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Σύνοψη 

Ο Συστηματικός Ερυθηματώδης Λύκος (ΣΕΛ) είναι μια αυτοάνοση ασθένεια που 

χαρακτηρίζεται απο μη φυσιολογική σηματοδότηση επαγώμενη απο εξωκυττάριο DNA και 

απο μια χαρακτηριστική μεταγραφική υπογραφή ιντερφερόνης-α στα λευκά αιμοσφαίρια 

του περιφερικού αίματος. Τα παραπάνω χαρακτηριστικά της ασθένειας προκαλούν την 

παραγωγή παθογενετικών αυτοαντισωμάτων έναντι του DNA και επάγουν την φλεγμονωδη 

βλάβη σε ζωτικά όργανα. Οι ‘’εξωκυττάριες ουδετεροφιλικές παγίδες’’ (neutrophil 

extracellular traps, ΝΕΤs)  έχουν χαρακτηριστεί ως πηγές αυτοαντιγόνων σχετιζόμενων με 

DNA και ο μη αποτελεσματικός καθαρισμός τους σχετίζεται με την επιδείνωση της ασθένειας. 

Πολλές πρωτείνες-αλαρμίνες (alarmins)  είναι προσδεδεμένες πάνω στα ινίδια DNA και 

αυξάνουν την τάση των ΝΕΤς να επάγουν την παραγωγή ιντερφερόνης-α (IFN-a). Η 

ιντερλευκίνη 33 (IL-33), μια πρόσφατα χαρακτηρισμένη  αλαρμίνη, είναι ενας βασικός 

ρυθμιστής της φυσικής ανοσίας αλλά η συνεισφορά της στην διαδικασία της ΝΕΤωσης δεν 

έχει αποσαφηνιστεί μέχρι τώρα. Ο διαλυτός της υποδοχέας sST2 , που ρυθμίζει την 

εξωκυττάρια συγκέντρωση της IL-33, έχει αυξημένα επίπεδα στους ασθενείς ΣΕΛ 

αποκαλύπτωντας εναν πιθανό ρόλο της προς εξέτασης κυτταροκίνης στην ανάπτυξη της 

ασθένειας. Ο στόχος αυτής της διπλωματικής εργασίας είναι να αποσαφηνίσει τον ρόλο της 

IL-33 στον μηχανισμό της ΝΕΤωσης και στα προφλεγμονώδη χαρακτηριστικά των ΝΕΤς. 

Γενικότερα, ο στόχος είναι να αποκαλύψουμε τον ρόλο του του άξονα IL-33/ST2L στον 

ΣΕΛ.Διαπιστώσαμε ότι, η ανασυνδυασμένη IL-33 μπορεί να επάγει την δημιουργία NETς απο 

υγιή ουδετερόφιλα του περιφερικού αίματος. ΝΕΤς υγιών ουδετεροφίλων που είχαν 

δημιουργηθεί ύστερα απο χορήγηση PMA ήταν διακοσμημένα με IL-33. Τα NETς απο 

ουδετερόφιλα ασθενών με ενεργό ΣΕΛ χαρακτηρίζονται απο εκτένεστερη διακόσμηση με  IL-

33 συγκρινόμενα με αντίστοιχα που προέρχονται απο υγιείς δότες. Η παρουσία της IL-33 στα 

ΝΕΤς αύξανε την ικανότητα τους να επάγουν την παραγωγή IFN-α όταν τα πρσθέταμε  σε 

καλλιέργειες πλασματοκυτταροειδών δενδριτικών κυττάρων που υπο-εξέφραζαν τον 

μεμβρανικό ST2L. Επιπρόσθετα, η σηματοδότηση μέσω του υποδοχέα μη ειδικής ανοσίας 

TLR9 φαίνεται να ρυθμίζει την επιφανειακή έκφραση του ST2L. Συνοψίζοντας, Η IL-33, σε 

συνδυασμό με άλλα ερεθίσματα, επάγει τον μηχανισμό της ΝΕΤωσης. Η διακοσμημένη στα 

ΝΕΤς IL-33 ενισχύει την δυνατότητα τους να επάγουν την παραγωγή IFN-α και λόγω του μη 

αποτελεσματικού καθαρισμού αυτών αυξάνεται η βιοδιαθεσιμότητα της χαρακτηριστικής 

για τον ΣΕΛ κυτταροκίνης. Είναι γνωστό πως η IFN-a προετοιμάζει τα ουδετερόφιλα για 

