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Abstract

The focus for this PhD project has been to investigate neutrophil functions in different
(inflammatory) settings with specific focus on phagocyte-derived intracellular reactive
oxygen species (ROS) as well as neutrophil interaction with the inflammatory mediator
galectin-3.

Neutrophils, the most abundant leukocyte in human blood, have traditionally been
viewed upon mainly as professional phagocytes, being able to degrade invading microbes,
and thus essential in the defence against infection. However, studies including this thesis,
suggest that neutrophils are important players also in sterile inflammatory conditions.

Neutrophils are versatile cells, able to change their appearance and functions in relation to
time and localization. Their phenotype can vary from being resting, preactivated/primed
or fully activated. The primed neutrophils display increased receptors on their cell surfaces
resulting in that they can respond to a variety of stimuli, e.g., the B-galactoside binding
lectin galectin-3. ROS produced by neutrophils are primarily thought of as toxic metabo-
lites produced to degrade invading microbes, however, neutrophils can also produce intra-
cellular ROS (icROS) in the absence of microbial uptake and a decrease in these icROS

has been correlated to inflammation.

Paper I demonstrates that cord blood neutrophils from term neonates delivered by elective
Caesarean section display a primed phenotype, responding to galectin-3, in contrast to
adult blood neutrophils. This primed phenotype is accentuated by vaginal delivery. Paper
I investigates a pediatric autoinflammatory syndrome, periodic fever, aphthous
stomatitis, pharyngitis and cervical adenitis (PFAPA), and demonstrates that three key
aspects of neutrophil function, namely apoptosis, priming, and icROS production, are all
altered in this disease, most prominently during febrile attacks. Paper III demonstrates
that phagocytes from patients with chronic granulomatous disease (CGD), devoid of an-
timicrobial ROS production, display increased levels of mitochondrial-derived ROS.
CGD patients are hyper-susceptible to infections, but also suffer from sterile inflamma-
tory conditions. Paper III suggests that mitochondrial ROS might drive the sterile inflam-
matory manifestations in CGD. In paper IV, neutrophil interactions with galectin-3 have
been studied, and the main results show that a truncated fragment of galectin-3 can in-
hibit galectin-3 induced activity. Further, a novel type of interaction between galectin-3
and the truncated form, when binding to the cell surface, is presented.

In conclusion, investigation of neutrophils from different settings of health and disease
has been utilized to increase our detailed knowledge regarding basic functions in these
cells, in addition to providing new information on severe inflammatory syndromes that
contribute to the overall understanding of inflammatory diseases.
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Popularvetenskaplig sammanfattning

Milet med arbetet som presenteras i denna avhandling har varit att studera den vanligaste
av alla vita blodkroppar, neutrofilen, och dess funktioner vid hilsa jimfoért med vid olika
inflammatoriska tillstind.

Vi minniskor ir utrustade med ett komplext immunf6rsvar for att skydda oss mot an-
grepp av mikroorganismer, t.ex. bakterier eller virus. Som f6ljd av ett sidant angrepp upp-
stir en forsvarsreaktion, inflammationsreaktionen, som i vidvnaden karakteriseras av
rodnad, virme, svullnad, smirta och eventuell funktionsnedsittning, och vars slutliga mal
dr att eliminera den invaderande mikroorganismen varpa inflammationen avslutas. In-
flammation kan ocksd uppstd utan inblandning av mikroorganismer, t.ex. vid en vivnads-
skada di trasiga celler behover avldgsnas frin kroppen. Vissa minniskors immunforsvar ar
felprogrammerat sa att de vita blodkropparna skapar inflammation utan synlig anledning
eller uppfattar kroppsegna strukturer som hot vilka ska elimineras. Dessa tillstind kallas
for autoinflammatoriska respektive autoimmuna sjukdomar. Sidana tillstaind blir ofta
langvariga, kroniska, varpd inflammationen kan blir skadlig f6r kroppen.

Vita blodkroppar utgér en viktig del av virt immunférsvar. De vanligaste vita blodkrop-
parna kallas for neutrofiler. De kan 4ta upp, fagocytera, och avdéda mikroorganismer med
hjilp av olika toxiska substanser som finns inuti neutrofilen. Neutrofiler spelar pa sa sitt
en central roll i infektionsforsvaret, men samma mekanismer som neutrofilerna anvinder
for att déda mikroorganismer kan ocksi orsaka skada pa kroppens egen vivnad, t.ex.
genom produktion av toxiska syremetaboliter, s.k. reaktiva syreradikaler (ROS, forkortat
efter engelskans; Reactive [reaktiva] Oxygen [syre] Species [radikaler]). Den storsta
mingden ROS som produceras i neutrofilen bildas med hjilp av ett enzym, NADPH-
oxidaset, som aktiveras i syfte att avdéda mikroorganismer. Dock kan NADPH-oxidaset
ocksd producera ROS i avsaknad av mikroorganismer, en effekt som man tror ir en del av
cellens interna funktionsreglering. Aven andra killor, t.ex. den energiproducerande
mitokondrien som bildar ROS som en bi-produkt, kan bidra med intracellulir ROS-pro-
duktion. I blodbanan hos en frisk vuxen ar neutrofilerna i ett vilande tillstind tills de pa
grund av t.ex. en infektion blir kallade till vivnaden av inflammationssignaler. Bade in-
flammationssignalerna och mikroorganismerna gor att neutrofilerna dndras fran vilande
till aktiverade celler (ocksé kallade primade celler), vilka bland annat karakteriseras av ett
okat uttryck av receptorer pa cellytan. Sddana receptorer finns lagrade i intracelluldra
forrad, granule, i den vilande neutrofilen. Da den primade neutrofilen bérjar uttrycka
dessa receptorer pa cellytan fir de mojlighet att interagera med olika dmnen (bade
kroppsegna och mikrobiella) vilket t.ex. 6kar forflyttningen av cellerna in i vivnaden och
hjilper till vid fagocytos av mikroben. Receptorbinding kan ocksé initiera produktion av
ROS. En kroppsegen substans som har mojlighet att framkalla ROS-produktion fran
NADPH-oxidaset i primade, men inte vilande neutrofiler 4r galektin-3. De vilande neu-
trofilerna saknar de receptorer som behévs pé sin yta, medan de primade cellerna har gott
om sidana receptorer. Galektin-3 ir ett socker-bindande protein som binder till
laktosinnehallande sockerstrukturer pa dessa receptorer. Den del av galektin-3-molekylen



som binder till receptorn kallas CRD (forkortat efter engelskans Carbohydrate [kolhydrat]
Recognition [igenkinnande] Domain [domin]).

I arbete I har vi underséke neutrofiler i navelstringsblod frin nyfédda bebisar férlosta va-
ginalt eller med planerat kejsarsnitt. Da nyfédda bebisar litt drabbas av infektioner ar det
mycket viktigt att deras neutrofiler fungerar som de ska. Data i arbete I visar att neutrofi-
ler i blod hos nyfédda bebisar som forlosts med planerat kejsarsnitt kan svara pa galektin-
3, d.v.s. de nyféddas neutrofiler dr primade jimfort med neutrofiler frin vuxna, vilka inte
svarar dd de stimuleras med galektin-3. Detta tyder pé att neutrofiler 4r primade i bebisars
blod innan de féds, majligen som en forberedelse for forlossning och ett liv i virlden
utanfér. Neutrofiler frin bebisar som forlosts vaginalt producerade mer galektin-3-
framkallad ROS jimf6rt med celler fran planerat kejsarsnitt. Detta ér troligtvis associerat
med den péfrestning som en vaginal forlossning innebir.

I arbete II har neutrofilfunktionen hos barn med den autoinflammatoriska sjukdomen
PFAPA (Periodic Fever [periodisk feber], Aphthous stomatitis [aftos stomatit ~ blasor i
munnen], Pharyngitis [faryngit ~ svalginflammation], and cervical Adenitis [cervikal
adenit ~ lymfkortelinflammation i kikvinklarna]) undersokes. PFAPA karakteriseras av
episoder med hog feber och inflammation framf6r allt i halsregionen. Dessa febrila och in-
flammatoriska episoder aterkommer regelbundet ungefir var tredje till var femte vecka
och diremellan ir patienterna friska. Resultaten i arbete II visar att neutrofiler under en
febril PFAPA-episod har en 6kad livslingd, en 6kad produktion av ROS (frin NADPH-
oxidaset i frinvaro av mikroorganismer) och dr mer aktiverade jimfért med neutrofiler
under den icke febrila PEAPA perioden eller jimfort med neutrofiler frin barn med feber
av annan orsak dn PFAPA. Da PFAPA ir en vanlig sjukdom vars orsaker inte ir firdigut-
redda, kan dessa fynd bidra till 6kad forstielse fér orsaken bakom sjukdomen och bidra
till forbittrad diagnostik och behandling.

I arbete II] har neutrofilfunktionen hos patienter med den sjukdomen CGD (Chronic
[kronisk] Granulomatous [granulomatds ~ en avgrinsad ansamling av inflammatoriska
celler] Disease [sjukdom]) undersokts. Patienter med CGD har en immundefekt som be-
ror av genetiska mutationer i NADPH-oxidaset och dirfér kan deras neutrofiler inte
producera ROS for att avdoda bakeerier. Detta leder till att patienter med CGD drabbas
av svara och ibland dédliga infektioner. D4 CGD-patienterna ir “friska”, d.v.s. da de inte
lider av infektioner, har de av okidnd anledning olika inflammatoriska symptom t.ex.
inflammatorisk tarmsjukdom. Data i arbete III visar att CGD-neutrofiler producerar
okade mingder ROS fran mitokondrierna och att dessa ROS kan trigga cellerna att pro-
ducera inflammatoriska signalimnen, cytokiner. Okad produktion av ROS frin
mitokondrier skulle siledes kunna vara den bakomliggande orsaken till inflammations-
paslaget hos CGD-patienter i frinvaro av infektion. Resultaten ger flera ingangar till hur
reglering av inflammationsprocessen via ROS skulle kunna undersokas.

I arbete IV har interaktion mellan galektin-3 och neutrofiler studerats med syfte att for-
djupa vir kunskap om hur galektin-3 paverkar cellerna. Resultaten visar att utdver att
galektin-3 framkallar ROS-produktion i primade neutrofiler si kan primade neutrofiler
klyva galektin-3 till CRD, vilken i sin tur kan blockera galektin-3-effekten. Dessa data
skulle kunna tyda pa att i kroppen sa binder primade neutrofiler galektin-3 och produce-
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rar ROS, sedan klyver de primade neutrofilerna galektin-3 till CRD vilket gor att neutro-
filerna inte kan svara pa ytterligare stimulering med galektin-3, d.v.s. neutrofiler har ett
inbyggt forsvarssystem for att skydda kroppsegna strukturer frin overproduktion av
galektin-3-framkallad ROS-produktion. Vidare har en ny typ av bindning mellan
galektin-3, CRD och celler definierats. Hur denna binding paverkar cellernas funktion ir
dnnu inte klarlagt.

Sammanfattningsvis har studierna som presenteras i min avhandling och dess delarbeten
avseende neutrofiler frin olika sammanhang, bade vid friska tillstind och vid sjukdoms-
tillstdnd, bidragit till att 6ka var kunskap om grundliggande funktioner hos neutrofiler
och deras interaktion med molekyler, celler och vivnader. Vidare har studierna genererat
ny lirdom om svara inflammatoriska syndrom, insikter som kan komma att medverka till
en Okad forstaelse for inflammatoriska sjukdomar generell.
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Introduction

The ability of the human body to maintain internal balance, homeostasis, regardless of en-
counters with internal or external challenges, is a prerequisite to maintain health. Our
body is constantly exposed to threats, e.g., microbes, physical injury, or irritants, which if
not handled properly can cause infections and/or permanent damage. Inflammation is
part of the complex bodily response to these hazards, aiming to protect our bodies by
eliminating the threat and initiate a healing process. In most cases, inflammation is a
passing state, tightly regulated by our body. However, for different reasons, the human
body sometimes perceives itself as harmful, leading to that the immune system starts
attacking the own tissue, resulting in long-lasting conditions called autoimmune or auto-
inflammatory diseases.

The human immune system consists of the innate and the adaptive immunity, both built
up by cellular and humoral components involved in a complex interplay. The innate
immune system forms our bodies’ first line of defence against harm, acting quickly and
aiming at eliminating the threat and/or at delaying the spread of, e.g., microbes until the
slower acting, more specific adaptive immune system is mobilized. For different reasons
the immune system can become “over active” and induce unwanted inflammation that
becomes harmful for the host, leading to disorders termed either autoinflammatory or
autoimmune diseases. In the autoinflammatory diseases, innate immune cells become
activated, resulting in unrestrained inflammation and subsequent tissue damage, whereas
in the autoimmune diseases, cells of the adaptive immune system starts recognizing
endogenous tissue as harmful, leading to activation of these cells and production of auto-
antibodies (antibodies directed towards endogenous tissues) which start attacking the
tissue and thereby cause tissue damage.

This thesis deals with the innate immune system, and more specifically with the most
abundant white blood cell, the neutrophil. Neutrophils play a central role in the defence
toward infection as well as in inflammatory pathology, since the same mechanisms that
are responsible for the killing of microbes also may damage endogenous, healthy tissue.

