förutsättning för att effektivt kunna nedkämpa fienden. Beredskapsläget brukar benämnas 
”priming” och innebär bland annat att vissa receptorer - molekyler som binder till sig signalsubstanser 
och överför ett budskap till cellen - uttrycks på neutrofilens yta, medan vissa andra försvinner. 
Neutrofiler besitter en bred vapenarsenal och kan såväl äta upp (fagocytera) inkräktare, som använda 
sig av kemisk krigsföring, vilket bland annat innebär att de frisätter toxiska fria syreradikaler (ROS) och 
enzymer (proteiner som är inblandade i de flesta av kroppens processer, bland annat kan de bryta ner 
andra proteiner). Vidare kan neutrofiler i vissa lägen utföra självmordsattacker, vid vilka de kastar ut 
sitt kärninnehåll vilket fungerar som toxiska fångstnät, så kallade neutrophil extracellular traps (NETs). 
Vid vissa sjukdomstillstånd, till exempel vid blodförgiftning, kan neutrofiler försättas i 
beredskapsläge/primas inne i blodbanan, vilket är förenat med negativa konsekvenser eftersom toxiska 
substanser då skadar blodkärl och omkringliggande vävnad. Man har också sett att neutrofiler kan 
försättas i beredskapsläge i blodbanan vid vissa inflammatoriska sjukdomar.  

Syfte och resultat 

Trots att vävnadsneutrofiler generellt är de aktiva soldaterna, så utförs forskning framförallt på 
blodneutrofiler, eftersom dessa kan fås fram genom ett enkelt blodprov. Denna avhandling syftar till att 
öka kunskapen om priming och aktivering, komplexa processer som bidrar till inflammationsreglering, 
av neutrofiler och vad som skiljer blod- från vävnadsneutrofiler. 

Vi började med att ta fram och karaktärisera en enkel, skonsam hudblåse-modell för att utvinna och 
studera vävnadsneutrofiler (studie I). Hudblåsorna kan jämföras med de man får vid skoskav, fast utan 
att göra ont (de kliar bara lite). Genom att suga ut blåsvätskan får man tillgång till såväl 
vävnadsneutrofiler som andra immunceller och lösliga inflammatoriska substanser som man kan 
studera. I studie I visade vi hur sammansättningen av inflammatoriska celler och substanser i blåsorna 
förändrades över ett dygn samt att dessa blås-neutrofiler - i likhet med den rådande dogmen – är kraftigt 
primade. Däremot visade vi sedan (studie II) att neutrofiler kan ta sig från blod till inflammerad 
ledvätska (det vill säga ledvätska som aspirerats ur akut inflammerade leder hos patienter med kroniska 
ledsjukdomar som till exempel ledgångsreumatism) utan att primas. Vi har även kunnat visa att 
beredskapsläge/priming inte behöver innebära att hela neutrofilens vapenarsenal omfattas, till exempel 
så kan ROS frisättningen vara kraftigt primad, men inte NETs frisättningen (studie III och IV). 

Den vanligaste inflammatoriska ledsjukdomen i världen är gikt - kanske mer känd som portvinstå? - 
vilken uppkommer till följd av förhöjda värden av urinsyra i blodet. Patienter med gikt har en klart ökad 
risk för kardiovaskulär sjukdom, som till exempel hjärtinfarkt och stroke. En relativt ny (liten) studie 
utförd på patienter med kronisk gikt påvisade en möjlig koppling mellan tecken till neutrofilaktivering 
i blod och en ökad risk för kardiovaskulär sjukdom. Vi ville därför studera neutrofilaktivering i blod 
från patienter med gikt och jämföra dessa med neutrofiler från friska frivilliga (studie IV, ännu ej 
publicerade data). Vi har visat att blodneutrofiler från giktpatienter har en jämförelsevis (med 
kontrollgruppen) ökad ROS-frisättning, men vi såg ingen skillnad mellan grupperna vad gäller NETs-
frisättning och receptoruttryck. Orsaken till, och betydelsen av, detta fynd behöver studeras ytterligare. 

Avhandlingen belyser priming och aktivering av neutrofiler och de förändringar som neutrofiler 
genomgår när de transporterar sig från blodbanan till olika inflammerade vävnader. Det är vår 
övertygelse att ökad kunskap om neutrofiler och deras reglering kommer att bidra till en bättre förståelse 
för inflammatoriska processer och förhoppningsvis leder detta till utveckling av nya 
behandlingsstrategier i framtiden.  
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INTRODUCTION 
Already a long time ago, it was recognized that people who survived severe infectious diseases, such as 
the plague or smallpox, then appeared to be immune (from Latin immunis, meaning not susceptible to 
infection) to the disease in question. In the 18th century, it was noticed that dairymaids often were 
protected from smallpox. In 1796 Edward Jenner was able to demonstrate that infection with cowpox 
trigger immunity to smallpox by subcutaneously introducing (inoculating) material from a fresh cowpox 
lesion to a young boy. Two months later, the same boy could be inoculated with material from a fresh 
smallpox lesion without developing disease. The Latin word for cowpox is vaccinia, and Jenner 
therefore decided to name the procedure vaccination (1). Hundred years later, Louis Pasteur and his 
colleagues discovered that injections of attenuated (weakened) rabies virus offered protection against 
this disease. Pasteur was by that the first to create a vaccine in a laboratory setting and is by many named 
as the father of immunology. Pasteur died in 1895, six years before the first Nobel Prize in physiology 
and medicine was awarded to Emil Adolf von Behring for his discovery that injection of diphtheria toxin 
in animals trigger the formation of protecting serum-antitoxins (later named antibodies). These 
antitoxins could then be transferred to humans, providing protection against diphtheria (2). Soon after, 
it was realized that there were different types of immunity and that antitoxin (antibody) formation only 
was one of the body´s defense mechanisms. 

Our immune system consists of two overlapping parts, the innate and the adaptive immunity. The innate 
immunity is an evolutionarily conserved system that represents our first line of defense, initiating an 
acute protective inflammatory reaction when triggered by infection and/or tissue damage (3). 
Inflammation (from Latin inflammare, meaning to set on fire) is usually manifested by redness, swelling, 
pain, increased temperature and systemic symptoms such as fever and fatigue. The adaptive immunity, 
sometimes called the required (or specific) immune system, composes T-lymphocytes and antibody-
producing B-lymphocytes with the ability to recognize and respond to a wide variety of antigens. The 
adaptive immunity takes a little more time to mobilize (and to mature), but after a first exposure it 
possesses the ability to create immunological memory, meaning that the next time a specific pathogen 
is encountered, the adaptive immune response is quicker, stronger, more specific and longer-lasting (4). 
The concept of immunological memory is the basis for vaccination; vaccines mediate their protection 
mainly by the induction of highly specific antibodies produced by B-lymphocytes, or via the induction 
of T-lymphocyte mediated immune memory (5). Sometimes the adaptive immunity wrongly reacts 
against endogenous (harmless) structures, giving rise to chronic autoimmune diseases, such as 
rheumatoid arthritis (RA) (6). There is however a vital interplay between the innate and the adaptive 
immunity and the innate immune system is an important co-player in the pathogenesis of autoimmune 
diseases. The innate immunity can also become incorrectly activated, i.e., when there is no threat, due 
to dysregulated secretion of proinflammatory cytokines (small proteins that are important mediators of 
homeostasis and inflammation) and this is referred to as autoinflammation (4, 6, 7).  

While acute inflammation is required for fighting microbes, chronic inflammation, the outcome, e.g., if 
the acute inflammatory event fails to resolve, is implicated in a wide range of human diseases, including, 
e.g., autoimmune diseases (8). Inflammation is therefore to be seen as a double-edged sword, having 
both favorable and unfavorable consequences. Neutrophils, the main characters of this thesis and potent 
effector cells and regulators of inflammation, belong to the innate immunity and are the most abundant 
leukocytes in the human bloodstream (9). When needed to combat infection, or during, e.g., flares of 
inflammatory disease, neutrophils have to leave the bloodstream, i.e., pass over, or transmigrate, the 
blood vessel wall, to reach the inflamed tissue and are typically functionally altered and pre-activated, 
or primed, by this process (10). In certain disease states also circulating blood neutrophils can be primed, 
due to the presence of, e.g., proinflammatory cytokines in the bloodstream (11-13). Primed neutrophils 
are able to respond forcefully to activating stimuli and while properly regulated priming of tissue 
neutrophils is beneficial for fighting bacteria, priming of neutrophils in the circulation often results in 
adverse outcomes. Despite tissue neutrophils being the main effector cells, blood neutrophils represent 
the main source of knowledge on neutrophil biology. The overall aim of this thesis was to increase the 
current knowledge on neutrophil priming and activation, complex processes that participate in 
regulating inflammation, in blood and tissue, in health as well as in inflammatory disease.  
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INNATE IMMUNITY 
The innate immunity is an evolutionarily conserved system built up by phagocytosing cells of myeloid 
origin, epithelial cells and soluble molecules (3). The innate immunity was traditionally considered a 
primitive part of the immune system until Charles Janeway Jr. in 1989 proposed the game-changing 
hypothesis of specific innate immune receptors that recognize microbial patterns (14).  