περαιτέρω ΝΕΤωση δημιουργώντας έτσι εναν ανατροφοδοτικό  βρόγχο που οδηγεί στην 

επιδείνωση της ασθένειας. Κατανόηση του μηχανισμού δράσης και ρύθμισης της ΙΛ-33 θα 

βοηθήσει στον σχεδιασμό θεραπευτικών σκευασμάτων που θα επιδρούν στον άξονα IL-

33/ST2L με σκοπό την αντιμετώπιση του ΣΕΛ και άλλων, αυτοάνοσων η μή, ασθενειών. 
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Abstract 

Systemic lupus erythematosus (SLE) is an autoimmune disease of aberrant DNA sensing and 

prominent IFN-a signature in peripheral blood immune cells that culminates in the production 

of pathogenic anti-dsDNA autoantibodies and extensive organ injury. Neutrophil extracellular 

traps (NETs) are characterized as major sources of DNA-related autoantigens and their 

impaired clearance is correlated to disease exacerbation. Several alarmins are attached to 

DNA filaments and enhance their interferogenic capacity. IL-33, a newly characterized 

alarmin, is a major regulator of innate defense but its contribution on NETotic procedure 

hasn’t been delineated yet. Soluble ST2, the decoy receptor of IL-33, is elevated in SLE patients 

unravelling a possible role of our alarmin of interest in SLE progression. The goal of this thesis 

is to define IL-33s role on NETosis and its effect on the interferogenic capacity of NETs. 

Conclusively, we want to reveal the role of IL-33/ST2L axis on SLE progression. Surprisingly, 

recombinant IL-33 promoted NET formation. PMA-mediated NETs from healthy neutrophils 

were IL-33 decorated and SLE ΝΕΤs tend to have enhanced IL33-NET decoration compared 

with healthy neutrophils. IL-33 decoration of NETs promoted their interferogenic capacity 

when added in pDC culture that hypoexpressed ST2L (IL-33R). Additionally, TLR9 signaling 

seem to regulate ST2L surface expression. To conclude, IL-33 promotes NET formation. IL-33 

decoration of NETs enhances their interferogenic capacity and because of their impaired 

clearance elevated bioavailability of IFN-a is monitored. IFN-a primes neutrophils to form 

more NET structures providing a positive feedback loop which leads to SLE exacerbation. 

Better understanding of the mode of action, regulation and function of IL-33 would further 

facilitate the development of therapeutics that modulate IL-33–ST2 signaling to treat SLE and 

other autoimmune, or not, diseases. 
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Introduction 

1.1 Innate & Adaptive Immunity 

Consisting of both humoral and cellular components, the immune system is a remarkably 

adaptive biological system having evolved in vertebrates to provide protection against 

evading pathogens. In order to be effective, it is divided into two major domains that act in a 

highly interactive and cooperative way, the innate immune system (innate immunity) and the 

adaptive immune system (adaptive immunity)  

The innate immune system refers to the non-specific defense of vertebrates and consists of 

anatomic and physiologic barriers (skin, mucous membranes, temperature, pH and chemical 

mediators) as well as phagocytic cells (blood monocytes, neutrophils and tissue 

macrophages), which conduct the ingestion of pathogens. This process is of utmost 

importance and provides the first line of defense immediately after a pathogen enters the 

host’s organism. Normally, most of the pathogens are cleared by this system before they 

activate the adaptive immune system. However, if the pathogen manages to escape from 

these disease-resistant mechanisms, the specific response of the adaptive immune system is 

mounted. In this case, lymphocytes (B and T cells) are activated by antigen-presenting cells, 

which display parts of the antigens on MHC class (Major Histocompatibility Complex) II 

molecules on their cell surface. After a crosstalk among activated lymphocytes, specific 

antibodies are produced by differentiated B cells (plasma cells) and specific cytotoxic 

responses from T lymphocytes begin with the ultimate aim to eliminate the foreign invader. 

Except for these responses, memory B cells are generated to sustain immunological memory 

for this pathogen [1]. 

At the core of the immune system is the ability to tell the difference between self and non-

self. A flaw can make the body unable to discriminate between self and nonself. When this 

happens, a harmful auto- immune response takes place. 