The aim of my PhD project has been to elucidate variability in basic neutrophil functions
by comparing cells from healthy subjects to cells from individuals with an inflammatory
condition. Specific emphasis has been on the neutrophil interaction with the sugar-bind-
ing protein galectin-3, which has been proposed as a novel inflammatory mediator, and
on the production of reactive oxygen species (ROS) in intracellular compartments of the
neutrophil.
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The human immune defence

Innate and adaptive immunity

The human immune system comprises the innate and the adaptive immunity, both built
up by cellular and humoral components. The innate immune system is present from birth
and considered more primitive and less specific than the adaptive immune system. It is
largely dependent of cells of myeloid origin, including mononuclear leukocytes (mono-
cytes and macrophages) and polymorphonuclear leukocytes (PMN; eosinophils, basophils
and neutrophils). Neutrophils and monocytes/macrophages are professional phagocytes,
i.e., they have the ability to ingest and eliminate harmful particles, microbes, and dead or
dying cells, effector functions that together with other components of the innate immune
system form our first line of defence. Components of the innate immune system thus
either eliminate the threat or perform damage control until the slower-acting, but more
fine-tuned, adaptive immune response is mobilized [1]. The adaptive immune system
includes cells of lymphoid origin e.g., T-lymphocytes and B-lymphocytes, and has the
ability to create immunological memory after an initial response to a certain threat, which
leads to a quicker response at subsequent encounters. Of note, there is no situation at
which the innate or adaptive immune systems are singularly active, as these systems over-
lap and cooperate to protect our body [2].

Inflammation

As a response to challenge, both of non-infectious (aseptic) and infectious origin, our
body reacts with inflammation. The inflammatory process is driven by inflammatory
mediators, produced and released by injured or infected cells, and is defined by its result-
ing clinical symptoms, known as the cardinal signs of inflammation; redness, increased
temperature (heat), swelling, pain, and loss of function [3, 4].

Acute inflammation

Acute inflammation is a rapid process, driven by innate immune leukocytes present in the
tissue (e.g., tissue-resident macrophages and mast cells) that express receptors termed
pattern recognition receptors (PRRs). The PRRs recognize pathogen-associated molecular
patterns (PAMPs) present on or released from microbes, and danger-associated molecular
patterns (DAMPs), e.g., nuclear or cytosolic proteins released by damaged cells, i.e., intra-
cellular structures harmless once inside the cell but harmfull when exposed to the extra-
cellular milieu. This recognition leads to activation of the innate immune leukocytes that
start to release proinflammatory mediators (e.g., cytokines and chemokines) responsible
for the clinical signs of inflammation [5, 6]. The released inflammatory mediators induce
(i) vasodilation, which results in increased blood flow causing redness and local increase in
temperature, (ii) increased permeability in the blood vessels, leading to leakage of plasma
proteins and fluid into the tissue, causing swelling, pain, and loss of function, and (iii)
increased receptor exposure on the endothelial cells in the vessels, fostering interactions
with circulating leukocytes (mainly neutrophils) which then migrate into the affected
tissue through chemotaxis. Chemotaxis is a process by which the neutrophils move
towards increasing concentrations of specific signalling molecules (chemoattractants)
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released from the inflamed site and recognized by receptors on the neutrophil cell-surface,
allowing the cell to find the focus of infection/inflammation [7]. Acute inflammation is
normally regulated locally, but in cases when the local damage/infection is severe enough,
systemic signs of acute inflammation appear (described under “Clinical signs of inflam-
mation” below). The acute inflammatory response is tightly regulated also temporally and
is typically resolved fairly quickly. An active antiinflammatory reaction starts a few hours
after initiation of the acute inflammation process. This reaction, together with removal of
the initial trigger (e.g., after the microbe that caused the inflammation has been cleared),
leads to a resolution of the inflammation without further complications, i.e., acute
inflammation is positive for the host resulting in clearance of, e.g., invading microbes.

Regulation and resolution of inflammation

The process of inflammation is essential to effectively protect us against potentially lethal
infections, but if not regulated properly it can cause severe harm to surronding tissues.
Leukocytes are able to detect, and respond to both PAMPs and DAMPs by a variety of
PRRs that are either expressed on the cell surface (e.g., toll like receptors [TLRs]), or at
intracellular sites where they may bind internalized or cytosolic structures that warrant a
response (e.g., viral nucleic acids). Prominent examples of cytosolic PRRs are the nucleo-
tide-binding oligomerization domain (NOD) like receptors (NLRs) that survey the intra-
cellular environment for infection, noxious substances, and metabolic perturbations [8].
Stimulation of both TLR and NLR can lead to activation of the transcription factor
nuclear factor-k B (NF-kB) responsible for the production of a number of cytokines, e.g.,
interleukin (IL) 6, IL8, and tumor necrosis factor o. (TNFa). Activation of some of the
NLRs can lead to activation of inflammasomes, multiprotein complexes containing the
receptor itself that are expressed in myeloid cells and that convert the protease pro-
caspase-1 to active caspase-1. Caspase-1 promotes maturation of the inactive precursor
forms of the proinflammatory cytokines IL1a, IL1B and IL18 into active forms that are
released to the extracellular milieu [9, 10]. The most extensively studied NLR with regard
to inflammasome formation is NOD-like receptor family, pyrin domain 3 (NLRP3, also
known as CIAS1, NALP3 and cryopyrin) and gain of function mutations in the gene
encoding NLRP3 is associated with many autoinflammatory syndromes [11].

Binding of PAMPs and DAMPs to PRRs trigger the initiation of acute inflammation,
mediated by the production of proinflammatory cytokines and chemokines, as well as
arachidonic acid-derived proinflammatory mediators (prostaglandins and leukotrienes).
Once acute inflammation is established and neutrophils have reached the inflammatory
focus in the tissues, the eventual resolution phase is initiated. This includes a switch in the
arachidonic acid metabolism from proinflammatory mediators to antiinflammatory medi-
ators, e.g., lipoxins. The production of lipoxins coincides with the synthesis of other
antiinflammatory mediators called resolvins and protectins, derived from omega-3 fatty
acids [12, 13]. Another mechanism involved in the termination of acute inflammation is
the strictly controlled process of programmed cell death, apoptosis (described in more
detail under “Neutrophil longevity” below) at the inflamed site and subsequent clearance
of dead cells by, e.g., tissue resident macrophages. Proper removal of apoptotic neutro-
phils from an inflammatory site is important since macrophage phagocytosis of apoptotic
cells will result in the release of antiinflammatory cytokines (e.g., IL10 and transforming
growth factor B1 [TGFP1]), which further promote resolution of the inflammation [14].
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Once the threat that initiated the inflammatory reaction has been eliminated and no
trigger is left to sustain the inflammatory response, the antiinflammatory mediators come
in majority and complete the resolution of the inflammation.

Destructive inflammation

For different reasons the acute inflammatory process is not always properly resolved,
leading to a destructive, prolonged, and sometimes chronic inflammation. The exact cause
for an inflammation to become chronic is not fully understood. However, if, the immune
system misinterprets entities of the own body as harmful, these entities will rarely be
completely removed and thus continue to trigger unwanted inflammation. Such chronic
conditions are termed autoimmune syndromes and are mostly driven by cells of the adap-
tive immune system. If cells from the innate immune system in the absence of apparent
trigger become activated and induce “unwanted” inflammation, such ongoing inflamma-
tory conditions are called autoinflammatory syndromes [11, 15]. During certain chronic
inflammatory conditions, a basal, low-grade and on-going inflammation can evolve into a
more acute-like inflammation, only to later return back to a low-grade inflammation.
Such a cyclical disease feature is seen, e.g., in the autoinflammatory periodic fever
syndromes (PES; described in more detail under “Periodic fever syndromes” below).

Clinical signs of inflammation

Most minor everyday cases of acute inflammation in local tissues are too insignificant to
induce any systemic responses, but more severe inflammatory conditions are often accom-
panied by systemic changes that can be used as clinical biomarkers for, e.g., inflammatory
syndromes. Clinical signs of inflammation include increased serum levels of acute phase
proteins, synthesised predominantly by the liver as a response to proinflammatory cyto-
kines. Two prominent examples of acute phase proteins used for clinical diagnosis of
inflammation are serum amyloid A (SAA) and C-reactive protein (CRP). The specific
function of SAA is unclear. It has been shown that SAA can act as an opsonin, i.e., facili-
tate the phagocytic uptake of microbes [16], however, with regard to other inflammatory
activities SAA is shown to be completely inert [17]. CRP, on the other hand, has more
well-defined functions, e.g., it can activate the complement system and (like SAA) func-
tion as an opsonin by facilitating the phagocytic uptake of both microbes and apoptotic
cells (reviewed in [18]). Another sign of systemic inflammation is increased erythrocyte
sedimentation rate (ESR), attributed mainly to alterations in plasma proteins that induce
erythrocyte aggregation. During inflammatory conditions, increased numbers of leuko-
cytes are often found in the circulation (leukocytosis), most probably to help resolve the
inflammation by degrading microbes and/or damaged cells. Fever, defined as a body tem-
perature above the normal level of ~ 37°C is another feature that can bee seen during
inflammatory processes [19]. The fever-inducing substances are termed pyrogens and
comprise prostaglandins, microbial molecules such as lipopolysaccharide (LPS) and cyto-
kines such as IL1a, IL1B, TNFa, TNF@ and IL6, which are increased as part of an
inflammatory process. The pyrogens are typically induced by infections, but are also able
to induce fever in the absence of infection [20-22]. They circulate in the blood and bind
receptors on structures surrounding the hypothalamus, which contains the thermoregu-
latory centre of the body. This leads to induction of cyclooxygenase 2 (COX-2) that
induces the synthesis of prostaglandin E, (PGE,). Increased levels of PGE; in the brain
stimulate release of neurotransmitters that raise the set point in the thermoregulatory
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centre, leading to neuronal signals to the cortex to conserve body heat. This is achieved
by, e.g., vasoconstriction of peripheral blood vessels (leading to that we start to feel cold)
and shivers (a way of our body to use muscle movement to produce more heat). The
resulting increase in body temperature is maintained until the PGE; levels are reduced,
i.e., when the inflammation subsides or treatment with antipyretics (e.g., drugs containing
COX-2 inhibitors, e.g., non-steroidal antiinflammatory drugs (NSAIDs) is introduced
[23].

Measuring serum levels of CRP, SAA, ESR, leukocyte numbers, and body temperature
can thus give indications of an on-going inflammatory process, however, these parameters
do not necessarily distinguish if the inflammation is of an infectious origin or not. A
complementing factor that increases during bacterial infections is the serum protein pro-
calcitonin [24]. In the appendix to this thesis, the levels of procalcitonin have been used
to distinguish patients with the autoinflammatory PFS periodic fever, aphthous
stomatitis, pharyngitis and cervical adenitis (PFAPA) syndrome from patients with
infectious diseases of bacterial origin [25].
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Neutrophils

Neutrophils are the most abundant leukocytes in human blood and belong together with
eosinophils and basophils to the leukocyte subgroup of PMN, also called granulocytes.
The name PMN derives from the multilobulated shape of the nuclei of these cells (the
neutrophil nucleus is often divided into 2 — 5 lobes), while the name granulocytes derive
from the presence of large quantities of cytoplasmic granules (small membrane-enclosed
organelles). These two features contribute to the distinction between PMN and
mononuclear cells (monocytes and lymphocytes), the latter having unlobulated nuclei and
containing fewer granules. In common parlance, the terms PMN or granulocytes often
refer to only neutrophils, most probably because the neutrophils constitute by far the
main part of this leukocytes subgroup.

Neutrophils circulate in the human blood at a concentration of 1.7 - 7.5 x 10° cells/L, and
constitute around 50 - 75 % of all circulating leukocytes. In healthy humans, neutrophils
are distributed almost equally between a circulating and a marginating pool. The circu-
lating pool comprises the neutrophils that are floating in the blood and thus are obtained
in a blood sample. The marginating pool includes the neutrophils that are loosely
attached to the endothelium at sites where the blood flow is relatively low and is not
included in the measured concentration of the amount of neutrophils in a blood sample.
Neutrophils continuously exchange between the circulating and marginating pools [26,

27].

During inflammatory conditions, the neutrophil concentration can increase several-fold,
indicating that the fundamental role of neutrophils is to contribute to a functioning
immune defence. That neutrophils are essential for human health is confirmed also by the
fact that certain genetic mutations causing a marked decrease in neutrophil numbers (0 —

0.5 x 10? neutrophils/L) result in immunodeficiency, characterized by recurrent severe
infections [28, 29].

Neutrophil development

Neutrophils, as well as all other blood cells, are derived from haematopoietic stem cells
present in the bone marrow, where different signalling molecules direct and regulate the
stem cells to differentiate into a number of different cell types. The formation of myeloid
cells (PMN and monocytes) is called myelopoiesis and is above all driven by the signalling
molecules granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSF), and, macrophage colony-stimulating factor (M-
CSEF). As implicated by the acronym, G-CSF is the most important factor for neutrophil
production (= 2 x 10" neutrophils / day) and maturation [27, 30, 31]. Neutrophil
maturation, or granulopoiesis, is a 12 - 14 day process during which the neutrophils pass
different maturation stages that are associated with the formation of granules of different
kinds. The lysosome-like azurophilic (primary), specific (secondary), and gelatinase
(tertiary) granules are formed through budding off from the endoplasmatic reticulum
(ER)/Golgi network, while the secretory vesicles are formed through endocytosis during
the late stages of maturation [32-34]. The mature neutrophil is finally released from the
bone marrow to the blood, a process in part dependent on the presence of ligands that act
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on the chemokine receptors CXCR4 (supporting retention) and CXCR2 (supporting

release) expressed on the neutrophil plasma membrane [35].