Pattern recognition receptors 

Innate immune cells are equipped with pattern recognition receptors (PRRs) that recognize specific 
microbial structures, conserved among microbial species, also referred to as pathogen associated 
molecular patterns (or PAMPs) and molecular signals indicative of tissue damage (damage associated 
molecular patterns; DAMPs). The recognition of PAMPs and/or DAMPs by innate immune cells 
triggers microbicidal and proinflammatory activity and provides co-stimulatory signals for the adaptive 
immune cells, particularly T-lymphocytes (15). PPRs include both intra- and extracellular receptors that 
are classified into five types, of which the toll-like receptors (TLRs) were discovered first and are the 
best described (15, 16). In 1998, TLR4 (17) was shown to be required for the recognition of 
lipopolysaccharide (LPS), a membrane-component of Gram-negative bacteria and a potent bacterial 
endotoxin that can lead to septic shock. Since septic shock is a potentially life-threatening condition, 
TLRs were given a central role in immunity and the finding was later awarded the Nobel prize in 
Physiology or Medicine in 2011 (18). 

Cells of the innate immunity 

Innate immune cells of myeloid origin compose monocytes, macrophages, dendritic cells, granulocytes 
and natural killer (NK) cells. Macrophages (“big eaters”), derived from blood monocytes, are found in 
essentially all tissues, acting as guarding posts and directors of the inflammatory response, possessing 
the ability to produce several cytokines (19). Macrophages and even more so, the closely related 
dendritic cells, are efficient antigen presenting cells, meaning that they introduce antigens from the 
phagocytosed prey to T-lymphocytes, enabling adaptive immune responses (20-22). Granulocytes, i.e., 
phagocytes containing cytoplasmic granules that can be released upon activation, include neutrophils, 
basophils, eosinophils and the tissue resident mast cells, the latter most known for their involvement in 
allergic responses (23). Neutrophils, basophils and eosinophils are also named PMNs 
(polymorphnuclear cells), after their multilobulated nucleus, but since neutrophils represent the vast 
majority of all PMNs, the designation most often aims solely at neutrophils. Neutrophils are the main 
characters of this thesis and will be thoroughly described in the next chapter. NK cells are leukocytes 
that resemble lymphocytes, but lack the antigen-specific cell surface receptors that define adaptive 
immunity. NK cells are equipped with cytolytic function and are mainly involved in the defense against 
virus infections and tumors (24, 25). 

The complement system 

An important part of the innate immune response is made up of the complex system of small proteins 
known as the complement system. Research on the complement system started over a century ago and 
the name ‘‘complement’’ originates from the idea that these proteins supported (complemented) the 
effects of antibodies. The complement system is closely connected with the coagulation system (26) and 
constitutes an important link between innate and adaptive immune responses with both direct and 
indirect influence on B- and T-cell activity (27, 28). Activation of the complement system involves 
enzymatic cleavage of the proteins and results in many different outcomes. Important tasks for the 
complement system include the opsonization (pre-coating) of microbes, which facilitates phagocytosis, 
the formation of potent chemo-attractants (signals that guide cells to the inflamed site) and direct attacks 
on microbial cell membranes, leading to cell lysis. The complement system is also important for the 
clearance of immune complexes and apoptotic cells (29, 30).  

13 
 

The complement cascade can be activated via three different pathways. The classical pathway was 
defined first and is activated when the recognition molecule C1q binds to immunoglobulin-coated 
antigens (31). The alternative pathway was discovered next and is triggered directly by microbial 
structures. The third, lectin, pathway is activated by mannose-binding lectin interacting with microbial 
glycoproteins and glycolipids. All pathways activate cleavage of the central and most abundant 
complement component C3 (32) into C3a and C3b, which in turn leads to the cleavage of factor C5 into 
C5a, which is a potent chemotactic factor for neutrophils, and C5b and formation of the lytic membrane 
attack complex (30).  

The fact that deficiencies in the complement system may result in increased susceptibility to infections, 
especially encapsulated bacterial infections (29), is probably not surprising. However, defects in the 
complement system may also result in autoimmune diseases (29, 33), e.g., systemic lupus erythematosus 
(SLE), a chronic disease with a broad spectrum of clinical manifestations in which autoantibodies 
against different cell nuclear components (anti-nuclear antibodies; ANA) are produced. Deficiency of 
early complement proteins, C1q in particular, is strongly associated with SLE and reduced clearance of 
immune complexes and apoptotic cells is shown to contribute to the loss of self-tolerance in the disease. 
Deposition of immune complexes in several organs is important in the pathogenesis of SLE and triggers 
complement activation (reflected by low serum levels of C3 and/or C4), inflammation and tissue 
destruction (34, 35).  
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ACUTE INFLAMMATION 

Acute inflammation is our immediate immune response to infection (induced by e.g., bacteria, fungi, 
viruses and other microorganisms) and/or injury, irritants or damaged cells, with the ultimate goal of 
fighting infection and restoring and healing the affected tissue. Acute inflammation, and subsequent 
resolution of inflammation, are complex processes, involving several cell types and soluble mediators. 
The acute immune response to infections is the best characterized and will be described below (36, 37).  

If microorganisms manage to overcome the physical barriers provided by the skin and mucus 
membranes, several mechanisms cooperate to initiate an acute inflammatory response. Recognition of 
PAMPs by resident tissue cells (macrophages, dendritic cells, mast cells and epithelial cells) will activate 
the complement system and mediate release of proinflammatory mediators, including, e.g., cytokines, 
vasoactive amines and eicosanoids, e.g., leukotrienes and prostaglandins (produced from arachidonic 
acid). The enzyme responsible for the chemical synthesis of prostaglandins, cyklooxygenas (COX), 
constitutes the target for non-steroid anti-inflammatory drugs (NSAIDs), widely used to treat pain, fever 
and inflammatory processes (38). Altogether, the mechanisms that collaborate to trigger the acute 
inflammatory response result in increased blood flow and permeability of the blood vessels, with the 
goal of facilitating local delivery of soluble mediators and immune cells, predominantly neutrophils (9, 
39).  

The innate immune response is closely connected to coagulation; the formation of blood clots at the site 
of tissue injury provides antimicrobial barriers that reduce the risk of infection and the acute 
inflammatory response, in particular proinflammatory cytokines, promotes a pro-thrombotic state (26, 
40-42). Proinflammatory cytokines, mainly interleukin 6 (IL-6), interleukin 1 (IL-1) and tumor necrosis 
factor alpha (TNF-α), also trigger other systemic responses such as fever and release of acute phase 
proteins (APPs) produced by the liver. APPs partake in different ways in the acute inflammatory 
response, for example by opsonizing microorganisms, and include e.g., C-reactive protein (CRP), 
complement proteins and fibrinogen. APPs are also commonly used clinical markers of ongoing 
inflammation, e.g., fibrinogen, as reflected in the erythrocyte sedimentation rate, and CRP (43, 44). CRP 
both peaks and decreases quickly and is well suited for monitoring acute inflammatory conditions, such 
as infections. The name was given in 1930 when it was noted that proteins in the sera of patients with 
pneumonia decreased as they recovered. Since the protein was shown to react with the C-polysaccharide 
of pneumococcal cell walls, it was named "C-reactive protein" (45). The CRP value is primarily 
controlled by IL-6 and it is therefore important to be aware of the fact that treatment with IL-6 receptor 
antagonists reduce the use of CRP as biomarker for detection of infections (46, 47). Drugs targeting the 
IL-6 receptor are commonly used for the treatment of inflammatory diseases (e.g., RA) (48) and life-
threatening excessive immune responses (“cytokine storm”) induced by, e.g., coronavirus disease 2019 
(49, 50).  

Resolution of inflammation is an active process that is important to protect us from uncontrolled 
inflammation that can become chronic and tissue damaging and drive the progression of many common 
diseases. The resolution-phase is initiated by the biosynthesis of several different pro-resolving 
mediators, including e.g., pro-resolving lipids that are produced upon lipid-mediator class switching; 
proinflammatory lipid mediators (e.g., prostaglandin) switch from being proinflammatory to instead 
initiate the production of pro-resolving lipids (51). Pro-resolving mediators act on inflammatory key 
events, including termination of the recruitment of neutrophils and promoting neutrophil apoptosis. 
Apoptosis is a controlled form of cell death and apoptotic neutrophils have an intact plasma membrane 
that protects the surroundings from cytotoxic components. Apoptotic neutrophils express “find-me” and 
“eat-me” signals and are cleared by resident macrophages, an event referred to as efferocytosis, which 
triggers a switch in macrophages from a pro- to an anti-inflammatory phenotype. Anti-inflammatory 
macrophages produce anti-inflammatory cytokines and pro-resolving lipids and promotes restoration of 
tissue homeostasis (52-54). 
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NEUTROPHILS 
Neutrophils make up the largest proportion of circulating leukocytes and are the first to be recruited to 
an inflamed tissue. Neutrophils possess multiple effector mechanisms to fight down pathogens, 
including phagocytosis, production of reactive oxygen species (ROS), release of microbicidal molecules 
and formation of neutrophil extracellular traps (NETs).  

Maturation and life cycle 

Neutrophils originate from myeloid stem cells and are produced in the bone marrow. Several growth 
factors, including the master regulator granulocyte colony-stimulating factor (G-CSF), stimulate the 
production. When neutrophils are released into the circulation after approximately two weeks, they are 
fully matured, with a segmented nucleus, around 10 µm in diameter and packed with storage organelles, 
i.e., granules, containing multiple proteins, such as antimicrobial peptides, enzymes and receptors (39). 
Neutrophils possess a restricted capacity to perform de novo protein synthesis, but activated neutrophils 
are able to synthesize some cytokines/chemokines, e.g., IL-8 (55). In circulation, neutrophils compose 
60-70% of the leukocytes, at concentrations around 1.8-7.5x109 cells/L. Not included in the measured 
concentration of “free-floating” neutrophils is the marginated pool, comprising blood neutrophils 
adherent to the endothelium, residing mainly in the spleen, liver, lungs and bone marrow. This pool can 
be quickly mobilized during, e.g., infection, inflammation, stress or treatment with corticosteroids (56-
58). During conditions with high demand for neutrophils, such as severe systemic infections, the bone 
marrow needs to rapidly increase its de novo production of neutrophils. Clinically, this is reflected in 
high peripheral neutrophil counts and the appearance of immature neutrophils in the bloodstream, known 
as left-shift (59). Low peripheral neutrophil counts can be congenital (60), or, more commonly, acquired 
due to bone marrow suppression, e.g., blood malignancies and chemotherapy. Severely lowered 
neutrophil counts (<0.5x109 cells/L) result in immunodeficiency, characterized by high risk of severe 
bacterial or fungal infections, supporting the role of neutrophils as crucial players of the innate immune 
response (61).  