 

 

Figure 1 Innate & Adaptive Immunity Components Dranoff et al., 2004 
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1.2 Systemic lupus erythematosus 

Our immune system developed to protect us against invading pathogens and to aid tissue 

healing after injury. In systemic autoimmune diseases, mechanisms that regulate the balance 

between recognition of pathogens and avoidance of self-attack are impaired. Furthermore, 

control of inflammation is lost, resulting in sustained immune activation without any overt 

infection, with different amplitudes during flares and quiescent disease. Two hypotheses for 

systemic autoimmune inflammation have been suggested. First, barrier control between 

innate and adaptive immunity could be disturbed, fueling continuous inflammation by a 

positive feedforward loop. Second, impaired adaptive immunity with reactivated (auto) 

reactive memory by lymphocytes could result in persistent inflammation and include defects 

of tolerance checkpoints. In this particular scientific project we will focus in the disruption of 

the strictly balanced (under physiologic conditions) mechanisms of innate immunity which 

contributes to the progression of systemic lupus erythematosus immunopathogenic 

mechanisms.   

Systemic lupus erythematosus (SLE), or lupus, is a chronic, progressive, autoimmune disorder 

that affects multiple organ systems, with a broad range of clinical and laboratory 

manifestations. SLE is characterized by an undulating course of exacerbations and remissions. 

The progression of the malady is fostered by the formation of immune complexes (ICs) leading 

to a plethora of clinical manifestations, such as butterfly rash, nephritis, glomerulonephritis 

proteinuria, seizures, arthritis, thrombocytopenia, serositis, and psychosis. SLE affects women 

(before menopause) nine times more often than men. The diagnosis is complicated because 

of the extensive variations in clinical symptoms. Although, as already mentioned, a common 

characteristic of the disease is the production of autoantibodies directed against nuclear 

antigens, double-stranded DNA (dsDNA) and histones proteins. Immune complexes 

containing DNA or RNA are the predominant cause of inflammation and tissue damage in SLE 

through activation of complement and engagement of FcγR on immune effector cells, in 

particular neutrophils, leading to severe SLE manifestations including glomerulonephritis [2]. 

Development of targeted therapies that specifically address disease pathogenesis and 

progression has lagged, resulting in a limited therapeutic armamentarium of broad-spectrum 

immunosuppressive agents that have substantial toxicities and are not always adequate to 

control symptoms or prevent disease flare 

Among the many types of cell death, “suicidal” apoptosis, “passive” necrosis, and neutrophil 

extracellular trap formation (NETosis) are supposed to be the source of autoantigens that play 

an important role in the etiology and pathogenesis of SLE. In that particular thesis we will 

focus on NETotic cell death. Upon neutrophil activation, elastase migrates from azurophilic 

granules to the nucleus, where it partially degrades specific histones and promotes chromatin 

decondensation. MPO synergizes with elastase in driving this decondensation, a phenomenon 

that is considered key in NET formation. NETs consist of smooth fibers with a diameter of 15–

17 nm, which are probably comprised of a sequence of nucleosomes from unfolded chromatin 

and globular domains of 25–28 nm diameter. The major constituent of these fibers is, as 

already mentioned, DNA with fixed granular antimicrobial peptides and enzymes such as 

elastase, cathepsin G, LL-37, myeloperoxidase (MPO) and of course a variety of histones. 
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Different forms of cell death provides possible autoantigens but the real cause of SLE is the 

impaired clearance of those sources. Additionally, poorly functioning phagocytic cells and 

deficiencies of DNase I or C1q mainly contribute to the hampered clearance of dying cells [3].  

Extended cell death combined with impaired clearance of cell debris are the causes of the 

characteristic IFN-a signature of the disease. 

 

 

Figure 2 Schematic view of the etiopathogenesis of SLE, Ronnblom et al., 2013 

 

1.3 IFN-a and its contribution to SLE pathogenesis 

IFN-a is a member of type I interferon group. Type  I interferon system,  which is defined as 
the type I IFN genes and proteins, the inducers of type I IFN production, the cells producing 
type I IFNs, as well as the target cells affected by the type I IFNs , has a significant role in the 
mechanisms of lupus pathogenesis. Exogenous DNA or RNA are the typical activators of type 
I IFN production. Type I interferon group is consisted of IFN-a isoforms, IFN-β, IFN-ω, IFN- κ, 
IFN-ε/τ and their common characteristic is that they trigger IFN-a receptor (IFNAR) isoforms 
in order to transmit their signal.  IFNAR is a heteromeric cell surface receptor composed of 
one chain with two subunits referred to as IFNAR1 and IFNAR2. IFNAR1,2 triggering results in 
the activation of JAK/STAT signaling pathway. Different isoforms of IFN-a are products of 13 
different genes clustered on chromosome 9, while single genes exist for the other members 
of type I IFN group. They are also some type I like IFNs which were identified recently but they 
do not use IFNAR for their signaling (IFN-λ 1-3). Type II IFN has only a single member, IFN-γ, 
which is unrelated to either type I or type III IFNs and signals through a separate receptor.  
Most of type I IFNs have a unique role in SLE progression but undeniably IFN-a seem to be the 
most important [4].  
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Figure 3 The canonical type I interferon signalling pathway, Ivashkiv et al., 2014 