Neutrophil granules

As mentioned above, neutrophils contain at least four types of distinct gran-
ules/intracellular vesicles that are used for the execution of all the different functions that
the cell will have to perform during its lifetime. These vesicles are formed at different
stages during granulopoiesis, with the largest granules, the azurophil granules, being
formed first, followed by the specific granules, the gelatinase granules, and finally the
small secretory vesicles. The granules are filled with different sets of soluble molecules as
well as exclusive combinations of membrane-localized receptors. The sorting into different
granules is achieved by the process of “sorting-by-timing”, suggesting that a granule is
filled with the proteins that are synthezised solely at the same time (during cell matura-
tion) as the granule is formed [306].

The azurophil granules are formed first, during the myeloblast and promyelocytic stage of
neutrophil maturation. These granules are traditionally defined as peroxidase-positive
granules as they contain large amounts of myeloperoxidase (MPO). Apart from MPO, the
azurophil granules also contain lysosomal enzymes and proteases used for degradation of
phagocytised material. This granule is primarily mobilized to a closed phagosome
(described in more detail under “Phagocytosis” below), into which it empties its antimi-
crobial substances.

During the next stages of neutrophil maturation, the myelocyte and metamyelocyte
stages, the specific granules are formed. These granules contain high concentrations of
antimicrobial substances (e.g., lactoferrin), proteases, phagocytic receptors, and cyto-
chrome bsss, the membrane-component of the nicotinamide adenine dinucleotide phos-
phate-oxidase (NADPH-oxidase) responsible for production of ROS. The specific
granule, as the azurophil granule, fuses primarily with a phagosome, showering an infec-
tious prey in antimicrobial substances, including ROS [7, 32, 34, 37-39].

Thirdly, during the band cell stage, the gelatinase granules are formed. In similarity to the
specific granules the gelatinase granules also contain high concentrations of antimicrobial
substances. However, the gelatinase granules also contain hydrolytic proteases (e.g.,
gelatinase B, also known as matrix metalloproteinase [MMP] 9), used to degrade the
extracellular matrix during extravasation in the tissue, as well as chemotactic and adhesive
receptors that are needed in the movement from the blood to the site of inflammation.

Finally, neutrophils contain an easily mobilized organelle called the secretory vesicle,
formed through endocytosis during the final stages of neutrophil maturation in the bone
marrow. The secretory vesicles thus contain plasma proteins such as albumin, and a vari-
ety of plasma membrane receptors that are thought to mediate primary adhesion to the
endothelium and chemotaxis over the vessel wall into the extravascular space [7, 34, 38,

39].

By a process called degranulation, the granules are mobilized to and fuse with the plasma
membrane, emptying the granule contents into the extracellular milieu (exocytosis) or
into the membrane-enclosed phagosome (forming a phagolysosome). To the plasma
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membrane, the granules are mobilized in opposite order to how they are formed, i.e.,
secretory vesicles formed last are mobilized first, whereas azurophilic granules, formed first
are mobilized last (if at all) [40]. Incorporation of granule membrane receptors in the
plasma membrane makes the cell more prone to react to stimulation, a mechanism desig-
nated priming (described in more detail under “Priming of neutrophils” below). Once
granules have mobilized they cannot be re-generated, thus degranulation is a one-way
road to cellular alteration [34].

Phagocytosis

Neutrophils, together with monocytes, macrophages, dendritic cells, and mast cells belong
to the leukocyte group of professional phagocytes, i.e., they have the ability to engulf and
degrade microbes and cell debris and thus play a central role during acute inflammatory
responses by their ability to eradicate threats. Phagocytosis is an active process in which
receptors (e.g., Fc- and complement receptors) on the neutrophil cell-surface recognize,
e.g., an antibody- or complement-opsonized microbe, and attaches to it. Following pro-
trusion of the plasma membrane to gradually surround the prey, the particle becomes
internalized into a vacuole, the phagosome. The phagosome then fuses with azurophil,
specific and gelatinase granules, forming a phagolysosome, and the granular antimicrobial
substances are emptied onto the microbe to degrade/eliminate the ingested particle [41].

During phagocytosis, the neutrophil consumption of molecular oxygen (O2) increases.
The electron transport system responsible for the O consumption is called the NADPH-
oxidase, which has become incorporated in the membrane of the phagolysosome during
the fusion between the phagosome and the specific and gelatinase granules [42, 43]. Upon
activation of the NADPH-oxidase, superoxide anion (O2), a short-lived bactericidal ROS,
is formed in the phagolysosome where it may spontaneously dismutate into hydrogen
peroxide (H203). The presence of MPO in the same compartment (delivered by fusion
with the azurophil granules), will lead to transformation of O, and H>Oz into other ROS,
including hypochlorus acid (HOCI), which are even more toxic and potent antimicrobial

substances [34, 41, 44].

Production of reactive oxygen species (ROS)

Radicals are chemically reactive molecules mainly derived from oxygen (ROS) or nitrogen
(reactive nitrogen species [RNS]). The majority of ROS produced by neutrophils is
derived from the NOX2-containing NADPH-oxidase, which is in focus in all papers of
this thesis [45, 46]. However, ROS can also be derived by several other cellular sources
(reviewed in [47-50]) including the mitochondria [51]. Mitochondria-derived ROS has
been studied in paper III of this thesis.

As described above, ROS formed by the phagocyte NADPH-oxidase are essential for
protection against invading microbes, but these and ROS from other sources may also
have a variety of other functions. Clearly, ROS are ubiquitous entities present in all cells
(not just phagocytes) and in line with their ability to react with most common biomole-
cules they are known to control a variety of cell-signalling pathways by different redox
reactions. With regards to inflammation, the best examples of ROS-controlled cell-
signalling pathways are activation of the inflammasome (resulting in the maturation and
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release of inflammasome related cytokines IL1a, IL1f and IL18 [52-54]), and activation
of the transcription factor NF-kB, resulting in production and release of proinflammatory
cytokines [55]. The widespread use of ROS for the control of common cell-signalling
events indicate that the cellular balance between oxidants and antioxidants, the so-called
redox balance, needs to be tightly controlled. Our bodies are supplied with a wide variety
of antioxidants that neutralize oxidants and all cells express potent antioxidants such as
superoxide dismutase (SOD), catalase, glutathione peroxidase and thioredoxin [56]. It is
likely that small perturbations in redox balance may serve to control cell-signalling,
whereas severe imbalances (in favour of the oxidants) is referred to as oxidative stress and
can be deleterious to cells and surrounding tissues.

NADPH-oxidase derived ROS

The NADPH-oxidase is a complex enzyme system consisting of both membrane bound
and cytosolic components. The membrane bound component is a heterodimeric flavo-
hemoprotein termed cytochrome b, which consists of two subunits: p22P"* (the suffix
phox stands for phagocyte oxidase) and gp91°"* (also known as NOX2). Cytochrome b is
localised in the plasma membrane, the membranes of secretory vesicles, and the specific
and gelatinase granule membranes [34, 57, 58]. In itself cytochrome b is a dormant
system, but upon cellular activation the cytosolic components of the NADPH-oxidase;
p40P™o*, p47 Phox and p67 Ph¥, translocate to cytochrome b in the membrane, a process reg-
ulated by the small G-protein Rac2, creating a functional electron transport system [59].
The active NADPH-oxidase transfers electrons from NADPH in the cytosol, over the
membrane, to molecular oxygen (O2) on the other (intragranular, phagosomal or extra-
cellular) side, resulting in the formation of O that rapidly dissociates spontaneously to

H,O: (Figure 1).

In the phagosome, the primary ROS (O, and H20:) can be transformed into more toxic
metabolites such as HOCI (formed by an MPO-catalyzed reaction with chloride), and
peroxynitrate (ONOO, formed upon reaction with nitric oxide) that efficiently can
eliminate microbes. The exact reactions whereby ROS kill microbes in the phagosome are
not entirely clear, but phagosomal ROS can react with microbial biomolecules in a
number of destructive ways, e.g., peroxidation of membrane lipids, and chlorination,
decarboxylation or deamination of amino acids [60].

Chronic Granulomatous Disease (CGD)

Chronic granulomatous disease (CGD) is a rare genetic disorder that affects subunits in
the NADPH-oxidase [61-64]. As described earlier, the phagocytic NADPH-oxidase
induced ROS are crucial for the killing of microbes, and mutations in the genes encoding
the NADPH-oxidase subunits can compromise the ability to produce ROS. Thereof,
patients suffering from CGD are highly susceptible to particular strains of fungi and
bacteria that are resistant to non-oxidative killing of immune cells [61, 62, 65].

CGD is caused by defects in the genes encoding any of the five subunits (gp91°he*, p22phex
p40Pios, p47 Phex and p67 Ph¥) of the NADPH-oxidase. The most common (affecting ap-
proximately 65 % of the CGD patients [66]) and also most severe form of CGD is called
X-linked CGD, which results from mutations in the cytochrome bsss beta polypeptide
(CYBB) gene encoding the gp91?** subunit of the NADPH-oxidase. As the gene is

located on the X chromosome, the mutation is inherited in an X-linked recessive manner
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Figure I. The NADPH-oxidase is activated at different sites in the neutrophil. Two of the NADPH-oxidase
components, gp9 IP™* and p22 P (also referred to as cytochrome b) are located in the plasma membrane
and in the membrane of specific granules and gelatinase granules. Upon activation, the cytosolic components
of the NADPH-oxidase, p67 P, p47 P" and p40 P as well as the cofactor Rac assemble with cytochrome b
forming a functional NADPH-oxidase capable of producing reactive oxygen species (ROS). Assembly of the
oxidase can occur at the plasma membrane, resulting in release of extracellular ROS (ecROS), and/or at
granule membranes resulting in ROS produced inside the phagosome/phagolysosome (ph-icROS) or inside
granules (icROS). The cytosolic subunit p40 P™ has been suggested to be required for production of icROS,
but to be dispensable for production of ecROS [71]. This figure is adapted from Bylund et al [43].

primarily affecting males [65, 67]. In most cases of X-linked CGD, the NADPH-oxidase
derived ROS is completely abrogated [64], possibly accounting for the exceptional sever-
ity of the disease. As the opportunistic infections afflicting these patients most often are
life threatening, hematopoietic stem cell transplantation is the preferable treatment for
patients with X-linked CGD [68]. Mutations in the other subunits of the NADPH-oxi-
dase are inherited in an autosomal recessive (AR) manner, affecting both sexes alike, and
often lead to a slightly less severe disease as compared to the X-linked CGD. Less than 5
% of the patients with CGD have mutations in the cytochrome bsss alpha polypeptide
(CYBA) gene encoding p22°", the subunit that together with gp91?*** constitute the the
membrane bound cytochrome b [66]. It has been shown that lack of either p22°"* or
gp91Phe Jeads to lack of cytochrome b expression in the membrane, indicating that these
subunits are dependent on each other for proper expression [69]. With regard to the cyto-
solic factors of the NADPH-oxidase, less then 5 % of the patients with CGD have muta-
tions in neutrophil cytosolic factor (NCF) 2 encoding p67°™*, and approximately 30 % of
the patients with CGD have muations in NCFI, encoding p47°**. The exact reason for
why the X-linked CGD is more severe than the AR CGDs is not fully understood, but,
e.g., p47"™ mutations retain small parts of the ROS production [65, 70], possibly
contributing significantly to the antimicrobial defence. So far, only one patient with mu-
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tations in NCF4 encoding p40P** has been described [71] (discussed under “The
NADPH-oxidase is localised at two distinct sites in the neutrophils” below).

Apart from severe infections, patients with CGD also suffer from debilitating inflamma-
tory conditions [63], indicating that NADPH-oxidase derived ROS not only play a cru-
cial role as antimicrobial agents, but also functions as signalling molecules involved in
inflammatory processes, an aspect of CGD examined in paper III of this thesis. The
inflammatory features of CGD resemble those of autoinflammatory disorders, i.e.,
chronic sterile inflammation caused by cells of the innate immune system.

The NADPH-oxidase is localised at two distinct sites in neutro-
phils

The membrane-bound part of the NADPH-oxidase, cytochrome b, is localised at two dis-
tinct sites in the neutrophil, in the plasma membrane (= 5 %) and in granule membranes
(the specific and gelatinase granules, = 95 %) [57]. Assembly of the active NADPH-oxi-
dase at the plasma membrane generates extracellularly released ROS (ecROS). The
function of ecROS iz vivo is not totally clarified, but they are proposed to attack extra-
cellular microbes that are too large to be phagocytosed, i.e., they display antimicrobial
properties [72, 73]. Phagocyte-derived ecROS have also been shown to function as signal-
ling molecules, suppressing adaptive immune cells of importance for anti-cancer immun-
ity (NK cells and T-cells) [74]. Hence, in this setting ecROS-signalling is bad for the host
and pharmaceutics aimed at lowering ecROS levels are used to treat, e.g., certain leuke-
mias [75]. In rodent models of arthritis, ecROS has similarly been shown to dampen the
activity of autoreactive T-cells, but with the opposite (positive) outcome; rats with
mutation in the gene coding for p47?** (i.e., rats with CGD) display more severe
arthrithis as compared to wild type rats [76, 77]. These two examples show that ecROS
are important for regulation of immune responses also in non-infectuous settings.