Neutrophils are short-lived cells with a half-life of 6-8 hours in circulation (57), believed to undergo 
apoptosis and be cleared by macrophages in the bone marrow, liver or spleen, if not needed to combat 
infection. In vitro studies and studies in mice have described a natural drift in neutrophil phenotype and 
function (in blood samples taken at different times of the day), including the neutrophil capacity to 
phagocytose bacteria and produce ROS (62), a phenomenon referred to as neutrophil aging (63). Aged 
neutrophils have been shown to exhibit phenotypical changes quite similar to those of the 
primed/activated phenotype, such as decreased expression of L-selectin and lower granularity, as 
compared to recently released neutrophils (64, 65) and to increase their expression of the maturation 
marker chemokine receptor 4 (CXCR4), guiding them back to the bone marrow where they are cleared 
(64, 66). Neutrophil turnover in vivo remains however poorly defined (9, 58, 67).  

During inflammatory conditions, the lifespan of tissue neutrophils is thought to be extended two- to 
threefold over blood neutrophils, due to factors that will delay apoptosis, e.g., a diversity of PAMPs as 
well as several cytokines and chemokines (57, 68, 69). This would ensure continued presence of 
(primed) neutrophils at the site of infection. After neutrophils have fulfilled their functions in the tissue, 
they are cleared by resident macrophages (8, 70), although it might be that some of the neutrophils in 
fact migrate back into the circulation, a process known as reversed transmigration (71, 72). The first 
observations on this process were made 2006 through microscopic observations in zebrafish (73) and in 
vitro models of human cells (74). More recently, these observations were also made in mice (75-77). 
Reverse migrated neutrophils have been reported to reside in the lungs where they upregulate CXCR4, 
followed by homing back to the bone marrow (77). 
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ACUTE INFLAMMATION 
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NEUTROPHILS 
Neutrophils make up the largest proportion of circulating leukocytes and are the first to be recruited to 
an inflamed tissue. Neutrophils possess multiple effector mechanisms to fight down pathogens, 
including phagocytosis, production of reactive oxygen species (ROS), release of microbicidal molecules 
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Granules  

Neutrophils are filled with granules that are formed in a specific order during maturation in the bone 
marrow; azurophil (or primary) granules are formed first, thereafter specific (secondary) granules, 
gelatinase (tertiary) granules and last out, the secretory vesicles (78). When neutrophils are activated, 
the granules will mobilize in the opposite order of formation; minimal stimulation, such as getting in 
contact with the inflamed endothelium prior to extravasation, is sufficient to mobilize the contents of 
the secretory vesicles and gelatinase granules to the cell surface, e.g., surface receptors and adhesion 
molecules (79). Increasing activation is associated with the release of specific granules, containing 
highly toxic components and these granules fuse, to a large degree, with the phagosome. Specific- and 
gelatinase granules both contain the membrane-bound part of the NADPH oxidase, needed for ROS 
production (described in more detail below) (80). Azurophil granules are lysosome-like organelles, 
containing the most cytotoxic mediators and mainly fuse with the phagosome. Azurophil granules 
mobilize to the cell surface to a very limited extent, despite high activation (81). The defining protein 
of azurophilic granules is myeloperoxidase (MPO), that is involved in ROS processing and NET 
formation (82). Other important proteins found in most neutrophils granules, although most abundantly 
in azurophil granules, are the serine proteases, proteinase-3 (PR3), cathepsin G and neutrophil elastase 
(NE), with the potency to digest proteins, bacteria and bacterial virulence factors (83). 

Granule-derived neutrophil proteins as targets for anti-neutrophil cytoplasmic 
antibodies (ANCA) 

For clinicians, the neutrophil enzymes MPO and PR3 are (perhaps) mainly known as major targets for 
ANCA, which are antibodies associated with a group of systemic small vessel vasculitis called ANCA-
associated vasculitis (AAV). The name ANCA is however a bit misleading since MPO and PR3 are in 
fact granule-localized, and not cytoplasmic, proteins. AAV include microscopic polyangiitis (MPA), 
granulomatosis with polyangiitis (GPA) and eosinophilic granulomatosis with polyangiitis (EGPA) 
(84). The vast majority of patients with GPA and MPA, and about half of patients with EGPA, present 
with ANCA, which is used as a diagnostic and prognostic marker of AAV.  

The origin and role of ANCA is not clear, although one hypothesis is that ANCA autoantigens are 
generated/exposed through increased NET formation, leading to generation of autoimmune responses 
and formation of antibodies and growing evidence also support a pathogenic role of ANCA in AAV. It 
has been suggested that primed neutrophils expose MPO and PR3 on their surface, whereupon ANCAs 
bind to these antigens and neutrophil Fc-receptors (FcRs) simultaneously, leading to excessive 
neutrophil activation, including ROS production and NET formation with harmful effects on small 
vessels (85, 86). In support of the importance of neutrophil activation in AAV, avacopan, an inhibitor 
of the C5a receptor, blocking C5a-mediated neutrophil activation and infiltration into the vascular 
endothelium (87), became in 2021 the first new treatment for patients with severe and active MPA and 
GPA in over a decade.  
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NEUTROPHIL HETEROGENEITY  

Traditionally, neutrophils have been regarded as homogenous cells with a single property of being 
efficient killers of the innate immunity. In recent years this view has changed and increasing evidence 
support the fact that neutrophils possess different phenotypes and functions, including the ability to 
regulate adaptive immune responses (9, 88-90).  

One neutrophil subtype that has received much attention recent years constitutes the low-density 
neutrophils (LDNs), so-called because they are found within the low-density fraction during Ficoll-
gradient separation. LDNs were first reported 1986 in SLE and RA patients (91) and hypothesized to 
reflect primed/activated (degranulated) neutrophils. At present, the term LDN refers to a wide variety 
of neutrophils, immature and mature, in health (89, 92) and in different pathological settings (89, 92, 
93). In a recent study, pregnant women with SLE, known to face an increased risk of adverse pregnancy 
outcomes, were shown to possess higher proportions of circulating LDNs, as compared to healthy 
pregnant women, and LDNs in both peripheral and intervillous blood were more activated relative 
healthy pregnancies (94).  

LDNs have been linked to T-cell suppression and these immunosuppressive neutrophils, also called 
PMN-myeloid-derived suppressor cells (PMN-MDSCs), are shown to be involved in many pathological 
conditions and to be associated with poor clinical outcomes in cancer (95). Potential regulating 
mechanisms involve, e.g., ROS production and direct cell-cell contact (96), while the precise identity 
and origin of PMN-MDSCs remains unclear (95). An additional neutrophil population linked to cancer 
and found within tumor tissues have been described, the so-called tumor-associated neutrophils (TANs),  
The function of these cells, as well as the connection between them and LDNs/PMN-MDSCs, remains 
unclear (97, 98). 

Most neutrophil subsets, including those mentioned above, are typically found only during disease and 
they are quite often impossible to identify strictly based on the presence/absence of specific protein 
markers. There are, however, certain distinct neutrophil subsets that are defined by the presence/absence 
of protein markers and that in fact co-exist in circulation of healthy individuals. One such neutrophil 
subset marker is the glycoprotein CD177 that is expressed in 0-100% of circulating neutrophils in a 
given individual (99, 100). CD177 is located both in granule membranes and in the plasma membrane 
and our group recently reported that in vitro priming of neutrophils triggers further upregulation of 
CD177 in CD177+ (but not in CD177-) neutrophils (99). The function of CD177 is not fully understood, 
but higher proportions of CD177+ neutrophils have been associated to different medical conditions, 
including autoimmune diseases such as AAV and SLE (101) and in vitro, the protein has been linked to 
neutrophil transmigration (102, 103). Our group recently showed that CD177+ neutrophils have an 
advantage in terms of recruitment to the gingival crevice of periodontitis patients, which is a microbe-
driven inflammatory process, while no such advantage could be seen in inflamed synovial fluids, or 
experimental skin chambers (99).  

Another neutrophil subset marker is olfactomedin 4 (OLFM4). This glycoprotein is located within 
specific granules and present in 10%–30% of circulating neutrophils in healthy adults (104, 105). The 
role of this glycoprotein is unclear, but increased percentage of OLFM4+ neutrophils have been 
independently linked to organ dysfunction and death in sepsis (106, 107). In a recent study, the 
proportion of OLFM4+ neutrophils were elevated in septic shock, but there was no correlation to septic 
shock severity (108). In vivo transmigration to skin blisters (paper I), skin chambers and inflamed 
synovial fluids (105) did not influence the relative abundance of OLFM4+ neutrophils in each individual, 
indicating that the presence/absence of OLFM4 does not affect tissue recruitment of neutrophils. 
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PHAGOCYTOSIS 
The primary task for neutrophils is to recognize and eliminate invading microbes by phagocytosis, and 
it has now been more than a century since the Russian scientist Metchnikov proposed this concept for 
the first time. Metchnikov discovered that foreign pathogens, such as bacteria, are being engulfed and 
destroyed (phagocytosed) by our cells, thereby protecting our body from infectious diseases. This 
finding later awarded him the Nobel prize in Physiology or Medicine in 1908 (109).  