 
Exogenous DNA or RNA (nucleic acids from viruses, bacteria or apoptotic, necrotic and NETotic 
mamalian cells ) are the major activators of type I IFN production, and secreted IFNs act on 
the type I IFN receptor (IFNAR) on target cells and induce production of various proteins. Five 
of the ten human TLRs, namely TLR3, 4, 7, 8 and 9, mediate type I IFN gene transcription, and 
these receptors are expressed either on the cell surface (TLR4) or in the endosome (TLR3, 7, 
8, 9). TLR3 is activated by double-stranded RNA (dsRNA), TLR7 and TLR8 by single-stranded 
RNA (ssRNA) and TLR9 by unmethylated CpG-rich DNA. Additionally, there are nucleic acid 
sensors in the cytosol that can mediate IFN production. These include the DNA-binding protein 
DNA-dependent activator of IFN-regulatory factors (DAI) and the two RNA helicases RIG-I and 
Mda5.Moreover, there is cGAS which senses endocytic DNA and activates the stimulator of 
interferon genes (STING) [32]. Activation of the TLRs or the cytosolic nucleic acid sensors lead 
to phosphorylation of several transcription factors, among which IFN regulatory factor (IRF) 3, 
IRF5 and IRF7 are most important [33]. In the context of lupus, there are a lot of possible 
candidates that may induce IFN-a production which in turn promotes heterogeneous effects 
depending on the cell type. 
Recent scientific work using microarray technology in active and remissive SLE patients’ 
samples established SLE as an autoimmune disease with a characteristic IFN-a signature 
[5].IFN-a is usually found elevated in SLE patients serum and in strong correlation with both 
of disease activity and severity. Normally, IFN-a levels are elevated rapidly but transiently 
during a viral infection. .The adverse effects of IFN-a are occurred because of its sustained 
presence in the human serum. Interestingly, type I IFNs have anti-inflammatory properties 
also by diminishing NLRP3-mediated cleavage of IL1b [6]. Thus, it seems really important to 
have tightly regulated levels of type I IFNs in order to encounter autoimmune diseases.  
Like other cytokines, IFN-a’s action is dependent on the cell type that triggers.  
 
Firstly, IFN-a promotes the activation of the autoreactive innate and adaptive immunity 
components.  
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Specifically, type I IFNs cause DC maturation and activation, with increased expression of 
major histocompatibility complex (MHC) class I and II molecules; chemokines and chemokine 
receptors; co-stimulatory molecules such as CD80, CD86; the  B-lymphocyte stimulator (BLyS) 
and a proliferation-inducing ligand (APRIL). This promotes development of helper T cells along 
the Th1 pathway, but cytotoxic T cells are in addition stimulated by type I IFNs because of an 
increase in DC cross-presentation and inhibition of T-cell apoptosis. Type I IFNs promote B-cell 
activation, differentiation, antibody production and Ig isotype class switching. Furthermore, it 
stimulates the production of several cytokines by natural killer (NK) cells and 
monocytes/macrophages/ DCs, such as IFN-γ, IL-6, IL-10 and IL-15. Interestingly, type I IFNs 
also enhance the effects of IFN-γ and IL-6 and shift the effects of IL-10 from an anti-
inflammatory to a more pro-inflammatory profile [7]. Additionally, healthy neutrophils 
exposed to IFN-a are susceptible to NETosis induced by anti-RNP antibodies in vitro promoting 
a ruinous positive feedback loop (8). The effect of IFN-a is really important in non-
hematopoietic cells also, specifically IFN-a serum levels are associated with endothelial 
progenitor cells imbalance. 
Consequently, type I IFNs have many different effects on the immune system that could 
promote and sustain autoreactive immune responses.  
 