The granule localised NADPH-oxidase generates ROS released intracellularly (icROS).
Commonly, the NADPH-oxidase derived icROS is thought of as the antimicrobial ROS
produced in the phagosome, however, ROS can also be produced inside the cell in the ab-
sence of phagosome formation, most probably inside the NADPH-oxidase containing
granules [43, 44, 78-80]. Non-phagosomal icROS has been somewhat controversial, but
this function recently gained increased support as data emerged describing a novel form of
CGD with mutations in the gene encoding the p40°™* subunit of the NADPH-oxidase.
This form of CGD resulted in neutrophils with intact ecROS production but severely
tampered icROS production, both after challenge with a phagocytic prey and after chal-
lenge with a non-phagocytic stimulus, i.e., the latter most probably originating from
NADPH-oxidase derived ROS in intracellular granules. The patient displayed signs of
inflammation including eczema, aphthous ulcers, and granulomatous colitis, correlating
the decreased icROS production to inflammation [71]. Such a correlation has been
implicated also in another study where neutrophils from a patient with the autoin-
flammatory disease synovitis, acne, pustulosis, hyperostosis and osteitis (SAPHO)
syndrome displayed a specific decrease in icROS production whilst ecROS production
was intact [81]. Interestingly, in paper II of this thesis, the opposite, i.c., a specific
increase in non-phagosomal icROS production is for the first time correlated with
inflammation. The data show that neutrophils from patients with the autoinflammatory
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PES PFAPA produce increased icROS as compared to control neutrophils (discussed in
more detail under “Neutrophil production of ROS in PFAPA” below). Hence, well-regu-
lated icROS production in the absence of phagosome formation seems crucial for proper
control of inflammatiory processes.

Mitochondrial ROS

Almost all eurokaryotic cells contain mitochondria, membrane enclosed structures that
often are called the cellular power plants as they through cellular respiration produce
adenosine triphosphate (ATP), the main source of energy used in cell metabolism. The
number of mitochondria differs widely between different cell types, and the amount of
mitochondria in a certain cell is not constant but varies depending on how much energy
that is needed; e.g., muscle cells contain large amounts of mitochondria whereas myeloid
cells contain less. During cellular respiration and production of ATP, O is converted to
H>O. However, the cellular respiratory chain involves several steps where ROS can be
produced and these ROS are generally thought of as toxic by-products. In non-phagocytic
cells mitochondria are the primary source of cellular oxidants, however, in phagocytes the
NADPH-oxidase is the major producer of ROS. Most of the mitochondrial ROS
(mtROS) are produced inside the mitochondria, however, it has been described that
mtROS can be transferred from the mitochondria to the cytoplasm through voltage-
dependent ion channels [82]. For protection against damaging effects of mtROS,
mitochondria are equipped with specific antioxidants, including a mitochondrial SOD
termed MnSOD (also known as SOD2). The importance of proper protection against
mtROS is demonstrated by that MnSOD knockout mice display with perinatal lethality
[83] and that increased levels of mtROS can induce progression of cancer as well as neu-
ronal damage (reviewed in [84]).

With regards to inflammation, mtROS are involved in multiple pathways and has been
shown to be of importance for autoinflammatory diseases. Monocytes obtained from
patients with the autoinflammatory PES TNF receptor associated periodic syndrome
(TRAPS) display increased mtROS, correlating to an enhanced responsiveness to LPS-
induced production of proinflammatory cytokines [85]. It has also been demonstrated
that mtROS can activate the NLRP3-inflammasome and thus induce the maturation and
release of the inflammasome-related cytokines IL1a, IL1f, and IL18 [52]. These studies
have mainly focused on monocytes, however also neutrophils contain a few mitochondria
[51] and are able to produce mtROS as demonstrated in paper III of this thesis. The
results show that CGD phagocytes, i.e., monocytes and neutrophils devoid of NADPH-
oxidase derived ROS, display increased basal levels of mtROS. As described above, CGD
patients are hyper-susceptible to infections, but also suffer from various inflammatory
conditions and our data thus suggest that mtROS might be a driving force behind the
inflammatory manifestations in CGD.

Studying neutrophil production of ROS
The neutrophil NADPH-oxidase derived ecROS and icROS can be detected using a

luminol/isoluminol-amplified chemiluminescence (CL) system, which is the system pri-
marily used in this thesis (papers I-IV). The readout for the CL system is energy in the
form of light, released by the dyes luminol and isoluminol after being excited by ROS
(primarily Oy’), making it a highly sensitive system with the possibility to follow the
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kinetics of the ROS response [44]. Neutrophils can be activated to produce ROS by a
number of stimuli including chemoattractants, cytokines, lectins, phorbol esters, as well as
particulate stimuli such as microorganisms, and to detect these ROS the CL system is
dependent on a peroxidase to catalyse the reaction. For detection of icROS production,
the neutrophil MPO is relied on for this purpose. However, for detection of ecROS pro-
duction a peroxidase needs to be added, e.g., horseradish peroxidase (HRP), as secretion
of MPO from the cells is limited [40]. Other than addition of a peroxidase, the ecROS
production is measured using isoluminol, which is cell-impermeable, whereas icROS pro-
duction is measured in the presence of luminol, which is cell permeable. For an isolated
measurement of icROS production, extracellular cell-impermeable scavengers (SOD
[catalyses the reduction of Oy to H20O:] and catalase [catalyses the reduction of H>O; to
H,O]) are added [44, 70]. As the luminol-amplified CL system used to measure icROS
production is dependent on endogenous MPO, it should be taken into account that alter-
ations in icROS could reflect alterations in MPO, i.e., an increase in icROS production
could be due to an increase in MPO, whereas a decrease in icROS production might be
explained by decreased or lack of MPO (the latter evidenced by that patients with a defi-
ciency in MPO produce low levels of icROS production when measured by luminol-
amplified CL [86]). Presence of endogenous MPO can be analysed using enzyme-linked
immunosorbent assay (ELISA) as used in paper II of this thesis.

The production of mtROS can be measured by staining cells with the fluorogenic probe
MitoSOX Red, used in paper II and III of this thesis. MitoSOX Red is a live-cell, perme-
able, positively charged compound that selectively targets the mitochondria where it
accumulates as a function of mitochondrial membrane potential. Upon interaction with
ROS, MitoSOX Red becomes oxidized into a highly fluorescent compound that can be
detected by flow cytometry and/or microscopy. Microscopical detection of MitoSOX Red
stained cells allows for analysis of a relatively limited number of cells, whereas the use of
flow cytometry has the advantage of analysing a large number of cells, making quantifica-
tions and comparisons of mtROS production between different cell-types or between dif-
ferent treatments possible [87, 88]. It should be taken into account that differences in
mtROS could be due to different amounts of mitochondria (as the amount of
mitochondria in a certain cell is not constant) or altered polarization of the mitochondrial
membranes (as, e.g., depolarization of mitochondrial membranes can be associated with
increased mtROS production). There are different probes available for analysing this by
flow cytometry, e.g., Mitotracker Green (measures mitochondrial mass) and tetramethyl-
rhodamine ethyl ester (TMRE, measures mitochondrial membrane potential), both used

in paper III of this thesis.

There are several fluorogenic probes available for detection of ROS production by flow
cytometry (and microscopy), however, the exact source from where the ROS are derived
using these probes is not entirely clear. A commonly used fluorogenic probe is dihydro-
rhodamine-123 (DHR123) which is a non-fluorescent, live-cell, permeable dye that upon
interaction with ROS becomes oxidized to the highly fluorescent compound rhodamine-
123. In paper III of this thesis, the fluorogenic probe 2’,7’-dichlorofluorescein diacetate
(DCFDA) has been used. DCFDA is also a live-cell, permeable dye that once inside the
cell becomes deacetylated by cellular esterases to a non-fluorescent compound that is
trapped in the cell. Upon reaction with ROS, this compound becomes oxidized into the
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highly fluorescent 2’,7’-dichlorofluorescein (DCF), which can be detected by flow
cytometry. A main drawback using fluorogenic probes for detection of ROS as compared
to CL is that it is difficult to record the kinetics of a ROS response. Also, as mentioned
above, it is not clear which source the detected ROS are derived from, or which particular
species of oxygen radical that directly reacts with the fluorogenic probes to generate
fluorescence [89]. Theoretically, the dyes should, if analysed by flow cytometry, mainly
detect icROS, but extracellular H>Oz may also return into the cell, over the plasma
membrane and react with the probe intracellularly. The latter problem can however be
solved by adding extracellular catalase during DCFDA staining (unpublished ob-
servation). As demonstrated in paper III of this thesis, CGD phagocytes display increased
basal levels (in the absence of stimuli) of DCFDA fluorescence as compared to wild type
phagocytes even though the CGD cells lack a functional NADPH-oxidase. The ROS
responsible for the DCFDA fluorescence in CGD phagocytes must thus be derived from
another source than the NADPH-oxidase.

There are several other ways to detect both NADPH-oxidase derived ROS (reviewed in
[70, 73, 90]) and mtROS (reviewed in [91, 92]), however those methods fall beyond the
scope of this thesis.

Priming of neutrophils

In healthy humans, neutrophils circulate in a quiescent state in the blood stream waiting
to be recruited to the tissue upon microbial invasion or tissue damage. The term extrava-
sation refers to the process whereby neutrophils leave the blood vessels, pass through the
endothelium, and move through the extravascular tissue towards the inflammatory focus.
During extravasation the neutrophils undergo several functional changes, from a dormant
phenotype in the blood stream into a more excitable phenotype in the tissue [40, 93-96].
This process in which neutrophils alter phenotype is referred to as priming, and results in
that cellular responses to subsequent stimulation are enhanced. One important aspect of
the priming process is the exocytosis of mobilisable granules supplying the plasma mem-
brane with additional receptors. Consequently, the primed neutrophil is hyper-responsive
to receptor-binding ligands on (opsonized) invading microbes, or produced as a result of
inflammation. Although priming is typically associated with neutrophils in tissues, primed
neutrophils can also be found in circulation during certain severe infectious or aseptic
inflammatory conditions, e.g., in the circulation of patients with systemic inflammatory
response syndrome (SIRS) [97, 98], anti-neutrophil cytoplasmic autoantibody (ANCA)
associated vasculitis [99], multiple sclerosis (MS) [100] or the autoinflammatory PFS
familial Mediterranean fever (FMF) [101]. Most likely, high levels of proinflammatory
cytokines in the blood of these patients induce priming of the neutrophils, which may
contribute to disease progression by destroying host tissue. In this thesis, two situations in
which neutrophils display a primed phenotype in circulation have been identified; paper
I, showing that circulating neutrophils from term neonates are primed as compared to
adult peripheral blood neutrophils, and paper II, showing that neutrophils during PFAPA
flares are primed in circulation. Whether the primed neutrophils are a cause of the in-
flammatory symptoms associated with these circumstances or vice versa is discussed below.
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Transmigration from blood to tissue renders neutrophils primed

The transmigration process is initiated by that tissue resident macrophages release signal-
ling molecules as a response to DAMPs and/or PAMPs present in the tissue as a cause of
injury or microbial invasion. These mediators activate the endothelial cells in nearby
vasculature to express selectins and integrins on their luminal cell surface, promoting
binding of circulating neutrophils, specifically interacting with receptors that are consti-
tutively expressed on the dormant neutrophil cell surface (e.g., CDG2L also referred to as
L-selectin). This initial contact between the endothelium and the neutrophil results in
that the leukocyte slows down and starts to roll along the vessel wall [7, 102, 103].

Interaction with the endothelium activates intracellular signalling pathways in the neutro-
phil, inducing cytoskeletal rearrangements and granule mobilization (degranulation of
secretory vesicles and gelatinase granules) to the cell surface. Degranulation leads, among
other things, to upregulation of new adhesion receptors (e.g., the integrin CD11b), which
bind to specific ligands (e.g., ICAM-1 and -2) on the endothelial cells, concomitant with
that CDG62L is shed from the surface. This result in that the rolling stops and that the
neutrophil becomes firmly adhered to the endothelium. Of note, the shedding of CD62L
is dependent on activation of surface-localized proteases (e.g., the metalloproteinase
ADAM-17), and is thus not directly dependent on degranulation [104]. Both CDG62L
shedding and receptor upregulation (e.g., CD11b) through degranulation are features
associated with a primed neutrophil phenotype.

When the neutrophil has stopped moving with the circulating blood, an integrin-depend-
ent transendothelial migration (diapedesis) into the tissue takes place. Once in the tissue
the neutrophils start moving along a chemotactic gradient, towards increasing concentra-
tions of chemoattractants released at the site of tissue damage. The chemotactic move-
ment is dependent on cytoskeletal reorganization for directional movement, integrin-
dependent interactions between the neutrophils and the extracellular matrix, recirculation
of chemotactic receptors, and proteases released from gelatinase granules that break down
extracellular matrix, facilitating migration to the site of tissue damage. Hence, during the
chemotactic movement the neutrophil becomes increasingly primed, gaining capacity to
respond to a variety of stimuli due to increased receptor exposure on the cell-surface [105-
107] (Figure 2).