Many cell types possess the ability to phagocytose particles, such as microbes and apoptotic cells, but 
only a specialized group of cells perform phagocytosis with high efficiency and these are called 
professional phagocytes (110), mainly including neutrophils (Fig. 1), macrophages and dendritic cells. 
Professional phagocytes are equipped with phagocytic receptors, opsonic or non-opsonic, that sense the 
microbe or particle as a target (111, 112). Opsonic receptors detect targets that are opsonized by 
immunoglobulins or complements, to facilitate phagocytosis. The best characterized opsonic receptors 
are FcRs (113), binding to immunoglobulins, and complement receptors (CR), binding to activated 
complement factors deposited on the particle surface. Among the complement receptors, CR3 is the 
most efficient phagocytic receptor, belonging to the integrin family of receptors (114). Non-opsonic 
receptors, directly recognizing molecular patterns, constitute some of the PRRs, e.g., the C-type lectin 
receptors (CLRs) (115), while for example TLRs are not able to induce phagocytosis. TLRs can however 
bind to their specific molecular pattern and by that, bring the neutrophil into a hyper-responsive (primed) 
state, for instance seen as an increase in surface expression of CR3, which will enable more efficient 
phagocytosis (112). 

Once the target is recognized, receptor signaling triggers the neutrophil plasma membrane to extend 
around it, creating a membrane‐bound vacuole called the phagosome. The process is quick, neutrophils 
can internalize an IgG‐opsonized target in less than 20 seconds (116). Once created, the phagosome 
matures and fuses with cytosolic granules, mainly azurophilic and specific granules, creating an acidic 
phagolysosome filled with antimicrobial peptides and proteases. In addition, specific granules bring the 
membrane-bound part of the NADPH oxidase, needed to form ROS, to the membrane of the 
phagolysosome and a combination of these weapons kills and destroys the prey (117). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Phagocytosis. Microscopy image of May-Grünwald-Gimsa stained cytospin slide, showing 
serum-opsonized Staphylococcus aureus (dark dots) being phagocytosed by neutrophils (with purple 
nuclei) after 20 minutes incubation at 37ºC.  
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ROS PRODUCTION 

ROS are highly reactive molecules that are produced in small amounts in all our cells, as a side product 
from mitochondrial respiration. At low levels, ROS are involved in many vital physiological processes, 
on the other hand, too much ROS are harmful to our cells. To regulate the balance and to protect us from 
the damaging effects of high amounts of ROS, the presence of antioxidants, such as superoxide 
dismutase (SOD) and catalase, help regulating the balance (118). In contrast to most other cell types, 
neutrophils are equipped with the ability to produce massive amounts of ROS upon activation, known 
as “the respiratory burst”, primarily aimed for killing microbes in the phagosome, but also to function 
as signaling molecules, regulating immune reactions (119). Responsible for the neutrophil capacity to 
reduce molecular oxygen into ROS is the specialized, multicomponent, electron transporting enzyme 
system, the NADPH oxidase. The importance of ROS production is most obviously seen in patients with 
chronic granulomatous disease (CGD), a rare, inborn, immunodeficiency with defects in the proteins 
that form the oxidase. Neutrophils from CGD patients are unable to produce ROS and patients typically 
suffer from bacterial and fungal infections, the most prevalent being recurrent pneumonia (120, 121), as 
well as a variety of inflammatory symptoms (122, 123).  

The NADPH oxidase 

The NADPH oxidase (Fig. 2) consists of a membrane-bound part, cytochrome b558, and components 
in the cytoplasm, that all have to be put together to make the oxidase functional (124). Cytochrome b558 
consists of two subunits (gp91phox and p22phox) and is primarily located in membranes of specific 
granules, but also, to some extent, in the plasma membrane and membranes of gelatinase granules (80). 
Upon activation, these granules translocate to, and fuse with, the plasma membrane, and/or intracellular 
membranes, providing cytochrome b558, whereupon the cytoplasmatic components (p47phox, 
p67phox, p40phox and GTPase Rac) translocate to the cytochrome b558-containing membrane to form 
the active oxidase. The active oxidase transports electrons across the membrane to molecular oxygen on 
the other side, reducing it into superoxide anion (O2

-), which spontaneously dismutates into hydrogen 
peroxide (H2O2), a reaction that also can be catalyzed by SOD (125). These primary ROS can then be 
further processed by MPO into more potent secondary ROS, such as hypochloric acid (126). Hence, 
ROS can be produced both intra- and/or extracellulary depending on the location of the  NADPH oxidase 
(127, 128). In vitro, one of the most frequently used agents to potently activate the NADPH oxidase, 
both intra- and extracellularly, is the chemical agent phorbol myristate acetate (PMA) (paper III and 
IV). 

 

 

 

 

 

 

Figure 2. The NADPH oxidase mediates ROS production in neutrophils. The membrane-bound part, 
cytochrome b558, constitutes the electron-transporting component of the oxidase and consists of 
gp91phox and p22phox. Upon activation, components in the cytoplasm (p47phox, p67phox, p40phox 
and the GTPase Rac) translocate to cytochrome b558-containing membranes, intra- and/or 
extracellularly, to form the active oxidase. 
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serum-opsonized Staphylococcus aureus (dark dots) being phagocytosed by neutrophils (with purple 
nuclei) after 20 minutes incubation at 37ºC.  
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ROS PRODUCTION 

ROS are highly reactive molecules that are produced in small amounts in all our cells, as a side product 
from mitochondrial respiration. At low levels, ROS are involved in many vital physiological processes, 
on the other hand, too much ROS are harmful to our cells. To regulate the balance and to protect us from 
the damaging effects of high amounts of ROS, the presence of antioxidants, such as superoxide 
dismutase (SOD) and catalase, help regulating the balance (118). In contrast to most other cell types, 
neutrophils are equipped with the ability to produce massive amounts of ROS upon activation, known 
as “the respiratory burst”, primarily aimed for killing microbes in the phagosome, but also to function 
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reduce molecular oxygen into ROS is the specialized, multicomponent, electron transporting enzyme 
system, the NADPH oxidase. The importance of ROS production is most obviously seen in patients with 
chronic granulomatous disease (CGD), a rare, inborn, immunodeficiency with defects in the proteins 
that form the oxidase. Neutrophils from CGD patients are unable to produce ROS and patients typically 
suffer from bacterial and fungal infections, the most prevalent being recurrent pneumonia (120, 121), as 
well as a variety of inflammatory symptoms (122, 123).  

The NADPH oxidase 

The NADPH oxidase (Fig. 2) consists of a membrane-bound part, cytochrome b558, and components 
in the cytoplasm, that all have to be put together to make the oxidase functional (124). Cytochrome b558 
consists of two subunits (gp91phox and p22phox) and is primarily located in membranes of specific 
granules, but also, to some extent, in the plasma membrane and membranes of gelatinase granules (80). 
Upon activation, these granules translocate to, and fuse with, the plasma membrane, and/or intracellular 
membranes, providing cytochrome b558, whereupon the cytoplasmatic components (p47phox, 
p67phox, p40phox and GTPase Rac) translocate to the cytochrome b558-containing membrane to form 
the active oxidase. The active oxidase transports electrons across the membrane to molecular oxygen on 
the other side, reducing it into superoxide anion (O2

-), which spontaneously dismutates into hydrogen 
peroxide (H2O2), a reaction that also can be catalyzed by SOD (125). These primary ROS can then be 
further processed by MPO into more potent secondary ROS, such as hypochloric acid (126). Hence, 
ROS can be produced both intra- and/or extracellulary depending on the location of the  NADPH oxidase 
(127, 128). In vitro, one of the most frequently used agents to potently activate the NADPH oxidase, 
both intra- and extracellularly, is the chemical agent phorbol myristate acetate (PMA) (paper III and 
IV). 

 

 

 

 

 

 

Figure 2. The NADPH oxidase mediates ROS production in neutrophils. The membrane-bound part, 
cytochrome b558, constitutes the electron-transporting component of the oxidase and consists of 
gp91phox and p22phox. Upon activation, components in the cytoplasm (p47phox, p67phox, p40phox 
and the GTPase Rac) translocate to cytochrome b558-containing membranes, intra- and/or 
extracellularly, to form the active oxidase. 
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During phagocytosis, specific granules provide cytochrome b558 to the membrane of the 
phagolysosome, and upon activation, the oxidase produce massive amounts of ROS to kill the ingested 
prey. In the phagolysosome there is also MPO, brought about by azurophilic granules, to process these 
primary ROS into more toxic secondary ROS, as described. Additionally, ROS can be produced 
intracellularly and be processed by MPO in situations where phagocytosis is not taking place, e.g., when 
triggered by soluble stimuli (127, 128). Why, and in which cellular compartment, such ROS is produced 
is not yet known, although an organelle formed as a result of the fusion between specific- and azurophilic 
granules has been suggested (129, 130).  

When the oxidase is assembled in the plasma membrane, ROS are released extracellularly. The role of 
these ROS is not entirely clear, although it has been proposed, that when neutrophils fail to engulf the 
target, such as large bacteria or fungi, they instead produce and release ROS extracellularly (131, 132). 
Extracellular ROS are traditionally regarded as harmful and tissue damaging, but on the other hand, lack 
of ROS production (as in CGD) has been shown to enhance inflammatory symptoms, indicating that 
ROS are involved in cell signaling and regulation of the immune response (119, 133-135).  