1.4 Major producers of IFN-a 
 
Lot of cells have the capability to produce IFN-a. The official major producers are, of course, 

plasmatocytoid dendtritic cells (pDCs) also known as type I IFN–producing cells (IPCs). pDCs 

have been implicated in the pathogenesis of autoimmune diseases that are characterized by 

a type I IFN signature, such as systemic lupus erythematosus. Normally, pDCs produce IFN-a 

in response to unmethylated CpG-rich DNA sequences. In SLE, antinuclear antibodies form 

immune complexes with endogenous nucleic acids, which are delivered to pDC endosomal 

compartments via the Fc receptor CD32, where they activate TLR7 and TLR9. Additionally, 

neutrophil extracellular traps seem to induce the interferon producing capacity of pDCs, a 

recently observed phenomenon that has a major effect in lupus pathogenesis.  These rare cell 

population (<1% of peripheral blood immune cells) has the ability to produce hundreds to 

thousands times more type 1 IFNs than other cell types after encounters with DNA and RNA 

viruses. By contrast myeloid dendritic cells (mDCs) have the ability to produce high levels of 

interleukin-12 (IL-12), but only low levels of type 1 IFNs [9, 10]. 

pDCs can produce much more IFN-α than other cell types but because of their non-abundant 

phenotype they cannot be the only cell-type that sustains its bioavailability. Recent scientific 

results, establish neutrophils as an active producer of our cytokine of interest. Those results 

are consistent with the characteristic granulopoiesis signature of SLE patients which 

established PMNs as a key cell type in the lupus context [11] Specifically, free chromatin 

triggers neutrophils to produce IFN-a in a TLR9- independent manner. IFN-α producing 

neutrophils were observed in SLE patients positive or negative for anti-chromatin 

autoantibodies, suggesting that activation was not mediated by chromatin containing immune 

complexes. Although both normal and lupus PMN are potentially able to produce IFN-α in 

response to chromatin in vitro, IFN-α production by neutrophils may only be triggered in vivo 

in SLE patients when concentrations of circulating chromatin are elevated. Actually, plasmas 

from SLE patients (and not from HD) activate PMN in a nucleosome dependent manner [12]. 

Additionally, a subset of proinflammatory PMNs, named low density granulocytes, has been 

shown to produce IFN-a in SLE patients but the natural stimulus has not been characterized 

yet.  Upon activation with PMA, LDGs expressed significantly higher levels of IFN-a mRNA than 

control or autologous lupus neutrophils [13].  
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At last, under specific conditions the major producer of IFN-a changes. Per example, lung 

infection with a RNA virus led to IFN-alpha production of alveolar macrophages (AMs) and 

cDCs, but not in pDCs [14]. Thus, the major IFN-a producing cell type highly depends on the 

environment and the stimulus that triggers its activation. 

 

 

Figure 4 Type I IFN–centric view of SLE pathogenesis, Crow et al., 2016 

 

1.5 Damage associated molecular patterns (DAMPS) / Alarmins 

IFN-a production is modulated from a variety of signals. In the context of autoimmune 

diseases, the main stimulus to trigger IFN-a production are, as already mentioned, 

extracellular DNA and RNA. Those nucleic acids are, among others, characterized as damage 

associated molecular patterns (DAMPs or alarmins). The term “alarmin” or ‘’DAMP’’ is 

proposed to categorize endogenous molecules that signal tissue and cell damage. Most 

DAMPs serve as so-called ‘Signal 0s’ that bind specific receptors [Toll-like receptors, NOD-like 

receptors, RIG-I-like receptors, AIM2-like receptors, and the receptor for advanced glycation 

end products (RAGE)] to orchestrate the immune response. DAMPs are localized within the 

nucleus and cytoplasm (HMGB1), cytoplasm only (S100 proteins), exosomes [heat shock 

proteins (HSP)], the extracellular matrix (hyaluronic acid), and in plasma components such as 

complement (C3a, C4a and C5a). Examples of non-protein DAMPs include ATP, uric acid, 

heparin sulfate, RNA, and DNA.  In SLE, there is excessive apoptosis secondary necrosis and 

NETosis, which leads to the release of various alarmins [15]. 
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Figure 5 DAMPs signaling, invivogen 

Surprisingly, some DAMPs can synergize in order to modulate the response of the immune 

cells. Firstly, recent scientific results indicate that HMGB1, a nuclear DNA-binding protein 

released from necrotic cells (alarmin), was an essential component of DNA-containing 

immune complexes that stimulated cytokine production through a TLR9–MyD88 pathway 

involving the multivalent receptor RAGE. Specifically, HMGB1 combined with CpG-A ODNs 

induce IFN-a production compared to single CpG-A stimulation and that process was RAGE-

dependent [16]. In addition, another molecule that acts as an alarmin, cathelicidin 

antimicrobial peptide (LL37) converts inert self-DNA into a potent trigger of interferon 

production by binding the DNA to form stable and condensed structures that are delivered to 

and retained within early endocytic compartments in pDCs to trigger Toll-like receptor 9 ( 