Studying neutrophil priming

Neutrophils can be experimentally primed both iz vitro and in vive. In vitro, priming can
be induced by pretreating the cells with a priming agent, e.g., LPS [108], used in paper I
of this thesis or TNFa used in paper II and IV of this thesis. /z vivo primed neutrophils
can be obtained, e.g., by using an aseptic skin chamber model, as described in detail by
Follin and Dahlgren [109]. Briefly explained, this model involves the creation of skin
blisters on the forearm of healthy volunteers. The blister roofs are removed, and the skin
lesions are covered with chambers filled with autologous serum. After 20 hours, neutro-
phils can be collected from the chambers for analysis. As control, peripheral blood
neutrophils isolated from the same donor are used. Several studies have described different
priming features displayed by neutrophils derived from this model [93, 94, 110, 111],
features that can be attained by in vitro priming with LPS or TNFa [40, 94] and also dis-
played by neutrophils obtained from pus [95] and saliva [96]. The priming status of a
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Figure 2. Transmigration from blood to tissue renders neutrophils primed. In response to, e.g, tissue damage
or microbial invasion tissue resident cells produce inflammatory signals that activate the endothelial cells to
express increased surface receptors that are used by neutrophils to transmigrate to the site of inflammation.
Firstly, neutrophils attach the endothelial cells through CD62L and starts to roll along the endothelial cell lining.
This and the inflammatory signals from the tissue induce rearrangement and activation of neutrophil of surface
receptors, e.g, cleavage of CDé62L and upregulation of CDIIb. CDI Ib interaction with the endothelial cells
mediates a firm adhesion of the neutrophils to the vessel wall. The cells then cross the endothelium by
diapedesis and move towards increasing concentrations of chemoattractants released from the inflamed site. This
process is associated with priming of neutrophils, which in part can be defined by the change in surface
receptors, ie, from dormant cells in the blood stream (expressing CD62L) to primed neutrophils in the tissue
(with cleaved CD62L and upregulated CD 1 Ib).

neutrophil population can be analysed by measuring the expression of surface molecules,
e.g., CDO2L (shed from primed neutrophils) and CDI11b (increased on primed
neutrophils as a result of degranulation) [40, 110]. This can easily be performed by
immunostaining neutrophils with antibodies directed towards these molecules and
analysis by flow cytometry. Of note, neutrophils can become slightly primed during the
isolation procedure [112, 113], thus, when analysing the priming status of neutrophils in
circulation of, e.g., patients with inflammatory diseases, it is preferable to do the receptor
expression analysis in a whole blood assay system, as used in paper II of this thesis.

Assessing the surface expression of different molecules present or absent on the cell surface
is a commonly used method to analyse the priming status of neutrophils, however, it only
measures the appearance of the neutrophils and does not show whether the neutrophils
are functionally different compared to unprimed cells. A forthright way to investigate a
functional difference between unprimed and primed neutrophils is to stimulate them with
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the B-galactoside binding lectin galectin-3 (described in more detail under “Galectin-3 — a
regulator of inflammation” below), as unprimed neutrophils are inert to this lectin
whereas primed neutrophils respond with production of NADPH-oxidase derived ROS
[94, 108, 114, 115]. This clear on/off priming feature has, in combination with analysing
surface expression of priming-associated molecules, been used in paper I and II of this
thesis. In fact, data in paper II suggest that galectin-3-induced ROS production is a more
sensitive marker than receptor upregulation when measuring the degree of priming.

Neutrophil longevity

Neutrophils are generally viewed as short-lived leukocytes with a half-life in the circula-
tion of approximately 8 hours in healthy humans [27, 116, 117]. One study has recently
challenged this view, instead proposing a neutrophil lifespan of approximately 5 days
[118], however the accuracy of the methods used in this study have been questioned [119,
120]. Regardless of time in circulation, the neutrophils will gradually age, and in the ab-
sence of microbial invasion or tissue damage, the older neutrophils will undergo
programmed cell death, apoptosis [121] and be cleared from the blood stream by uptake
in the liver or the spleen [122], or even by return to the bone marrow [123]. However,
during inflammatory conditions, the longevity (as well as the number) of neutrophils
increases several-fold [27], most likely due to interactions with cytokines and/or microbial
components with antiapoptotic properties [124-127],

Neutrophil apoptosis

Programmed cell death, apoptosis, is a regulated destruction of cells, a process during
which the neutrophils maintain plasma membrane integrity and, by a number of features,
signals that it is ready to be cleared. Safe and rapid phagocytic clearance of apoptotic
neutrophils by, e.g., macrophages, is of outmost importance since apoptotic neutrophils
otherwise will lose their membrane integrity over time and become necrotic, resulting in
release of toxic neutrophil contents and DAMPs that can harm surrounding tissue and
risk to prolong inflammation [128]. Thus, being short-lived cells with a high turnover
rate, neutrophils are destined to die by spontaneous apoptosis. Both spontaneous and
stimulus-induced (e.g., through intrinsic factors, such as internal cell damage, or extrinsic
factors, such as signals from other cells) apoptosis include the degradation of internal
structures, leading to a number of morphological changes. Nuclear condensation and
disintegration of the cytoskeleton inside an intact plasma membrane are prominent signs
[129, 130]. Yet another feature is the loss of plasma membrane and mitochondrial mem-
brane potential [131], resulting in redistribution of surface components. The phospho-
lipid phosphatidylserine, which in a viable cell is localized on the inner leaflet of the
plasma membrane, then becomes exposed on the outer leaflet where it functions as an
apoptotic “eat me” signal to surrounding phagocytes [132, 133].

Neutrophil necrosis

As described above, apoptotic neutrophils will become necrotic over time if not properly
cleared. Necrotic neutrophils are defined by leaky plasma membranes, leading to release of
toxic molecules, e.g., proteolytic enzymes can pass freely through the membrane and cause
harm to surrounding tissues. The breakage of cells will also result in release of DAMPs
(e.g., the cytosolic S100 proteins) and exposure of these to surrounding cells trigger pro-
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inflammatory responses. Hence, necrosis of neutrophils is a proinflammatory event, in
contrast to clearance of apoptotic neutrophils, which is an antiinflammatory event.

During the last decade, another version of neutrophil cell death has been in focus, a
process in which neutrophils release neutrophil extracellular traps (NETs), extracellular
structures composed of the cell’s own DNA, clad with histones and intracellular proteins.
NETs were originally suggested to bind and kill extracellular microbes and thereby
prevent their spreading [116, 134]. Whether NETs actually kill micobes, and whether
neutrophils actually die after releasing NETs is currently a debated issue [116]. However,
like necrosis, release of NETs (NETosis) can be viewed as a proinflammatory event, as it
results in release/exposure of DAMPs that will activate surrounding cells.

Studying neutrophil cell death

The exposure of phosphatidylserine on the surface of the apoptotic neutrophil can be used
to analyse the presence of apoptotic neutrophils, as used in paper II of this thesis. By
simultaneously staining cells with a fluorescent probe, Annexin V, binding to phospha-
tidylserine and a cell-impermeable DNA stain (e.g., 7-Aminoactinomycin D, 7-AAD, that
only leaks into necrotic neutrophils and stains the DNA) the proportion of viable neutro-
phils (negative for both Annexin V and 7-AAD), apoptotic neutrophils (positive for
Annexin V and negative for 7-AAD), and necrotic neutrophils (positive for both Annexin
V and 7-AAD) can be analysed by flow cytometry [135].

Neutrophil apoptosis can be manipulated by treatment with pro- or antiapoptotic stimuli.
A proapoptotic stimulus is Fas ligand (FasL), binding to a neutrophil cell surface death
receptor, CD95 (Fas). FasL is expressed as a membrane protein on different cells or as a
soluble protein, which upon interaction with CD95 induces neutrophil apoptosis [132,
136]. In vitro, neutrophils can be incubated with a monoclonal anti-CD95 antibody,
which induces apoptosis by cross-linking CD95. To induce antiapoptotic effects in vitro
neutrophils can be treated by G-CSF [125], IL1f [126], or different PAMPs (e.g., LPS
[124] and lipoteichoic acid [127]),

Neonatal neutrophils

The neutrophil functions described above are attributed to neutrophils obtained from
adult donors. In paper I of this thesis, basic neutrophil functions were instead investigated
in newborn babies, with focus on priming-related features.

During birth and the neonatal period, neonates are at increased risk of acquiring
infections due to undeveloped immune mechanisms, both in the adaptive (e.g., lack of
antibodies [137, 138] and antigen-specific T-cells [139]) and innate (e.g., low levels of
complement components [140]) immune systems. It has previously been shown that neo-
natal neutrophils behave abnormally as compared to adult cells with regard to basic
functions such as apoptosis and chemotaxis (reviewed in [141, 142]). In the context of
priming, term neonatal cord blood neutrophils display an increased NADPH-oxidase
derived oxidative response to the chemoattractant N-formylmethionyl-leucyl-phenyl-
alanine (fMLF) as compared to adult cells, provided that the neonate was delivered
vaginally [143]. Without labor, i.e., after elective Caesarean section (CS), the neonatal
neutrophils did not show this enhanced response [144].
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In paper I of this thesis, the focus of investigation has been on neonatal neutrophil
responses to galectin-3. As described above, unprimed neutrophils are inert to this lectin
whereas primed neutrophils respond with production of NADPH-oxidase derived ROS.
Interestingly, in contrast to fMLF-induced ROS production, cord blood neutrophils ob-
tained after elective CS responded to galectin-3 with production of NADPH-oxidase
derived ROS, i.e., they were primed as compared to peripheral adult neutrophils, which
were inert to galectin-3 in the absence of in vitro priming. No difference was found
between levels of CDG62L on the neutrophil cell surface between adult and elective CS
neutrophils. However, CS neutrophils produced elevated levels of IL8 and increased levels
of galectin-3 was found in plasma when compared to adults. Comparing the elective CS
cord blood neutrophils to neonatal neutrophils obtained from cord blood after vaginal
delivery, the latter displayed an even stronger galectin-3-induced NADPH-oxidase derived
ROS response, indicating that vaginal delivery renders neonatal neutrophils increasingly
primed. The more pronounced primed phenotype in cord blood neutrohils obtained after
vaginal delivery was also evident by the finding that these cells more easily shed CD62L
from their surface in response to iz vitro priming. The increased production of IL8 and
increased levels of galectin-3 in plasma found in cord blood were, however, independent
of mode of delivery as compared to adults (the role for increased levels of plasma galectin-
3 in neonates is discussed under “Galectin-3 in plasma — a novel marker of disease”

below).

These novel results show that term neonatal neutrophils in the absence of labor display a
primed phenotype as compared to adult neutrophils. The primed features are further
accentuated after vaginal delivery. The altered neutrophil phenotype in neonates appear-
ing already before labor may be a preparation for the encounter with microbial (maternal
and commensal flora) and inflammatory challenges that occur during and after delivery.
The increased priming of neutrophils during vaginal delivery may then be in response of
the increased infectious challenge under these conditions. Speculatively, the primed
neutrophil state in neonates may also help to compensate for the limited function of other
parts of the immature immune system.

33



Galectin-3 — a regulator of inflammation

Specificity in biological interactions cannot be achieved solely by variations in protein
code (genes) but is also granted through post-translational modifications of the amino
acid sequence, such as addition of sugar moeities (glycans, carbohydrates). Glycans are
both abundant and diverse, and are used as modification to increase biological complexity
and thus, higher specificity in biological functions. Carbohydrates are part of almost every
biological process, and play important roles in many diseases. Almost all cells carry carbo-
hydrates on their cell-surfaces in the form of glycoproteins, glycolipids, and proteoglycans,
and the extracellular matrix and bodily fluids contain large amounts of soluble glyco-

proteins [145].

Most carbohydrates in the cell are linked to proteins or lipids during maturation in the
ER/Golgi, and depending on which glycan that is first attached, the glycoconjugates are
grouped into different classes. The protein-linked glycans are divided in two groups; N-
glycans and O-glycans. In N-glycans the monosaccharide N-acetylglucoseamine
(GlecNAc) is attached to asparagine through an amino-glycosidic bond while in O-glycans
the monosaccharide N-acetylgalactoseamine (GalNAc) is linked to the hydroxyl group of
serine or threonine. The N-glycans can be divided into three groups; high-mannose type,
complex type, and hybrid type, all sharing a common core structure but differing in the
sugar-chains that are added to this core. Complex and hybrid type N-glycans most often
contain N-acetylated lactoseamine (LacNac, Galf1-4GIcNAc), the core carbohydrate
structure that is bound by carbohydrate-binding proteins (lectins) called galectins. The
LacNAc can be elongated with tandem repeats of the same sugars, giving a chain of
LacNAc, polyLacNAc, onto which terminal fucose, sialic acid, Gal, GalNAc or sulphate is
added. Also O-glycans can contain polyLacNAc structures that potentially can be bound
by the galectins.