 
Measuring neutrophil ROS production 

In vitro, assesment of ROS production is often used as read-out for neutrophil activation and there are 
several techniques to measure ROS (136). Extracellular levels of hydrogen peroxide (H2O2) can be 
measured by substrates that (catalyzed by horseradish peroxidase) oxidizes in the presence of H2O2, one 
of which being the frequently used fluorogenic Amplex Red reagent (paper III). The luminol-
/isoluminol-amplified chemiluminescence (CL) technique used in paper III and IV is based on the 
emission of light (chemiluminescence) resulting from luminol/isoluminol reacting with O2

- in the 
presence of a peroxidase (Fig. 3). Isoluminol cannot cross biological membranes and reacts only with 
extracellular O2

-, while luminol reacts with both intra- and extracellular O2
-. To detect intracellular O2

- 
specifically, luminol is used together with membrane-impermeable ROS scavengers (SOD and catalase) 
that neutralize all extracellular ROS. Extracellular CL is measured in the presence of exogenously added 
horse radish peroxidase, whereas intracellular CL is utterly dependent on endogenous MPO activity 
(137). 

 

 

 

 

 

 

 

Figure 3. Schematic drawing of the chemiluminescence reaction. When luminol/isoluminol reacts 
with ROS in the presence of a peroxidase, light (chemiluminescence) is emitted. Luminol crosses 
biological membranes and thus measures both intra- and extracellular ROS. To detect intracellular 
ROS specifically, luminol is used together with SOD and catalase (membrane-impermeable ROS 
scavengers) that neutralize all extracellular ROS. Extracellular ROS is measured by isoluminol which 
cannot cross biological membranes.  
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NET FORMATION  

Neutrophils can meet their end via active and non-lytic (apoptosis) or passive and lytic (necrosis) cell 
death, the latter characterized by loss of membrane integrity and proinflammatory responses. In 1996, a 
new form of cell death was described by Takei et al (138). PMA treated neutrophils were shown to 
demonstrate morphological changes different from those of typical apoptosis or necrosis. The 
cytotoxicity induced by PMA was possible to inhibit by the additive of antioxidants, suggesting an 
important role of ROS in this process. In 2004, this finding was confirmed and described as NET 
formation by Brinkmann et al (139) and has since received enormous interest.  

NETs are web-like structures that enable neutrophils to capture microbes extracellularly, consisting of 
DNA strands clad with granule derived enzymes (e.g., MPO and NE) and antimicrobial peptides, 
expelled by neutrophils. Once captured, there is growing evidence that NETs also kill the microbes, at 
least in vitro (140). Although the majority of all studies on NET formation are made in vitro and quite 
few actually visualize NET release in vivo (141-146), NET formation is considered a real phenomenon. 
Stimuli shown to induce NET formation include microorganisms (139, 141, 147-149), immune 
complexes (150), certain cytokines (151), activated platelets (152) and sterile triggers such as MSU 
crystals (paper II and described in detail later). NET formation has also been linked to several non-
infectious diseases. In autoimmune diseases, such as vasculitis (85, 86) and SLE (153), increased levels 
of NETs have been shown to promote inflammation and to be potential sources of autoantigens (154). 
NETs have also been shown to be involved in the formation of thrombi (both venous and arterial) (155, 
156) and to contribute to the progression and metastasis of malignant tumors (142, 157).  

NET formation occurs via different pathways, of which (NADPH oxidase derived) ROS dependent NET 
formation was discovered first and is the best described (139, 158, 159). In vitro, the standard procedure 
to trigger NET formation by this ROS dependent pathway, is to expose cells to the artificial stimulus 
PMA, often used as positive control for in vitro NET studies (paper III and IV). PMA triggers 
neutrophils to decondense their chromatin, disintegrate their nuclear envelope and mix nucleic acids 
with granule proteins, whereupon NETs are released via plasma membrane perforation. Our group 
recently showed that the ROS needed to promote PMA triggered NET formation has to be formed and 
processed by MPO intracellularly (137). Also ROS independent NET formation in response to certain 
stimuli is described (160-165) (paper III), although some studies argue that (NADPH-oxidase derived) 
ROS independent NET formation in fact relies on mitochondrial ROS (166, 167).  

Certain types of NET formation have also been shown to consist of mitochondrial DNA (166, 168-171), 
to be dependent on mitochondrial ROS and not to be followed by cell death (168-171). In addition to 
this, Yipp and Kubes (141) proposed the concept of vital NET formation, in which the neutrophils are 
still viable and able to perform chemotaxis and phagocytosis, after rapidly throwing out NETs in 
response to gram positive bacteria, in vivo. In their study, nuclear (and not mitochondrial) DNA was 
described as the main source of DNA. 

NET formation has indeed been subject for much investigation, providing an abundance of, sometimes 
contradictory, data. It is important to address the inconsistent view of the research community regarding 
the origin of the DNA (mitochondrial or nuclear) and delimitation from other forms of lytic cell deaths 
that have been described in the last decades (159, 172, 173). Two examples of these are necroptosis, 
which is a form of programmed necrosis (172), and  pyroptosis, which is a form of programmed cell 
death triggered from intracellular pathogens, associated with osmotic swelling and pore formation (174). 
The different cell death pathways have been shown to overlap/crosstalk with each other to ensure that a 
cell that is committed to die will do so. Under certain conditions, NET formation has been shown to 
involve components/proteins of the pyroptosis and necroptosis pathways and it is likely that NET 
formation, to some extent, summarizes different lytic cell deaths leading to chromatin release from 
neutrophils (173).  
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There are several techniques to measure NETs, including, e.g., microscopy techniques, 
immunohistochemistry, enzyme-linked immunosorbent assays (ELISAs) and flow cytometry (175), but 
since neutrophil DNA and other NET component proteins can be present extracellularly due to other 
forms of lytic cell deaths as discussed, the detection is not specific for NETs. Improved techniques for 
the detection and quantification of NETs are needed to fully understand the role of NETs in health and 
disease.  
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NEUTROPHIL RECRUITMENT TO TISSUES 
The recruitment of leukocytes to inflamed tissues follows a multistep pathway (Fig. 4) (9, 39). Once the 
acute inflammatory response is initiated, endothelial cells will upregulate adhesion molecules, including 
pre-stored P-selectin and de novo synthesized E-selectin, in response to proinflammatory mediators. 
Circulating neutrophils in postcapillary venules will then slow down and bind loosely to the inflamed 
endothelium through adhesion molecules on their surface, e.g., P-selectin glycoprotein ligand 1 (176). 
This weak binding, known as tethering, is further mediated by the neutrophil receptor L-selectin and 
promotes neutrophils to roll along the inflamed endothelium. After binding, L-selectin is proteolytically 
cleaved off and accompanied by the presence of soluble L-selectin in the circulation (177). Interactions 
between neutrophils and endothelial cells stimulate neutrophil granule mobilization, whereupon 
receptors necessary for attachment, e.g., the integrin CR3 (178), and chemotaxis, will be expressed on 
the cell surface. Firm attachment to the endothelium occurs through neutrophil-endothelium integrin-
binding, and neutrophils then elongate and crawl through (transmigrate) the endothelium and migrate 
along the chemotactic gradient towards the inflamed site. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemotactic receptors 
The crawling and chemotactic migration depends on cytoskeletal reorganization and interactions 
between neutrophil integrins and the extracellular matrix and is mediated by chemotactic G-protein-
coupled seven-transmembrane receptors (GPCRs) expressed on the neutrophil surface (179, 180). 
Examples of such receptors are chemokine receptors, e.g., CXCR 1 and 2, mediating the effect of e.g., 
IL-8 which is highly chemotactic for neutrophils (181). In fact, neutrophils themselves amplify 
additional recruitment through release of IL-8 (182). Other GPCRs include e.g., formyl-peptide 
receptors (FPRs) that sense bacterial products such as the bacterial peptide formyl-methionyl-leucyl-
phenylalanine (fMLF) (183) and receptors for a diverse set of chemo-attractants such as leukotriene B4, 
platelet activating factor and complement fragment C5a (87).  

The interaction with the inflamed endothelium and the exposure to proinflammatory mediators, put 
neutrophils in a state of high alert, called priming, necessary for subsequent activation and described 
next.  

Figure 4. Transmigration from blood to tissue. Circulating neutrophils bind loosely (tether) to the 
inflamed endothelium, start rolling and mobilize granules containing receptors necessary for 
attachment and chemotaxis to the cell surface. Firm attachment to the endothelium occurs through 
neutrophil-endothelium integrin-binding and neutrophils then transmigrate the endothelium and 
migrate along the chemotactic gradient towards the inflamed site.  
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NEUTROPHIL PRIMING  
Excessive ROS release into the surrounding tissues are believed to contribute to tissue injury and it is 
therefore important that neutrophil activation is properly regulated and that circulating neutrophils are 
restrained from unprovoked inflammatory response (184, 185). In health, to protect the surrounding 
tissues, circulating neutrophils are quiescent, with limited responsiveness to activating stimuli. To be 
able to forcefully respond to danger, including prolonged survival, morphology changes, maximal 
degranulation, enhanced phagocytosis, ROS production and NET formation, neutrophils must first get 
into a pre-activated condition known as a primed state (10, 186). Neutrophil priming is triggered by 
interactions with the inflamed endothelium during the transmigration process and by pro-inflammatory 
mediators or bacterial products at the inflamed site (10) and include a variety of events, e.g., proteolytic 
shedding of L-selectin, granule mobilization with upregulation of surface receptors (187), 
phosphorylation and translocation of the NADPH-oxidase cytosolic components (185) and an increased 
content and release of proinflammatory cytokines, such as IL-8 (182) (Fig. 5).  