TLR9) in psoriasis. Characteristically, LL37 combined with DNA enters pDCs and that newly 

characterized alarmin helps DNA to retain in early endosomes in order to continuously 

activate TLR9 9 [17]. Moreover, HNP1 (human neutrophil peptide) can promote CpG ODN-

induced pDC production of proinflammatory cytokines including IFNa. HNP1 promotes IFN-a 

gene transcription by triggering activation of NF-kB and by nuclear translocation of interferon 

regulatory factor 1 (IRF1) [18]. Thus, alarmins seem to be important regulators of IFN-a 

production from pDCs. Considering that alarmins are highly abundant and active in SLE we 

assume that they could be possible mediators of its characteristic IFN-a signature. Alarmins 

armamentarium is augmenting day by day offering us a variety of possible IFN-a production 

mediators and subsequently future drug targets. 

 

1.6 IL-33, a dual function cytokine 

Interleukin (IL)-33, as the most recently discovered IL-1 family member, is a dual-function 

cytokine that displays a nuclear factor and an “alarmin” released during cell injury. IL-33 is 

mainly produced by endothelial cells. Human and mouse IL33 consist of seven coding exons, 

which produce a -31 kDa protein of 270 and 266 amino acids, respectively.  
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Exons 1–3 encode the N-terminal domains required for IL-33 nuclear localization, whereas 

exons 4–7 encode the C-terminal IL-1-like cytokine domain. The nuclear localization domain 

(amino acids 1–65 in human) includes a chromatin-binding motif (amino acids 40–58), which 

mediates interaction of IL-33 with histone dimers and promotes chromatin compaction. The 

remainder of the IL-33 protein (amino acids 109–266) encodes the IL-1-like cytokine domain, 

a 12-stranded b-trefoil fold similar to IL-1a, IL-1b, IL-1Ra, and IL-18. This domain binds to the 

IL-33 receptor ST2, thus facilitating recruitment of IL-1RAcP to form the heterotrimeric 

signaling complex. Unlike IL-1b and IL-18, the N-terminal portion of IL-33 does not require 

cleavage by caspase 1 for release from the cell or to initiate signaling via ST2. Apoptosis-

associated caspase-3 and caspase-7 cleave and inactivate IL-33 at a conserved residue, 

Asp178, within the IL-1-like domain. N-terminal processing of full-length IL-33 can also occur 

via a short stretch of amino acids between the nuclear-binding domain and the IL-1-like 

cytokine domain. These residues are targeted by extracellular proteases common at 

inflammatory sites, including neutrophil cathepsin G, neutrophil elastase and mast cell serine 

proteases, resulting in IL-3395–270, IL-3399–270, and IL-33109–270. The resulting 19 kDa cytokine 

forms of IL-33 exhibit 10- to 30-fold higher bioactivity, and are functionally similar to the 18 

kDa recombinant IL-33112–270 available commercially. To sum up, IL-33 activity is highly depend 

on its proteolytic cleavage [19]. 

 IL-33 is a ligand for a receptor complex consisting of two proteins: IL-1 receptor-related 

protein (IL-1RL1, ST2) and IL-1 receptor accessory protein (IL-1RAcP). IL-1RAcP is required for 

IL-33-induced signal transduction and in vivo effects, but is unable to directly bind to IL-33 or 

ST2 by itself. Structurally, IL-33 binds to ST2 and forms suitable conformations to contact with 

IL-1RAcP. These form heterodimeric transmembrane receptor complexes and initiate 

signaling mechanisms that involve a shared central module consisting of the adaptor molecule 

MyD88, IRAK kinase family members and the ubiquitin ligase TRAF6. Additionally, there is 

another one isoform of ST2, soluble ST2 (sST2) which acts as decoy receptor of IL-33 in order 

to regulate its homeostasis [20].  

In general, most IL-1 family members are proinflammatory cytokines with pleiotropic 

functions in innate immunity. Initially, IL-33 was thought to be a cytokine ‘favoring’ immune 

responses with a T helper type 2 (TH2) bias, owing to the fact that the ligand-binding chain of 

the IL-33 receptor complex (IL-1R4) was found to be expressed on Th2 lymphocytes and 

heavily expressed on mast cells. Antigen-specific ST2+ Th cells are the primary source of the 

Th2 cytokines IL-5 and IL-13 as compared with wild type ST2-Th cells or Th cells from ST2−/− 

mice. IL-33 priming of DCs promotes Th2 immune response also. The effect of IL-33 on pDCs 

hasn’t been described yet. Additionally, IL-33 promotes activation and survival of mast cells 

as well M2 polarization of macrophages. Moreover, IL-33 administration causes an ST2-

dependent expansion of suppressive CD4+Foxp3+Tregs, including an ST2+ population, which 

suggests that IL-33 receptor is expressed in the Treg cells.  