The galectins (also called S-type lectins) are present in fungi, plants and the animal
kingdom. To date, 15 mammalian galectins (galectin-1 to -15) have been identified. The
galectins are members of a protein family defined by their sequence similarities in the
evolutionarily conserved 135 amino acid carbohydrate recognition domain (CRD) with
affinity for f3-galactosides. The proteins are both found intracellularly and in extracellular
compartments, indicating that they may play both regulatory roles within the cell, but
also have extracellular functions [146-149]. Endogenous galectins are synthesized on cyto-
solic ribosomes and are realeased as non-glycosylated proteins into the cytosol. From there
they can be targeted to the nucleus or other subcellular sites or be secreted. As galectins
lack a signalling sequence necessary for direction into the ER/Golgi network they are not
released extracellularly by the classic secretion pathway involving transport vesicles.
Instead, secretion of galectins to the extracellular milieu is suggested to occur through an

alternative, non-classical secretion pathway (reviewed in [150]) as seen also for proteins
such as IL1f and fibroblast growth factors [151].
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According to the structural differences and similarities among the galectins, they have
been classified into three subgroups; (i) the prototype galectins (galectin-1, -2, -5, -7, -10,
-11, -13, -14 and -15), containing one CRD which can occur as a monomer or as dimers,
(ii) the tandem repeat galectins (galectin-4, -6, -8, -9 and -12), containing two distinct
CRDs connected by a short linker region, thus being bivalent as monomers, and (iii)
chimera type galectins (galectin-3), containing one CRD and one non-lectin N-terminal
domain, which can occur as a monomer, as dimers, or as higher order oligomers [149,

152] (Figure 3).
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Prototype Tandem repeat type Chimera type
Galectins-1,-2,-5,-7,-10, Galectins-4, -6, -8,-9,-12 Galectin-3
-11,-13,-14,-15

Figure 3. Based on structural differences the galectins are classified into three subgroups. All members of the
galectin family share sequence similarities in the carbohydrate recognition domains (CRDs, grey) and dependent
on structural similarities and differences the galectins are classified into three subgroups; prototype, composed of
one CRD that may form homodimers, tandem repeat type, composed of two distinct CRDs linked together by a
polypeptide chain, and chimera type, composed of one CRD linked to a non-lectin N-terminal by a collagen-like
domain. This figure is adapted from Leffler et al [ 149]

The galectin carbohydrate recognition domain (CRD)

The galectin CRD structure is highly conserved from an evolutionary perspective; even
when comparing the degree of conservation between human and mouse there is approxi-
mately 80 % amino acid identity. The CRD is composed of two slightly bent anti-parallel
B-sheets with one sheet forming a convex side (consisting of five strands, F1-F5) and the
other sheet forming a concave side (consisting of six strands, S1-56). On the concave side
of CRD there is a groove in which the primary binding site for f-galactosides (including
lactose, GalP1-4Glc) is localised. This groove is divided into five sites; A, B, C, D, and E,
where sites C-D construct the core binding part for the f3-galactoside. Site C is the most
conserved site between the different galectins and binds the actual galactose of the f-
galactoside. Site D, is less conserved among the galectins and defines a specific saccharide
affinity in a distinctive galectin, i.e., different galectins have different affinity for different
saccharides. Apart from binding the B-galactoside core structure in site C and D, the
CRD can also bind other saccharides in sites A, B, and E, which further defines the fine-
tuned specificity of each galectin [149].
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Galectin-3

As the only chimera type galectin, galectin-3 (also known as L-29, Mac-2, ebp, L-34, or
CPB-35) is unique within the family, comprising a C-terminal CRD linked to a non-
lectin N-terminal domain consisting of 18 amino acids linked to a proline-, tyrosine-, and
glycine-rich, collagen-like domain with several homologous repeats [149, 153-155].
Galectin-3 was first defined as a surface marker on macrophages [156] but has since then
been found to be expressed in many cell types, including activated epithelial cells [157],
lymphocytes, dendritic cells, monocytes/macrophages, mast cells, eosinophils and neutro-
phils (reviewed in [158]). The collagen-like N-terminal domain of galectin-3 can be
proteolytically cleaved off by proteases including elastase [159], MMP2 (also referred to as
gelatinase A), MMP9 (also referred to as gelatinase B) [160], MMP7 (also referred to as
matrilysin-1) [161], bacterial collagenase [153, 162, 163]} and Leishmania surface
protease leishmanolysin [164], leaving the CRD intact. Neutrophil granules contain
elastase, collagenase, and MMPs [38], and subsequently primed neutrophils can cleave
galectin-3 into CRD-containing fragments lacking (part of) the N-terminal domain
[159], findings corroborated in paper IV of this thesis.
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Figure 4. Association between galectin-3 molecules can occur either through the N-terminal domain or the
carbohydrate recognition domain (CRD). (A) Galectin-3 is composed of a CRD linked to a collagen-like N-
termin domain. (B) Upon binding to its ligand (e.g, a membrane glycoconjugate that contains f-galactosides),
galectin-3 can form dimers and higher order oligomers through interactions involving the N-terminal domain, a
type of oligomerisation termed type-N self-association. (C) Upon ligand binding, galectin-3 and/or CRD can also
form oligomers through interactions involving the CRDs, so-called type-C self-association. This figure is in part
adapted form Lepur et al [ 169].

Intermolecular galectin-3 interactions

In solution, both galectin-3 and CRD occurs as monomers [165]. However, upon bind-
ing to B-galactoside-containing ligands the lectin starts to oligomerize with other galectin-
3 molecules, an association believed to be mediated through interactions involving the N-
terminal domain. Such oligomerization may induce (i) cross-linking of surface glyco-
proteins leading to receptor clustering, which is described to be essential for most galectin-
3 induced cellular activities, (ii) cross-linking of galectin-3 molecules bound to the surface
of different cells, leading to aggregation of cells, and (iii) formation of multivalent galec-
tin-3 complexes on cell surfaces, often referred to as a galectin-3 lattices [166].

In addition to N-terminal dependent aggregation, there are a few studies describing that
galectin-3 can form oligomers also through interactions only involving the CRD [167,
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168]. This type of association was recently described in more detail, and the term type-C
self-association was launched to distinguish it from the oligomerisation of galectin-3
molecules through the N-terminal domain (type-N self-association) [169]. In type-C self-
association, CRD or galectin-3 binds to another galectin-3/CRD molecule through a site
other than the B-galactoside recognition site to form dimers and higher order oligomers
(Figure 4). In paper IV of this thesis the role of type-C self-association between galectin-
3/CRD molecules with regard to neutrophil function has been investigated.

Galectin-3 as a modulator of inflammation

Galectin-3 has been described to be involved in a multitude of biological events, both
inside and outside the cell, and carries out an impressive magnitude of functions with
regard to inflammatory processes. In vivo studies of galectin-3 null mice, as well as mice
treated with galectin-3 have been important for understanding the complexity of galectin-
3 induced mechanisms in infection and inflammation. Studies of galectin-3 null mice
have revealed that these mice display decreased recruitment of phagocytic cells in response
to non-infectious [170, 171] and infectious [172] inflammatory agents. However, under
standard laboratory conditions these mice display no apparent phenotype and no mor-
phological abnormalities [170], indicating that galectin-3 is not of importance for proper
development but for proper immune defence. Further studies of galectin-3 null mice have
suggested a proinflammatory role for galectin-3 in allergic airway inflammation [173],
atopic dermatitis [174], atherosclerosis [175] and antigen-induced athrithis [176].
However, in infection-induced inflammatory processeses, such as infections with Strepro-
coccus pneumonia [177] or Toxoplasma gondii [178] galectin-3 has been demonstrated to
play a protective role. Data on galectin-3 null mice thus implies that galectin-3 plays a
regulatory role during both infection-induced and sterile inflammatory processes.

In vitro studies of the interaction between innate immune cells and galectin-3 show that
the lectin has numerous and diverse effects. Galectin-3 promotes neutrophil and mono-
cyte adhesion to laminin, fibronectin and endothelial cells [179-181], indicating that the
lectin is important for proper transmigration of phagocytes to inflamed tissue. Further,
galectin-3 induces an oxidative burst in monocytes [182] and in primed, but not resting

neutrophils (paper I, I and IV of this thesis and [94, 108, 114, 115]).

With regards to galectin-3 induced ROS production, this lectin (together with galectin-1
[183] and galectin-8 [184]) are unique NADPH-oxidase agonists, as they are the only
known endogenous agonists acting through a receptor (tentatively identified as CDG66a
and/or CDG6G6b [185]) that can induce NADPH-oxidase activation both at the plasma
membrane (ecROS production) and at intracellular granule membranes (icROS produc-
tion). Galectin-3 can also function as an opsonin by potentiating phagocytosis and clear-
ance of microbes by neutrophils [177, 186] and red blood cells [187] as well as apoptotic
neutrophils [188] by macrophages.

Galectin-3 acts as an inflammatory modulator by influencing cytokine production, e.g.,
suppressing IL12 production in dendritic cells [178], suppressing IL5 production in
eosinophils [189], potentiating LPS-induced production of IL1f in monocytes [190],
stimulating IL2 production in T-cells [191], as well as stimulating IL8 production in
neutrophils [159].
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When it comes to cell longevity, addition of extracellular galectin-3 has been shown to
induce apoptosis in T-cells in vitro. However, T- and B-cell lines overexpressing intracel-
lular galectin-3 display resistance to proapoptotic stimulation (reviewed in [158]),
indicating a dual role for galectin-3 with regards to lymphocyte apoptosis, being
proapoptotic once extracellular and antiapoptotic when intracellular.

Galectin-3 in plasma — a novel marker of disease

Galectin-3 is increasingly being used as a serum marker for inflammation, infection, and
different pathologies. The galectin-3 concentration in healthy human plasma averages at
12 ng/ml [192, 193], but can increase several-fold during disease [194, 195]. Research on
the role of galectin-3 in cancer is presently expanding, and the serum/plasma levels of
galectin-3 has been shown not only to be increased in different types of cancer, but also to
further increase with tumor aggresiveness and metastasis [196-198]. In patients with heart
failure, the serum/plasma levels of galectin-3 are proposed as a novel marker for disease
development and progression [199, 200].

In diseases where an inflammatory component is evident as part of the pathology, se-
rum/plasma levels of galectin-3 have been shown to be enhanced. Prominent examples
include autoimmune disorders such as systemic lupus erythematosus (SLE) [201],
Bechet’s disease [202], rheumatoid arthritis [203] and juvenile idiopathic arthrithis (JIA)
[204], as well as (auto)inflammatory disorders such as Crohn’s disease and ulcerative
colitis [205]. Serum concentrations of galectin-3 have also been demonstrated to be
elevated in patients with obesity and type 2 diabetes [206]. Interestingly, a recent study
demonstrated plasma levels of galectin-3 to be increased during bacterial or fungal sepsis,
but not during viral infections nor during autoinflammatory syndromes (gout as well as
unspecified diseases) as compared to healthy controls [207]. In paper II of this thesis it is
demonstrated that the galectin-3 levels in plasma from patients with the
autoinflammatory PFS PFAPA were unaltered, even during the strongly proinflammatory
febrile phase. The possibility to exploit this absence in galectin-3 increase as a marker to
differentiate PFAPA from other PFES is interesting and merits further studies. Today, the
only biomarker described to potentially distinguish PFAPA from other PFS is interferon y
(IFNYy)-induced protein 10 (IP10 [also known as CXCL10], as demonstrated in the
appendix to this thesis and corroborated by three other studies [208-210]).

Data in paper I of this thesis demonstrate that plasma obtained from cord blood of term
neonates contain increased levels of galectin-3 as compared to adult plasma. The increase
was independent of the inflammatory stimulation that a vaginal delivery provides, as cord
blood obtained from neonates delivered by vaginal delivery displayed similar galectin-3
amounts as neonates delivered by elective CS. The role of increased galectin-3 in infants
as compared to adults can only be speculated upon. Neonates show reduced levels of
complement components and complement activation [140, 211]), and possibly, the
galectin-3 ability to function as an opsonin [177, 186-188], resembling the function of an
activated complement system, could play a compensatory role, providing antimicrobial
defence and immunomodulation.
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Galectin-3 — neutrophil interactions in vivo - A hypothetical model

In episodes of physiological inflammation, i.e., with limited degree of tissue damage
and/or infection, where the acute inflaimmatory response eventually subsides and is
resolved, neutrophils may interact with galectin-3 at several time-points. In circulation,
galectin-3 promotes the attachment of neutrophils to endothelial cells, thereby facilitating
transmigration to extravascular tissue, a process associated with priming of the neutrophils
by, e.g., granule mobilization [179-181]. Once in the tissue, approaching the inflamma-
tory focus, the primed neutrophils should be highly responsive to galectin-3 (produced by
macrophages [158]) demonstrated to be present at clearly detectable levels in tissues and
bodily fluids [203, 212-214]. The encounter with substantial amounts of galectin-3 in the
tissue could induce NADPH-oxidase activation in the primed neutrophils, both released
to the extracellular mileu, with the risk of damaging surrounding tissue, as well as
intracellularly, contributing to regulation of the inflammatory process [215].

In parallel to inducing a neutrophil oxidative burst, the galectin-3 is truncated into CRD
by proteases, e.g., from the primed neutrophil [159]. As CRD has been suggested to
function as a dominant negative molecule leading to inhibition of galectin-3 induced
effects, this may abrogate the galectin-3-induced neutrophil oxidative response (as demon-
strated in paper IV of this thesis), protecting the tissue from unneccesary damage by
extracellular ROS or to cessation of the radical-induced intracellular signal transduction of
which very little is known (Figure 5).
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We do not know much about the role of galectin-3 in case of a fullblown infection or a
severe aseptic inflammation. Major increases in galectin-3 has been seen in some diseases
[201-207] possibly leading to enhanced proinflammatory effects through neutrophil
activation, but investigations on the relative abundance of full length galectin-3 and CRD
at inflamed sites are lacking. However, pathologically inflamed bronchoalveolar lavage
(BAL) fluid from chronic obstructive pulmonary disease (COPD) patients contain
significantly less galectin-3 than that from healthy controls [214], suggesting that either
galectin-3 production is downregulated in alveolar macrophages and fibroblasts, or a
proteolytic of galectin-3 into CRD could be associated with inflammatory pathology. The
cleavage of galectin-3 by microbial proteases may be a virulence factor used to terminate
the antimicrobial oxidative response in the neutrophils and thereby prolonging an
infection. Regardless of mechanism involved, the levels and ratios of galectin-3 and CRD
should be further investigated as possible markers for inflammatory diseases.
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Autoinflammation

Simplified, autoinflammatory diseases are inflammatory disorders caused by dysregulation
of receptors and pathways of the innate immune system. The first definition of the term
autoinflammation [216] was closely linked to the identification of causative mutations in
the two monogenic PFS FMF [217, 218] and TRAPS [216]. At this point autoinflamma-
tory conditions were defined as “conditions characterized by seemingly unprovoked
episodes of inflammation, without high titres of autoantibodies or antigen-specific T-
cells” [11]. Since then, several other definitions have been suggested including “clinical
disorders marked by abnormally increased inflammation, mediated predominantly by cells
and molecules of the innate immune system, with a significant host predisposition” [219]
and recently “diseases with clinical signs of inflammation, associated with elevated levels
of acute-phase reactants, which are attributable to dysfunction of the innate immune
system, genetically determined or triggered by an endogenous factor” [220]. The under-
standing of the pathophysiology of autoinflammatory diseases and their connection with
innate immunity has been closely connected to the improved understanding of the patho-
physiology behind the cryopyrin associated periodic syndromes (CAPS, sometimes re-
ferred to as inflammasomopathies) with mutation in the NOD receptor NLRP3. Disease-
causing mutations in the NLRP3 gene lead to overactivation of the NLRP3 inflam-
masome, which cleaves pro-ILla, pro-IL1B and pro-IL18 into biologically active and
secreted forms [221, 222]. Overactivation or activation (by endogenous triggers) of the
inflammasome is implicated in several autoinflammatory diseases other than CAPS [11].