 

Priming of neutrophils in the bloodstream 

In certain systemic conditions, such as e.g., sepsis (11-13), priming can occur within the circulation and 
while properly regulated priming of tissue neutrophils is beneficial for fighting bacteria, simultaneous 
systemic priming in severe sepsis is known to induce collateral damage (188). Signs of intravascular 
neutrophil priming have also been reported in different inflammatory conditions, such as elevated levels 
of ROS in RA and vasculitis (118, 185, 189, 190). In paper IV, blood neutrophils from gout patients 
were shown to be primed with regards to intracellular ROS production, but not receptor expression or 
NET formation (further discussed later). 

Tools to assess neutrophil priming 

Neutrophil priming in vivo is a dynamic and context-depending process that is not easy to study in 
humans and there is no exact definition of priming (10). In addition, in vitro experiments have 
demonstrated the neutrophil potential to recover from a primed phenotype (“de-priming”), although little 
is known about the importance of this phenomenon and the destiny of these cells (186). Much of our 
knowledge on neutrophil priming comes from in vitro experiments based on single primer/activation 

Figure 5. Priming and activation of neutrophils. Circulating neutrophils are quiescent and 
characterized by limited responsiveness to activating stimuli. To get ready to respond to danger, 
neutrophils must first get into a pre-activated condition known as a primed state, normally induced 
by the neutrophil transmigration process and local factors at the inflammatory site. Activation of 
primed neutrophils through a second stimuli, results in reinforced neutrophil executive functions. 
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combinations, often at high concentrations. Frequently used priming agents include for example the 
proinflammatory cytokine TNF-α and the bacterial toxin LPS and commonly used tools to assess 
neutrophil priming include the determination of surface receptor expression, e.g., CR3 (high) and L-
selectin (low) (187) and measurement of ROS-responses (Fig. 6). 

 

 

Figure 6. The differences in receptor expression 
and ROS production in  primed versus resting 
neutrophils. Receptor expression (above) was 
measured by flow cytometry. The gate (red circle) 
identifies the neutrophil population and is applied 
in the analysis of receptor expression. The black 
line shows resting neutrophils and the red line 
shows (primed) cells pre-treated (20 min) with 
TNF-α. L-selectin is cleaved off in primed cells, 
while CR3 is up-regulated. Intracellular ROS 
production (left) was measured using luminol-
enhanced CL upon stimulation with MSU crystals. 
The black dotted line shows resting neutrophils 
and the red dashed line shows primed neutrophils. 
TNF-α does not itself trigger a ROS response.  
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DAMAGED SKIN AS AN INFLAMMATORY MODEL 

Studies on in vivo transmigrated human neutrophils include e.g., pus (141, 191), BAL fluid (192, 193), 
cerebrospinal fluid (194, 195), gingival crevicular fluid (99), saliva (196), sputum (197-199), peritoneal 
dialysis effluents (200), pleural effusion (201) and aspiration of synovial fluid from patients with 
arthritis (paper II and III and described later). Yet, much of our knowledge on in vivo transmigrated 
human neutrophils comes from experimental skin chambers, a controlled model of aseptic inflammation 
(202, 203); skin blisters (quite similar with those arising from, e.g., chafed feet) are created on the volar 
part of the forearm by application of negative pressure using a vacuum pump and blisters form after a 
little less than 2 hours (Fig. 7), whereupon the blister roofs are removed and collection chambers filled 
with autologous serum are adjusted over the (non-bleeding) lesions. Production of highly chemotactic 
mediators, e.g., IL-8 and the complement product C5a (203), in the skin chamber fluid creates a 
chemotactic gradient that guides neutrophils into the chambers, from where they can be collected and 
analyzed. Neutrophils account for about 90%–98% of the exudate cells after 10–24 h (204). 
Transmigration from blood to tissue is known to induce neutrophil priming and skin chamber derived 
neutrophils display a highly primed phenotype with increased extracellular ROS production in response 
to chemo-attractants (203, 205), upregulation of CR3, shedding of L-selectin and increased content of 
IL-8 (paper II), in line with the prevailing view and those seen at natural sites (191-193, 199, 200). In 
addition, skin chamber derived neutrophils were shown to be highly primed (respond much stronger) 
with respect to MSU crystal induced intracellular ROS production, as compared to blood neutrophils 
from the same donor (paper III). 

 

Figure 7. The creation of skin blisters. Skin 
blisters are created on the volar part of the 
forearm using suction chambers connected to a 
vacuum pump. Blisters form after a little less 
than 2 hours. 

 

Paper I – a simple skin blister model 

In paper I, a simple and useful skin blister technique to obtain and study in vivo transmigrated human 
leukocytes was described and characterized. The described technique is based on the formation of skin 
blisters identical to those used for the skin chamber technique, but without the more complicated (and 
slightly artificial) part including removal of the blister roofs and attaching plastic collection chambers 
filled with serum; immune cells are recruited directly into the blister fluid, from which they can be 
collected at different time-points using a micropipette. The collected blister fluid can also be used to 
analyze soluble inflammatory mediators at different time points (206-208). The total leukocyte count 
(neutrophils, monocytes and lymphocytes) were shown to increase in the blister fluid over the first 6-8 
hours, after which the numbers were consistent up to the final analyzed time-point (24 h). Furthermore, 
and true to the text book, neutrophils were shown to be recruited first, followed by monocytes and 
lymphocytes. Neutrophils obtained from our skin blister model were fully viable and functionally 
competent (able to phagocytose microbes). Also, similar to the neutrophils obtained from the skin 
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chamber model, these neutrophils displayed a distinctly primed phenotype with regard to surface 
markers, e.g., upregulation of CR3 and shedding of L-selectin. Although simple to use and bear, the 
drawback of the skin blister technique lies in the low total cell count, which makes it more difficult to 
perform functional studies.  

An inflammatory skin model based on intradermal LPS injections were recently characterized by Buters 
et al (207). The authors wanted to validate intradermal LPS for future “proof of pharmacology” studies 
involving anti-inflammatory drugs. Suction blisters were found to be convenient when it came to 
studying the inflammatory response and the results from their naïve control blisters correspond well to 
the results from the kinetic study in paper I. In a follow-up study, the clinical and cellular (but not 
cytokine) inflammatory response to intradermal LPS was shown to be suppressed by oral as well as 
topical corticosteroids, demonstrating that the LPS model could detect the effects of anti-inflammatory 
drugs (209). A similar model was reported by Motwani et al; intradermal UV-killed Escherichia coli 
triggered a well-tolerated, transient acute inflammatory reaction that was evaluated by suction blisters. 
Treatment with naproxen (a commonly used NSAID) provided a detectable anti-inflammatory effect 
(208). 
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SYNOVIAL FLUID NEUTROPHILS 
The bones of a synovial joint are covered by hyaline cartilage and united by a fibrous joint capsule that 
encloses the joint cavity and provides structural support. The inner lining of the joint capsule, the 
synovium, is a specialized connective tissue built up by a thin layer of cells composed of two cell types, 
macrophage-like synoviocytes and fibroblast-like synoviocytes, and an underlying tissue including 
blood and lymphatic vessels. The synovium maintains the synovial fluid that lubricates the surfaces and 
provides nutrients to the cartilage (210).  

The chronically inflamed synovium seen in inflammatory (non-infectious) rheumatic arthritis that will 
be discussed here is characterized by hyperplasia, increased vascularization, recruitment and activation 
of immune cells. However, pathogenic pathways differ between various rheumatic arthritis, as well as 
between different individuals and there are important differences in e.g., the degree of neo-angiogenesis 
and lining layer hypertrophy as well as the inflammatory infiltrate (211). Rheumatic arthritis comprises 
both autoimmune conditions, typically linked to the presence of autoreactive T-cells and/or 
autoantibodies, and autoinflammatory diseases, mainly driven by the innate immunity. However, rather 
than being separate entities, these conditions overlap and share characteristics and rheumatic diseases 
can be placed somewhere along a spectrum with classic autoinflammatory diseases (such as periodic 
fevers) in one end and classic autoimmune diseases (such as SLE) in the other end. The common chronic 
inflammatory arthritis RA is typically associated with autoantibodies against rheumatoid factor (RF) 
and/or cyclic citrullinated peptides (anti-CCP) and is generally considered an autoimmune disease, but 
the pathogenesis of RA is complex; different RA “pathotypes” have been suggested and some forms of 
RA rather display features of both autoimmunity and autoinflammation. In addition, there is a large 
variation in treatment responses in RA. Spondyloarthritis (SpA), including e.g., psoriatic arthritis and 
ankylosing spondylitis, like some forms of RA, can be placed somewhere in between autoimmunity and 
autoinflammation. Another common rheumatic arthritis, generally considered an autoinflammatory 
disease and that will be further discussed in the next chapter, is gout (6).  

Paper II – neutrophil recruitment to inflamed joints 
Neutrophils possess the capacity to cause damage to joints and are represented in the inflamed synovium 
early in RA disease progression (212-215). As the disease progresses, the cellular pattern changes so 
that the inflamed synovium consists mainly of macrophage- and invasive fibroblast-like synoviocytes, 
lymphocytes and osteoclasts. The chronically inflamed synovium constitutes an invasive tissue that 
destroys cartilage and bone (216), but in spite of the fact that the inflamed synovium is mostly infiltrated 
by synoviocytes and lymphocytes, neutrophils are the most abundant leukocytes in synovial fluid during 
disease flares of inflammatory arthritis.  