IL-33 markedly activates B1 cell proliferation and enhances IgM, IL-5, and IL-13 production in 

vitro and in vivo in a ST2-dependent manner. In the context of Th1 immune response, recent 

studies have revealed that IL-33 can activate CD8+ T cells by increasing CD69 [21]. Thus, IL-33 

seem to exhibit various effect depending on the cell type. 
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Figure 6 IL-33/ST2L axis, Martin et al., 2016 

 

The role of IL-33 has been established in several diseases, such as allergies (especially allergic 

asthma) chronic inflammation of the gut, disorders of the central nervous system, 

cardiovascular diseases and autoimmune diseases. Specifically, in rheumatoid arthritis (RA)  

earlier studies reported that administration of sST2 fusion protein dramatically attenuated 

disease severity which contains reducing cellular infiltration in the joints, synovial hyperplasia, 

and joint erosion, by inhibiting the release of proinflammatory cytokines comprising IL-6, IL-

12, TNFa, and IFN-gamma]. After that, the high expression levels of IL-33 in human RA 

synovium and experimental arthritis were discovered. Additionally, it has been found that, 

compared to healthy controls, IL-33 expression was significantly increased in systemic 

sclerosis patients. Ankylosing spondylitis (AS), characterized by inflammation, bone erosion, 

and syndesmophyte formation, is a typical and the most common form of seronegative 

spondyloarthritis. It was discovered that in AS patients, serum IL-33 levels were elevated ; 

compared with inactive AS patients, the level of serum IL-33 was significantly higher in 

patients with active AS. Moreover, serum IL-33 levels were positively correlated with IL-13, IL-

4, IL-17, and TNF-alpha levels [22]. In SLE, the contribution of IL-33/ST2L axis hasn’t been fully 

established yet.  

Considering the extended cell death that characterizes SLE, alarmins, like IL-33, seem to 

contribute to augmenting innate sensing and aberrant immune responses. Interestingly, for 

active SLE patients, the serum sST2 levels were significantly higher than those of inactive 

patients or healthy controls, whereas IL-33 was not comparable between SLE patients and 

controls [23]. However, another study discovered that, compared with healthy controls, the 

level of serum IL-33 was significantly increased in patients with SLE. Furthermore, serum sST2 

level showed close correlation with SLEDAI, anti-dsDNA antibody, and prednisolone dosage 

[24].  
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Moreover, MRL/lpr mice treated with anti-IL-33Ab showed reduced proteinuria and reduced 

serum anti-dsDNA levels. Nephritis, immune complex deposits, and the circulating antibodies 

and immune complex besides the mortality were significantly reduced by anti-IL-33Ab. Anti-

IL-33Ab remarkably increased Tregs and MDSCs and reduced Th17 cells and IL-1β, IL-6, and IL-

17 levels in MRL/lpr mice [25]. Thus, it is highly possible that IL33/ST2L axis has a significant 

contribution in SLE pathogenesis. 

The goal of this scientific project is to delineate the role of IL-33/ST2L axis in SLE pathogenesis. 

It is well known that IFNa and NETs are major contributors of SLE progression. For that 

purpose, we will try to determine if IL-33 affects IFN-a production and monitor the expression 

of IL33R on the surface of SLE pDCs (the main producers of IFNa at the initiation phase of 

lupus) in order to determine if they are more responsive to IL-33. Considering that NETs induce 

IFN-a production by pDCs we will also examine if IL-33 is decorated on NETs and if that 

decoration further augments  IFNa production. Differences between IL-33 decoration of SLE 

and ‘’healthy’’ NETs will be monitored in order to see If IL-33-decorated NETs contribute 

tosustained IFNa production in lupus. To sum up, our aim is to delineate if IL-33 is an alarmin 

that contributes to SLE progression for the sake of designing IL-33-targeted drugs which could 

ameliorate SLE symptoms. 
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2. Materials & Methods 

Human subjects 

Peripheral blood samples were obtained from patients diagnosed with systemic lupus 

erythematosus (SLE) and healthy individuals. Active SLE was defined as an SLE Disease Activity 

Index score (SLEDAI) higher than 8.  The samples were recruited from the University Hospital 

of Heraklion (Crete, Greece). The study was approved by the Institutional Review Committee, 

and all subjects gave written informed consent. 