In contrast to the autoinflammatory disorders, autoimmune disorders are caused by dys-
functions in the adaptive immune system, inducing self-directed sterile inflammation
resulting in tissue damage. The autoimmune diseases are characterized by presence of
autoantibodies in sera/plasma [11, 15]. There is however no clear demarcation between
autoimmune and autoinflammatory diseases and it has been proposed that most diseases
can be represented on a spectrum with monogenic autoimmune and autoinflammatory
disorders as endpoints (Figure 6).

Patients with autoinflammatory disease most often have lifelong recurrent episodes of in-
flammation, associated with fever in combination with symptoms such as malaise,
arthralgia, abdominal pain, and skin rash. Clinically, the symptoms in patients with
autoinflammatory conditions need to be distinguished from infections, malignancies and
autoimmune disorders. The re-appearance of flares and the often disease specific combi-
nation of signs and symptom are important clues to proper diagnosis. However, in a large
proportion of patients with PES, specific clinical or genetic diagnosis cannot be made [11,
223]. If not diagnosed and adequately treated, patients with autoinflammatory disease
may develop amyloid A (AA) amyloidosis, a condition in which the soluble acute phase
reactant SAA accumulates and aggregates in tissues/organs. The AA amyloidosis is a

serious condition, which can lead to end-stage organ failure if not diagnosed and treated
in time [224].
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Figure 6. Proposed classification of autoinflammatory and autoimmune diseases. Malfunctions in the immune
system may lead to autoinflammatory and autoimmune diseases, i.e, “unwanted” infllmmation due to over-
activation of the immune system. There is no clear demarcation between autoimmune and autoinflammatory
diseases and it has been proposed that most diseases can be represented in a spectrum with monogenic
autoimmune and autoinflammatory disorders as endpoints. This figure is in part adapted form McGonagle et al

[15]
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Periodic fever syndromes (PFS)

The PES are a heterogeneous group of autoinflammatory disorders that typically manifest
during childhood as recurrent inflammatory and febrile episodes (flares). The monogenic
PES, in which the genetics have been elucidated include FMF [217, 218], TRAPS [216],
mevalonate kinase deficiency (MKD, also referred to hyperimmunoglobulinemia D with
periodic fever syndrome [HIDS] [225]), CAPS (which include three phenotypes; familial
cold autoinflammatory syndrome (FCAS), Muckle-Wells syndrome (MWS) [226] and
neonatal-onset multisystem inflammatory disease (NOMID, also known as chronic
infantile neurological cutaneous articular syndrome [CINCA]) [11, 227]). The
characteristics of these syndromes are described in more detail below, however cells
isolated from these patients secrete increased amounts of IL1, indicating that the

mutations are directly or indirectly linked to the inflammasome, hence, most of these
patients respond well to IL1 blockade [11, 220, 228-230].

FMF is the most commmon monogenic PES with approximately 100 000 patients in the
world today [231-233]. The largest proportion of patients have an origin in the eastern
Mediterranean basin. Patients with FMF get recurrent attacks of fever with a duration of
12 - 72 hours, associated with abdominal pain or other manifestations such as chest pain
and acute arthritis. In addition, many patients have rheumatic problems (e.g. chronic
arthritis, and/or myalgia). FMF is inherited as an AR disease in typical cases, and all iden-
tified mutations are located in the Mediterranean Fever (MEFV) gene, which encodes
pyrin [11, 217, 218, 234], a protein that has recently been discovered to form a NLRP3-
independent inflammasome [235]. A significant proportion of patients are heterozygote
and some patients lack mutation [236]. In these cases the patients have to be diagnosed
solely on clinical grounds supported by clinical criteria [234]. The first choice of treat-
ment for patients with FMF is colcichine, however a small proportion of patients do not
respond to colcichine treatment and in these IL1 blockade can be an effective alternative

[230].

The other monogenic PES are rare diseases. Patients with TRAPS succumb to reccurent
episodes of fever, migratory erythema, myalgia and conjunctivitis lasting for > 7 days [11,
229, 230, 234]. TRAPS is inherited as an autosomal dominant disease, caused by muta-
tions in the gene TNFRSFIA, which encodes TNF receptor 1 (TNFR1) [216]. The
mutation leads to misfolding of TNFRI1, which then aggregates, prohibiting traffic
through the ER/Golgi network to the plasma membrane. Trapping of TNFR1 in the ER
triggers stress signals that activate proinflammatory cytokine production including IL1f
[11, 228, 237]. Patients with TRAPS most often respond well to IL1 blockade or TNF
inhibition [230]. Patients with MKD suffer from recurrent episodes of headache, fever,
lymphadenopathy, abdominal pain and skin rash lasting for 3 — 7 days. The disease is
inherited in an AR manner and the responsible gene (MVK) encodes the enzyme
mevalonate kinase (MK), involved in the isoprenoid pathway. Patients with MKD may
benefit from IL1 blockade or TNF inhibition [11, 229, 230]. The CAPS patients display
symptoms such as fever, urticarial-like skin rash, conjunctivitis and various degrees of
joint pain and neurological involvement. As described above, CAPS include three pheno-
types (from mild to severe); FCAS, which present as recurrent cold-induced flares lasting
< 24 hours, MWS, were patients succumb to recurrent flares lasting for 1 - 3 days (some
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patients also develop hearing loss due to chronic inflammation of the inner ear) and
NOMID characterised by continuous symptoms that apart from those described above
include asepetic meningitis, mental impairment, malformations and arthropathy which
present already during the first weeks of life. CAPS are due to autosomal dominant inher-
ited (FCAS and MWS) or sporadic mutations (NOMID) in the gene NLRP3, thus, IL1
blockade is the standard treatment for all patients with CAPS [11, 229, 230, 234].

Interestingly, a novel autoinflammatory disease has been described where mutations are
found in the IL1 receptor gene (/LIRN), termed deficiency in IL1 receptor antagonist
(DIRA) [238, 239]. Patients with DIRA suffer from multifocal osteomyelitis, periostitis
and pustulosis, however, fever is often low grade or can be absent [230]. IL1 receptor
antagonist (IL1Ra) is an important endogenous IL-1 inhibitor controlling the many
immunomodulatory effects induced by IL1 [240], i.e., cells from patients with DIRA
(lacking IL1Ra) are hyper-responsive to IL1. Also patients with DIRA benefit from IL1
blockade, illustrating that the balance betwen endogenous inhibition and production of
this cytokine is of great importance. Endogenous over-production of IL1 results in disease

(e.g., CAPS) and endogenous lack of inhibition of IL1 results in disease (DIRA).

The most common autoinflammatory PES in children outside the eastern Mediterranean
basin is the non-mendelian polygenic disease PFAPA syndrome [11] which has been the
focus of paper II and the appendix to this thesis.
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Periodic fever, Aphthous stomatitis,
Pharyngitis and cervical Adenitis (PFAPA)

PFAPA is an autoinflammatory PFES of unknown etiology that primarily affects pre-school
children. It is regarded as a non-mendelian polygenic disease, however, clinical observa-
tions have revealed that in a few of the patients one of the parents or another relative have
had symptoms similar to PFAPA in childhood [11, 241]. The incidence of PFAPA has
been estimated to 2.3 / 10 000 children up to five years of age [242] and it is said that
every pediatrician is likely to encounter at least one case of PFAPA during his/her career

[243].

Clinical features and diagnosis of PFAPA

PFAPA was originally described in 1987 [244] and the disease acronym together with the
disease criteria was coined two years later [245]. Five clinical criteria needs to be fulfilled
for diagnosis and these include (i) onset of disease in early childhood (< 5 years of age),
(ii) regulatory recurring episodes of fever lasting for approximately 3 - 5 days associated
with a) symptoms of at least one of the clinical signs: aphthous stomatitis and/or
pharyngitis and/or cervical lymphadenitis, in the absence of upper respiratory tract infec-
tion, and b) elevated acute phase markers such as erythrocyte sedimentation rate (ESR)
and/or leukocytosis, (iii) completely asymptomatic clinical phenotype between febrile epi-
sodes (usually 3 - 5 weeks), benign long term course and normal growth and develop-
ment, (iv) exclusion of cyclic neutropenia (an autosomal dominant inherited disease
characterized by periodically reccurring episodes of neutropenia [recurring approximately
every third week and lasting 3 — 5 days] which cause infections, usually in the respiratory
tract, that induce fever), and (v) exclusion of other PFS, autoimmune disorders, chronic
infections and immunodeficiencies. Another prominent feature of the PFAPA attacks is
the often striking clockwork periodicity with which they occur [11, 246, 247].

Treatment of PFAPA

The recurrent flares in PFAPA syndrome have a major impact not only on the patient’s
life but also on the daily life of the entire family, and symptom relief is thus an important
goal in the caring for these patients. NSAIDs are the most effective agents to reduce the
symptoms during the febrile episodes and can be combined with paracetamol [247]. Also
steroids are used in some countries but its use is restrictive in Sweden due to the potential
side effects. However, steroids are highly effective to treat an episode as they abort the
symptoms within hours in most patients (and this rapid response to steroids is sometimes
included as a diagnostic tool), yet it tends to reduce the length of the symptom-free inter-
vals [11, 248]. One study has indicated that IL1 blockade (Anakinra) can be used to treat
PFAPA flares, however, the effectiveness of this treatment is hard to elucidate as only one
dose of what is normally a two-dose per day regime was given [208]. As may be expected
(due to the short half-life of Anakinra), one dose did not fully resolve the flare in the
patients (3 out of 5 PFAPA patients responded).
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So far, the only treatment that has been correlated with complete remission of PFAPA
episodes is tonsillectomy, resulting in resolution of the disease in most patients [249-251].
The mechanisms behind this effect are not known; histology of tonsils from PFAPA
patients do not show signs of chronic inflammation [252]. Speculatively, the tonsils might
contain something that triggers the flares in predisposed patients. The trigger could be of
microbial origin, and if so, of viral rather than bacterial origin as the patients do not show
increased levels of procalcitonin (upregulated in bacterial, but not viral infections [24],
appendix to this thesis) or galectin-3 (upregulated in bacterial and fungal but not viral
infections [207], paper II of this thesis). The question whether PFAPA is an infectious
disease or an immune dysregulation thus remains open. However, the duration of PFAPA
for years without progression, and absence of clustering due to season or in geographic
areas as well as lack of second cases in siblings or other close contacts, speak against infec-
tion unless exposure to an unusual environmental factor is required [253].

As described above, not all PFAPA patients benefit from tonsillectomy, and in general the
PFAPA attacks cease (irrespective of treatment options) in average around 4 - 5 years after
the first attack [246, 254]. The parents and physicians must therefore weigh the risks and
consequences of surgery (e.g., hospitalizations, pain, postoperative time away from
school/nursery) against the alternative of a period with PFAPA episodes potentially
requiring regular medication and time away from school/nursery until the disease ceases
by itself. However, even though it “is said” that the disease ceases a couple of years after
the first attack, many of the patients continue to have attacks several years after “recov-
ery”, although of a milder kind, and most probably thereby not always reported [255].

PFAPA biomarkers

Most scientific reports regarding PFAPA are clinical descriptions of patients with labora-
tory findings obtained during febrile episodes, demonstrating leukocytosis (with neutro-
philia), elevated ESR [246, 248, 254], and elevated levels of the acute phase reactants
CRP [256] and SAA [234], i.e., factors indicative of an acute inflammatory reaction.
Since PFAPA is a common and poorly understood recurrent fever syndrome in children
there is a need for better insight into the disease pathophysiology. As the PFAPA diagnosis
in part is based on exclusion of other PES, infections, and cyclic neutropenia, biomarkers
differentiating PFAPA from the other disorders would be very useful in clinical practice.

All monogenic PES seems to be more or less IL1B-driven, shown by increased production
of IL1B [11, 220, 228-230] and clinical response to IL1 blockade [11, 229, 230]. Indica-
tions that PFAPA is an IL1fB-driven disease are scarce, with so far only one study that sug-
gest a clinical response to IL1 blockade in a few patients [208]. Indeed, this study demon-
strated increased levels of IL13 mRNA, however no increased levels of IL1f protein was
found, corresponding to the results described in the appendix to this thesis as well as a
study by Kolly ez 2/ [209]. The lack of IL1f in circulation could be due to the difficulty to
measure this cytokine in serum (reviewed in [257]). Nevertheless, isolated PBMC from
febrile PFAPA patients do produce large amounts of IL1f in response to LPS demon-
strated in the appendix to this thesis [25] and by Kolly ez a/ [209]. Taken together, the
actual role of IL1f in PFAPA pathogenesis is left an unsettled issue that needs to be
further evaluated.