In paper II, in vivo transmigrated neutrophils, derived from synovial fluid of patients with ongoing 
disease flares of different inflammatory arthritis, were found to often display no or very limited signs of 
priming. These cells often kept L-selectin and had undergone restricted upregulation of CR3 and were 
more similar to (resting) blood neutrophils than to, e.g., fully primed skin chamber neutrophils. In 
support of these findings, cell-free synovial fluid was shown to trigger chemotaxis in vitro without 
altering the receptor expression. These data demonstrate that L-selectin cleavage is not a prerequisite 
for neutrophils to leave the blood stream and that it is indeed possible for neutrophils to egress to 
inflamed tissues without undergoing pronounced priming. Furthermore, the synovial fluid neutrophils 
in our study contained IL-8 levels that were only marginally increased as compared to blood neutrophils 
from the same donor. This is in stark contrast to skin chamber neutrophils that contained significantly 
higher levels of IL-8 as compared to blood neutrophils from the same donor.  

Taken together, these data indicate that transmigration can occur without cellular priming and that 
recruitment to inflamed joints might be different from transmigration to other inflamed tissues. It is 
likely that the principles of neutrophil recruitment cannot be entirely translated into all vascular beds 
and conditions, which is supported by observations on different recruitment mechanisms in the liver, 
lung, brain, lymph nodes and kidney (9). In the liver for example, it has been shown that integrins and 
not selectins are involved/required for recruitment of neutrophils (217, 218). In the brain, platelets have 
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been shown to play a critical role in neutrophil recruitment. Platelets were shown to adhere to inflamed 
brain capillaries and to help recruit neutrophils through their, in relation to brain endothelium, enormous 
production of P-selectins (219, 220). 

It should be mentioned that other groups have reported contradictory results regarding neutrophil 
recruitment to inflamed joints. Emery et al (221) and Nurcombe et al (222) reported that synovial fluid 
neutrophils derived from patients with RA demonstrate a primed phenotype, but these studies, unlike 
ours, used separation steps including Ficoll-gradients, which could have affected the results. More 
recently, synovial fluid neutrophils derived from inflamed joints of children with juvenile idiopathic 
arthritis were shown to display a primed phenotype with upregulation of CR3 and shedding of L-selectin 
(223, 224), using a neutrophil preparation technique similar to ours, i.a., only centrifugation. All patients 
in these studies were children, without immunosuppressive treatment (except for NSAIDs), while in 
paper II, all patients were adults, most of which had immunosuppressive treatment, which could 
constitute a partial explanation for the different outcomes. Another difference between these studies is 
that only samples rich in neutrophils (with a neutrophil content >65%) were included in paper II and 
III. 

In line with our findings in paper II, neutrophils derived from synovial fluid of different inflammatory 
arthritis were shown to produce various amounts of ROS in response to ex vivo stimulation with MSU 
crystals, while skin chamber derived neutrophils were all highly primed with respect to ROS production 
(paper III). The varying ROS responses likely reflect the heterogeneity among inflammatory arthritis. 
Our data however clearly show that it is possible for neutrophils to reach the synovial fluid without 
getting (fully) primed. 
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GOUT  
Gout has been a clinical entity for millennia, referenced in writing by the Egyptians as early as 2600 
BC. The name gout comes from the Latin Gutta, meaning “drop of liquid”, referring to the belief that 
vicious humors went from the blood stream into the (previously asymptomatic) joint, causing the gouty 
attack (225). It was first in the mid-19th century that the Englishman Alfred B Garrod, sometimes 
referred to as the father of modern rheumatology, discovered that MSU crystals were central in gouty 
inflammation (226).  

Gout is the most common arthritis worldwide, triggered by the deposition of needle-shaped MSU 
crystals in (and around) the joints, as a result of oversaturation of uric acid (urate) in the bloodstream 
(227, 228). Uric acid is the final product of purine metabolism and both increased intake and/or 
production, as well as impaired excretion of uric acid by the kidneys, may lead to hyperuricemia, defined 
as elevated urate levels above the solubility level of around 405 µmol/L (6.8 mg/dL). Hyperuricemia is 
a central risk factor for gout and other risk factors are linked to hyperuricemia, e.g., obesity, genetic 
factors, dietary factors, such as red meat and beer, and chronic kidney disease. Once described as the 
“disease of kings”, gout has been perceived as closely linked to “rich food” and alcohol, but it is debated 
which of genes or lifestyle that contribute most to gout. In a recent meta-analysis, genetic factors were 
found to contribute substantially more to hyperuricemia than diet (229). Gout patients have an 
established increased risk of cardiovascular disease as well as a high burden of comorbidities, but 
evidence is mixed whether it is hyperuricemia/gout, or the comorbidities, that cause the increased risk 
of cardiovascular disease (227, 228).  

The first joint to be affected in gout is usually the metatarsophalangeal joint, by Hippocrates referred to 
as “the podagra” (roughly translated “attack in the foot”) (225). One reason for the early engagement of 
this joint might be its relatively reduced perfusion and therefore lower temperature which seems to bring 
down the saturation limit for uric acid. The inflamed joint is often particularly painful with maximal 
pain within the first day. Gout flares are self-limiting by nature and usually resolve within 10-14 days. 
The disease has an episodic nature, in which flares tend to become more frequent and affect additional 
joints, i.e., become polyarticular (or chronic) if hyperuricemia persists. Chronic gout also includes the 
presence of tophi; superficial, yellow-white deposits of MSU crystals seen around the joints (Fig. 8) 
(228). Despite their uninflamed features, tophi can become infected, cause pain and lead to decrease in 
function. Depending on their location, complications can also occur when tophi develops in, e.g., heart 
valves, spine or larynx, although these locations are unusual (230). Identification of MSU crystals in 
synovial fluid or in tophi by polarization microscopy allows for definitive diagnosis (231) and preventive 
urate-lowering treatment aims at achieve and maintain urate levels below 360 µmol/L (6 mg/dL), or 
below 300 µmol/L (5 mg/dL) in severe tophaceous gout. During flares, inflamed joints can be effectively 
treated using corticosteroids, NSAIDs or colchicine (232). 

 

 

 

 

 

 

 

Figure 8. Two patients with chronic, tophaceous gout. Photos are published with patient consent. 
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Inflammasome activation in gout 

The nucleotide-binding oligomerization domain (NOD) like receptors (NLRs) are intracellular PRRs, 
expressed mainly in macrophages and neutrophils and critical in the inflammatory response in gout (15, 
228). When macrophages ingest tissue deposited MSU crystals, an intracellular, multiprotein complex 
known as the NLR family pyrin domain containing 3 (NLRP3) inflammasome is assembled/activated, 
leading to activation of caspase-1 and subsequent proteolytic cleavage and activation of IL-1β. This 
proinflammatory cytokine is the best described inflammatory mediator in gout and the release of IL-1β 
triggers a massive inflammatory response with influx of neutrophils (228, 233).  

As mentioned earlier, rheumatic diseases can be placed more towards autoimmunity or 
autoinflammation (6). Autoinflammatory diseases compose a heterogeneous group of systemic 
inflammatory diseases that are linked to antigen-independent activation of the innate immune response 
and not to autoantibodies or autoreactive T-cells (i.e., the adaptive immune response) (6, 7). The 
prototypic autoinflammatory disease is Familial Mediterranean fever (FMF), prevalent in countries of 
the eastern Mediterranean region and associated with mutations in the MEFV gene encoding the pyrin-
inflammasome, characterized by recurrent flares of fever, serositis and synovitis (234). Gout exhibits 
both clinical and mechanistic overlap with autoinflammatory diseases and is associated with multiple 
gene variants that are linked to autoinflammatory conditions (235). The fact that gout has a known 
trigger distinguishes it from (most) other autoinflammatory conditions, but far from all individuals with 
hyperuricemia develop gout (236, 237), suggesting that additional inflammatory elements contribute to 
the pathogenesis of the disease. Both gout and autoinflammatory diseases normally exhibit a good 
treatment response to IL-1-inhibitors, supporting an important role of inflammasome activation in the 
pathogenesis of these diseases (238, 239).  

Colchicine – an ancient drug still in use today 

Colchicine is a plant extract from the autumn crocus (Fig. 9), described by the Egyptians as early as 
1550 BC for its effect on joint pain and swelling, and used for many hundreds of years to treat gout  
(240, 241). Colchicine has a dark history of being a poison and is indeed extremely toxic in overdose. 
Today, although demonstrating a narrow therapeutic index due to early gastrointestinal intolerance, 
serious toxicity at prescribed doses is rare (242). Except from gout, colchicine is also used to treat, e.g., 
FMF, acute and relapsing pericarditis, and has become of high interest for cardiovascular research, being 
shown to reduce the risk of cardiovascular events in patients with cardiovascular disease (243, 244). 
Colchicine inhibits intracellular microtubule assembly and is preferentially accumulated in leukocytes 
(245). The mechanism(s) of action of colchicine is not fully understood, but it is believed to reduce 
inflammation by inhibiting migration of neutrophils and other leukocytes to the gouty inflamed site 
(246, 247) and to suppress activation of the NLRP3 inflammasome (247). Colchicine has also been 
shown to suppress MSU crystal induced neutrophil ROS production (248, 249) (paper III), which will 
be further discussed in the next subchapter.  