46



As demonstrated in the appendix to this thesis, the serum concentration of IP10, a
chemoattractant for activated T-lymphocytes [258], is increased during febrile episodes of
PFAPA. This finding has been verified by three other studies [208-210] in which one
showed the increase to be specific for PFAPA flares as compared to flares of other PFS
[208], and another described the levels to be increased also during the afebrile intervals
[210].

A specific group of proteins, the S100 proteins, including the phagocyte-specific
S100A8/A9 and S100A12 (also referred to as calgranulins), have been suggested as
markers for autoinflammatory diseases [259]. S100A8/A9 and S100A12 are cytoplasmic
DAMPs that are released from innate immune cells. Exactly how this secretion occurs is
unknown, but studies have suggested both active release by non-classical secretion path-
ways and passive release by necrosis/INET formation [259]. Once released from activated
or damaged phagocytes to the extracellular environment, SI00A8/A9 proteins can activate
monocytes to produce cytokines, including IL1f [260]. In a study by Kolly ez a/ it was
demonstrated that SIO0A8/A9 and S100A12 are elevated in serum from febrile PEAPA
patients [209], and we corroborate this finding in paper II of this thesis, extending it to
show that neutrophils in the circulation of febrile PEFAPA patients are primed, suggesting
that neutrophil activation and subsequent secretion of S100 proteins may be an initiating
factor for monocyte production of proinflammatory cytokines such as IL1f3. However, the
levels of SI00A8/A9 and S100A12 in febrile PFAPA patients were not different from
those in control patients with fever, indicating that elevations of these proteins correlate
with fever rather than with PFAPA or autoinflammation.

In the search for specific PFAPA biomarkers, data in paper III of this thesis show that the
circulating levels of galectin-3 are not increased in PFAPA, which could have been
expected due to the strong inflammatory onset during PFAPA flares, as shown for other
(auto)inflammatory diseases such as Crohn’s disease and ulcerative colitis [205]. Whether
absence of increased galectin-3 levels could be used to distinguish PFAPA from other PFS
(possibly showing increased levels) remains to be investigated.

PFAPA neutrophils

Neutrophils have, although being the most abundant leukocytes in circulation, gained
little focus in the autoinflammatory field, even though autoinflammatory diseases per
definition are driven by cells of the innate immune system. The focus has instead been on
monocytes/macrophages, which indeed produce vast amounts of proinflammatory cyto-
kines that can drive disease. In the study by Stojanov ez 4/ [208] it was demonstrated that
whole blood gene expression patterns could distinguish PFAPA flares from other PES
flares, indicating that the environment in the blood during a flare is different in PFAPA
compared to other PFS. This led to our hypothesis that circulating PMN, which are
increased during PFAPA flares (appendix and [208, 209]), and are highly responsive to
their environment, would have a unique phenotype in PFAPA. In paper II of this thesis,
basic functionality of neutrophils in PFAPA patients have been investigated, both during
the afebrile period and in the beginning of a febrile episode, in comparison to afebrile and
febrile pediatric controls.
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Neutrophil apoptosis in PFAPA

The results obtained in paper II demonstrate that both spontaneous and stimulus-modi-
fied apoptosis in PFAPA neutrophils are altered. Rates of spontaneous apoptosis increase
during afebrile periods and decrease during flares. Speculatively, the low rates of apoptosis
during flares, in association with increased neutrophil counts, likely ensure that sufficient
numbers of leukocytes are available for maintenance of the inflammatory response, while
a propensity to undergo apoptosis during the afebrile phase may encourage the clearance
of excess leukocytes and potentially assist in termination of the inflammatory process.
Reduced apoptosis has been associated with inflammation in severe sepsis, possibly as a
strategy to ensure the presence of enough phagocytes to fight invading pathogens [261,
262]. However, the febrile controls used in the study, which had fever due to low grade
infection or aseptic inflammation, displayed no signs of decreased neutrophil apoptosis,
suggesting that fever per se is not associated with changes in apoptotic rates.

The most likely mechanism behind the decreased neutrophil apoptosis during PFAPA
flares is the presence of antiapoptotic factors in serum, and IL1B would be a prominent
candidate. IL1f has been shown to display antiapoptotic properties [124, 263, 264] and
increased levels of IL1 mRNA (however not IL1f protein) have been demonstrated
during PFAPA flares [208]. Increased IL1f levels in plasma have been detected in patients
with genetic variations in the inflaimmasome, correlating with decreased rates of neutro-
phil apoptosis [263]. However, treatment with Anakinra did not reverse this antiapoptotic
effect [263], indicating that IL1f was not the driving force in apoptotic regulation of
neutrophils. While the report by Stojanov ez a/ suggest a clinical response to Anakinra in
treating PFAPA flares, providing evidence that ILIB may be involved in PFAPA
pathogenesis, it seems unlikely that IL1f is solely responsible for the lowered rates of
spontaneous apoptosis in PMN during PFAPA flares. Other proinflammatory cytokines
that are increased during PFAPA flares are known to regulate apoptosis, e.g., G-CSF and
IL18 [125, 208, 265], which are key candidates to investigate in future studies.

Neutrophil production of ROS in PFAPA

Data presented in paper II of this thesis for the first time demonstrate that a propensity to
produce elevated levels of (nonphagosomal) intracellular NADPH-oxidase derived ROS,
can be correlated to inflammation. Neutrophils from febrile PFAPA patients displayed
increased icROS production when stimulated as compared to febrile controls and afebrile
PFAPA patients, which showed no alteration in this parameter. As described above, and
in contrast to the findings in PFAPA, a specific decrease or deficiency in neutrophil
icROS production has been linked with the inflammatory conditions in SAPHO syn-
drome [81] and a novel form of CGD [71]. It thus seems as if a balanced production of
NADPH-oxidase derived icROS is a prerequisite for regulation of cellular inflammatory
pathways, where deviation from normality can result in inflammatory disease.

The fact that PFAPA neutrophils are primed in circulation during fever flares (see
“Neutrophil priming in PEAPA” below) could potentially affect the production of icROS,
especially if induced by a receptor-dependent agonist that binds to mobilizable receptors.
However, the data in paper II were obtained using the receptor-independent agonist
phorbol 12-myristate 13-acetate (PMA) that directly stimulates protein kinase C (PKC),
excluding receptor mobilization as explanation for the enhanced icROS production.
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Instead, modulations in signal transduction pathways that activate the NADPH-oxidase
specifically in granule (and not plasma) membranes may be at play in PFAPA. Signalling
that leads to icROS and ecROS production differ regarding the involvement of PKC iso-
zymes, intracellular calcium, phospholipase D, and cytoskeletal stabilization [43]. The
phosphatidylinositide composition also differs in the respective membranes in which the
oxidase assembles. Whether the increase in icROS is mechanistically associated with
increased cytokine production, can only be speculated upon. The two parameters may
relate in a causal manner, but may also be induced in parallel by upstream alterations in
inflammatory regulation molecules, features that need to be investigated in future studies.
Neutrophil priming in PFAPA

The priming status of PFAPA neutrophils was also investigated, and the results demon-
strate that during a PFAPA flare patients display primed neutrophils in circulation, shown
by increased CD11b expression and responsiveness to galectin-3. Also during FMF flares,
neutrophils have been demonstrated to express increased CD11b [101]. In line with the
decreased rates of spontaneous apoptosis, the induction of priming in circulation suggests
that the cells have been exposed to proinflammatory cytokines/chemokines triggering
mobilization of granules and upregulation of granule-localized receptors. Interestingly,
increased expression of CD11b was seen both in febrile PFAPA and febrile control
neutrophils, while the galectin-3 responsiveness showed up only in the febrile PFAPA
neutrophils, suggesting that CD11b exposure appears in a less primed phenoype while
galectin-3-responsiveness demands a slightly more primed phenotype, seen only during a
PFAPA flare and not in febrile controls. Another explanation could be that the priming of
the galectin-3 response is influenced also by other mechanisms in addition to degranula-
tion and receptor upregulation. Galectin-3-responsiveness may thus potentially be a dif-
ferentiating marker for PFAPA flares in comparison to fever of other cause.
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Final comments

As described, ROS are crucial in our defence against microbes, evidenced by that patients
with CGD (lacking NADPH-oxidase derived ROS) suffer from severe infections.
However, CGD patients also suffer from inflammatory conditions, and cells from these
patients produce elevated levels of proinflammatory cytokines, suggesting that ROS
dampen proinflammatory signalling, i.e., a lack of NADPH-oxidase derived ROS is
associated with inflammation (paper III). Excitingly, in this thesis also the opposite is
described, as neutrophils obtained from patients with PFAPA produce elevated levels of
NADPH-oxidase derived icROS during a disease flare, i.c., also elevated levels of ROS
can be associated with inflammation (paper II). How does this work? Is it simply so that
alterations in ROS (NADPH-oxidase derived) result in a redox imbalance and that this
imbalance triggers inflammatory signalling?

In terms of cell biology, redox reactions are most often discussed in the context of
“cellular oxidative stress”, i.e., an altered homeostasis caused by augmented production of
ROS or reduced antioxidative defence, which can cause damage both on a cellular, tissue,
and host level. Only recently it became evident that redox reactions are imperative for
controlled signal transduction events that support desirable biological outcomes. In
particular, studies have illuminated an imperative role of ROS in promoting
inflammatory cytokine production. One would have guessed that if anything, CGD
phagocytes would display decreased oxidative stress. However, CGD phagocytes
surprisingly show clear signs of being under oxidative stress including increased expression
of cellular antioxidants (paper III). Clearly, cellular ROS other than those derived from
the NADPH-oxidase must be at play and data in paper III suggests mtROS as plausible
candidates to explain the redox imbalance of CGD cells. This could mean that part of the
pathology for a disease considered to be due to “lack of ROS” is in fact due to “excess
ROS”, which is a challenging thought for the established scientific community. Exactly
how lack of NADPH-oxidase derived ROS could lead to increased mtROS in CGD cells
is hard to say, but given the extremely complex interactions that control cellular redox
balance, the concept is not implausible. A thought-provoking idea would be to treat the
inflammatory symptoms in CGD patients with antioxidants. There are specific
mitochondria-directed antioxidants available, however, my experience working with these
substances in vitro is that they rarely function as expected. Similar to CGD leukocytes,
leukocytes from PFAPA patients produce elevated levels of cytokines and their neutrophils
also display increased mtROS as compared to neutrophils from healthy controls (paper
IT). It might well be that mtROS contribute to driving inflammation also in PFAPA and
that antioxidant treatment could be an option also for these patients. As PFAPA
neutrophils display increased NADPH-oxidase derived icROS during flares, i.e., the
complete opposite of CGD neutrophils, it is utterly intriguing how “lack of icROS” and
“excess icROS” both lead to increased mtROS and hyper-inflammation.

The traditional way in which neutrophils become primed is through transmigration from
blood to a site of inflammation in the tissue, i.e., a spatially restricted setting in which the
hyper-responsive, primed neutrophils are localised. Presence of primed neutrophils in
circulation due to severe infections and/or inflammatory conditions most likely contribute
to inflammatory pathology, e.g., by that these cells display augmented binding to the
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blood vessels, which in turn can lead to formation of neutrophil aggregates releasing
antimicrobial substances that can harm the surrounding tissue. In this thesis, two settings
in which neutrophils display signs of priming in circulation are presented; the cord blood
of term neonates (paper I) and the flares of PFAPA (paper II). During flares of PFAPA,
the neutrophils that most likely have become primed due to the high levels of
proinflammatory mediators present in the blood of these patients probably contribute to
the inflammatory pathology. However, in term neonates, born with an immature immune
system, and thereby susceptible to infections, primed neutrophils in the blood might
compensate for other immune mechanisms that the neonate is lacking, i.e., this feature
could be protective for the host. If neutrophils are being continually primed in circulation
over time periods longer than the turn-over rate, one might wonder how and when this
feature changes from being protective during the neonatal period (our hypothesis) to
being hostile during later stages of life. It would be interesting to perform a follow-up
study of the time-frame during which the neonates display primed neutrophils in
circulation (hours/days/weeks/months after birth).

As described, galectin-3 levels are clearly detectable in plasma of healthy humans, hence it
is not that surprising that circulating leukocytes have galectin-3 attached to their cell
surface in circulation (paper IV). It would be interesting to investigate if the level of
leukocyte-attached galectin-3 is increased during pathologies where the levels are increased
in plasma. As both bacterial and neutrophil-related proteases can cleave galectin-3 into
CRD, one might also wonder how the ratios between full-length and truncated lectin
would appear in a disease where neutrophils are primed in circulation and/or where
invasive microbes are present. One could speculate that in sterile inflammation, where
endogenous proteases (e.g., released by primed neutrophils) cleave galectin-3 into CRD,
presence of CRD that attaches the neutrophil surface is in favour for the host by
inhibiting “over-production” of galectin-3 induced NADPH-oxidase derived ROS (paper
IV). However in infection-associated inflammation it might be that microbial proteases
cleave galectin-3 into CRD as a virulence factor to escape the antimicrobial affects of

galectin-3 induced NADPH-oxidase derived ROS.

The work presented in this thesis demonstrates alterations in basic neutrophils functions
with main focus on ROS production, priming and interactions with galectin-3 during
different settings of health and disease. It is well known that the numbers of neutrophils
increases in blood during most infectious and/or inflammatory conditions, however that
the phenotype of these blood neutrophils also might change is less explored. As
neutrophils are the most abundant cells in blood, small changes in their phenotype could
have a major impact on the outcome of a disease.
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