 

Figure 9. Autumn crocus, the plant source of colchicine. Photo credit to the authors mother. 
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Figure 9. Autumn crocus, the plant source of colchicine. Photo credit to the authors mother. 
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NEUTROPHIL ACTIVATION IN GOUT 
Inflammasome activation and subsequent release of IL-1β and other proinflammatory cytokines trigger 
recruitment of neutrophils to the gouty inflamed site (228). Neutrophils that encounter MSU crystals in 
vitro (at least try to) phagocytose the (big) crystals (250-254), produce ROS (164, 248, 250, 255-259) 
and form NETs (164, 252, 254, 258-261). It has been proposed that MSU crystals initially induce NET 
formation associated by release of proinflammatory mediators, but during high neutrophil densities (as 
a result of massive recruitment), these NETs form aggregates (resembling gouty tophi) and NET-
associated serine proteases degrade proinflammatory cytokines and chemokines, favoring resolution of 
inflammation (258). It is possible that the uninflamed features of gouty tophi, and the reason why acute 
gouty attacks are self-limiting within 10-14 days, can be explained by these findings. 

Paper III – MSU crystal triggered neutrophil responses 

In paper III, blood neutrophils from healthy controls were challenged with MSU crystals in vitro, 
resulting in (a dose-dependent) production of ROS and NETs (Fig. 10). 

 

 

MSU triggered ROS were shown to be strictly intracellular; two different assays used to detect 
extracellular ROS (O2

- and H2O2 respectively), resulted in clear responses to PMA (the positive control) 
as expected, but not upon MSU crystal stimulation. To investigate if this MSU triggered intracellular 
ROS production origins from phagosomes, neutrophils were pretreated with a blocker of actin 
polymerization, making the neutrophils unable to phagocytose, before challenging them with the 
crystals. The result was a significant decrease in ROS production, implying that the oxidative response 
originates from neutrophils ingesting the crystals.  

We then tested whether pretreatment of the cells with colchicine would affect MSU triggered neutrophil 
ROS production. The result was a significant decrease in ROS production, but interestingly, not linked 
to ingestion of the crystals, demonstrated by the fact that colchicine-treated cells were still able to fully 
phagocytose opsonized Staphylococcus aureus. One possible explanation for this would be that 
colchicine exerts its effect on (MSU crystal induced) neutrophil ROS production by interfering with the 
activation/assembly of the NADPH-oxidase. The effect that colchicine exerts on neutrophil ROS 
production seems, at least to some extent, be specific for MSU crystals since ROS production triggered 
by e.g., PMA (262, 263) (paper III) or fMLF (256, 262, 263) is not affected.  

Several pathways involved in MSU triggered NET formation have been suggested. In line with Chatfield 
et al (164), but unlike others (258, 259), our data clearly demonstrate that MSU triggered NET formation 
takes place independent of ROS production. Neutrophils that were pretreated with inhibitors of the 
NADPH oxidase, as well as cells from a patient with CGD (unable to produce ROS), still formed NETs 
upon MSU crystal stimulation.  

As discussed earlier, the ROS response to MSU crystals was shown to be highly primed in in vivo 
transmigrated neutrophils derived from skin chambers, while tissue neutrophils derived from inflamed 
(non-gouty) synovial fluid displayed various levels of priming with respect to ROS production and this 

Figure 10.  NET formation 
triggered by MSU crystals. 
Microscopy image of 
unstimulated (left) and MSU 
crystal stimulated (right) 
neutrophils, stained for DNA 
(blue) and MPO (green). 
(Reprinted with permission.) 
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observation fits well with our earlier finding that synovial fluid neutrophils often display no or only mild 
signs of priming (paper II). Neither of our studied tissue neutrophils were primed with respect to MSU 
induced NET formation, demonstrating that the primed phenotype of tissue neutrophils does not apply 
for NET formation, at least not when triggered by MSU crystals, or PMA. 

Paper IV – priming of blood neutrophils in gout patients  

Neutrophils can be primed in the circulation and this have been shown in sepsis (11-13), as well as in 
different inflammatory conditions (118, 185, 189, 190). Vedder et al (264) recently demonstrated the 
presence of NETs, as detected by an MPO-DNA-ELISA, in the circulation of gout patients. Further, 
neutrophil activation markers in the circulation (the cytoplasmic protein calprotectin and peroxidase 
activity), but not NETs, were shown to associate with characteristics of active, polyarticular gout (264) 
and increased cardiovascular risk during long term follow-up (265). We wanted to further investigate 
neutrophil activation by MSU crystals and test whether neutrophils from gout patients react similarly as 
those from healthy controls. 

In paper IV blood neutrophils from polyarticular gout patients appear to exhibit a reinforced 
intracellular ROS production, as compared to controls, both at baseline (without stimulation) and upon 
MSU crystal stimulation in vitro. One could speculate that small circulating MSU crystals in peripheral 
blood of gout patients (264, 266) prime the neutrophils and give rise to the enhanced background activity 
seen in our ROS experiments. An interesting upcoming experiment would be to add cytochalasin B to 
otherwise unstimulated gout neutrophils to see if that would confer a dip in baseline ROS production. If 
so, the idea that the enhanced background activity of gout neutrophils stems from phagocytosis of small 
circulating MSU crystals would be strengthened. Another explanation could be that proinflammatory 
cytokines in the bloodstream of gout patients (267) prime neutrophils to produce increased amounts of 
ROS. Frozen plasma from our study participants will be used to analyze the occurrence of soluble 
inflammatory mediators that might be responsible for the primed ROS response. The study is however 
small and since there is a substantial variability in neutrophil responses on an individual level, large 
cohorts are needed to fully adjust for these variations. 

Despite the primed ROS response, surprisingly, the expression of cell surface markers L-selectin and 
CR3 were similar between neutrophils derived from gout patients and controls. In vitro priming with 
TNFα significantly primed neutrophils, assayed on basis of surface expression of L-selectin and CR3, 
from both groups in a very similar manner, again indicating that these blood cells are truly resting and 
that the priming machinery is intact. NET formation was also similar in both groups, both at baseline 
and upon stimulation with MSU crystals. The latter fits well with the results in paper III, where the 
ROS response, but not NET formation, was primed in tissue neutrophils. 

As mentioned, gout patients have an established increased risk of cardiovascular disease and it has been 
described as a paradox that uric acid, a weak acid known to possess antioxidative properties, and that 
may offer neuroprotective advantages (268-271), correlates with conditions associated with oxidative 
stress such as cardiovascular disease. It has been proposed that uric acid may become pro-oxidant in 
certain situations, particularly when present at high levels (272-274). The role of uric acid in relation to 
neutrophil ROS production is unclear and soluble uric acid has been shown to prime (267), as well as 
neutralize (275), neutrophil ROS. In paper III, the presence of MSU crystal induced extracellular ROS 
could not be demonstrated, in fact the extracellular ROS signal (using isoluminol-enhanced CL) seemed 
to dip below background levels (cells treated with buffer). When the MSU crystal dose was triturated 
<0.1 µg/mL, the signal was equal to buffer treated samples. One possible explanation for this outcome 
might be that (high concentrations of) MSU crystals neutralize ROS. In paper IV, mean plasma urate 
level in the patient group was not significantly different (p>0.05) from the plasma urate in the control 
group and a clear connection between the levels of ROS and uric acid could not be demonstrated. It is 
possible that untreated patients, with higher levels of plasma urate in circulation, would generate 
different results. 
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observation fits well with our earlier finding that synovial fluid neutrophils often display no or only mild 
signs of priming (paper II). Neither of our studied tissue neutrophils were primed with respect to MSU 
induced NET formation, demonstrating that the primed phenotype of tissue neutrophils does not apply 
for NET formation, at least not when triggered by MSU crystals, or PMA. 
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CONCLUDING REMARKS  
Inflammation is required for defense against microbial infections, but can also cause extensive damage 
to host cells and tissues and is implicated in a wide range of human diseases. A deeper level of the 
understanding of neutrophil function has been reached in recent years and neutrophils are seen both as 
potent effector cells and important regulators of inflammation. Combining clinical and basic research 
provides synergetic effects that helps understand inflammatory processes and the overall aim of this 
thesis was to increase the current knowledge of processes that participate in regulating inflammation, 
with the intention to bridge the gap between clinical and basic research.  

Initially, we described and characterized a simple skin blister model that can be used to study 
transmigrated leukocytes and inflammatory responses (paper I). Using the described skin blister model, 
and the more widely used skin chamber model, we showed that transmigration to inflamed, but 
otherwise healthy tissue, in line with the leading dogma, induce neutrophil priming (paper I and II). 
However, recruitment to tissues does not always result in neutrophil priming as shown in paper II, 
where neutrophil transmigration to acutely inflamed joints of patients with different inflammatory 
diseases was shown to occur with no, or only mild, signs of priming. In addition, priming of neutrophils 
clearly does not mean that all cellular effector functions are affected similarly, for example ROS 
production can be primed while NET formation is not (paper III and IV).  

Priming can also occur in the circulation, often linked to adverse outcomes. In gout, the most common 
arthritis worldwide, activation of circulating blood neutrophils has been reported to associate with an 
increased risk of cardiovascular events during follow-up. The main finding in paper IV was that blood 
neutrophils from gout patients display a primed intracellular ROS response, however not reflected in 
changes in receptor expression or increased NET formation. The cause and importance of this finding 
needs to be further studied. 

The results that are presented in this thesis highlight the complexity of neutrophil priming and activation 
and the changes that neutrophils undergo during transmigration to different inflamed tissues. Increased 
understanding of neutrophil biology will likely help explain underlying causes for pathologies involving 
inflammatory components and hopefully, this will contribute to the development of new treatment 
strategies for inflammatory diseases in the future.  
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