Serum collection 

Healthy and/or SLE peripheral blood sera was added in a collection tube without 

anticoagulants. The tube was centrifuged at 2500 rpm for 15mins and the serum was collected 

under sterile conditions. 

Reagents 

RPMI-1640 (Gibco), fetal bovine serum (FBS), penicillin (100U/ml) and streptomycin 

(100μg/ml), were all from Gibco, Carlsbad, CA. Recombinant IL-33, was purchased from R&D 

systems. CpG-A (2216) and CpG-B (2OO6) were from Invivogen. PMA, LPS, DAPI, Ficol 

Histopaque 1077 and Ficol Histopaque 1119 were from Sigma-Aldrich. Fluorescent-

conjugated monoclonal antibodies to CD303, CD123, ST2L and goat anti-human IL33 

were all from R&D systems also. Rabbit anti- human MPO was purchased from DAKO. 

Secondary antibodies anti-rabbit CF488 and anti-goat CF555 were purchased from biotium. 

Cells  

Total peripheral blood mononuclear cells (PBMCs) from healthy donors were obtained by 

Ficol-Histopaque 1077 density-gradient centrifugation at 1800 rpm for 30 minutes. Cells were 

washed once at 1500 rpm for 10 min using sterilie PBS. Erythrocytes were lysed if needed. The 

lysis was performed by resuspending the cell lysate in water for injection for 35 sec. Then 

equal amount of 1,8% w/v NaCl  solution was added in order to reduce the osmotic shock.  

The PBMCs were magnetically sorted using the CD304 (BDCA-4/Neuropilin-1) human 

MicroBead Kit (Miltenyi Biotec) in order to positive select the pDC population. pDCs were 

washed and then cultured in RPMI-1640 supplemented with 10% FBS and 1% 

penicillin/streptomycin mix. 

 Polymorphonuclear (PMNs) were isolated using Ficoll-Histopaque 1077, 1119 double density 

gradient centrifugation at 650g for 30 min. Then, their erythrocytes were washed (300g10 

min) and lysed as previously described. PMNs were cultured in RPMI-1640 supplemented with 

2% FBS and 10mM Hepes (Gibco).  

Flow cytometry (FACS) 

Cells were stained for extracellular markers for 20 min at 4°C in PBS/5% FBS. Monoclonal 

antibodies specific for CD303, CD123, ST2L were used. Cells were acquired on a FACS Calibur 

(BD Biosciences) and analyzed using the FlowJo software (Tree Star). 
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RNA extraction 

Total RNA from cultured cells was collected using the TRIZOL extraction protocol. Total RNA 

was treated with DNAse in order to eliminate any genomic DNA contaminations. Turbo DNAse 

kit (Ambion) was used according to manufacturer’s protocol. 

Real time PCR 

cDNA was prepared from isolated RNA using Perfect Real time cDNA Synthesis Kit (Takara) 

according to manufacturer’s protocol. 200ng of RNA was were used as a template for every 

reaction. RNAse H (2U/reaction) was added in order to clean the resulting cDNA from any RNA 

and incomplete cDNA products. cDNA was stored at -20 oC. PCR amplification of the resulting 

cDNA samples was performed using appropriate volumes of KAPA SYBR® FAST Universal 2x 

qPCR Master Mix and specific for each gene primers at a CFX Connect™, Real-Time System. 

Total volume of each pcR reaction was 20μl 

ELISA 

Detection of type I IFNs in culture supernatants harvested at the indicated time, were 

performed by sandwich ELISA (Verikine Human IFN Alpha ELISA Kit [TCM]) following the 

manufacturer’s recommendations. Light absorbance at 450 nm was measured using the 

ELx800 Biotek. 

Generation and assessment of NETs 

Primary human PMNs (healthy or SLE) were seeded onto coverslips coated with 10% poly-l-

lysine (Sigma-Aldrich). Primary human PMNs were cultured for 3h at 37°C, 5% CO2 with or 

without stimulus (PMA, LPS, IL-33 etc).. Cells were fixed with 4% parafolmadehyde (PFA), 

blocked with 5% BSA and were permeabilized with 0.5% triton X-100. DNA was stained with 

300nM DAPI. Protein staining was started with anti-IL33 primary Ab for 11/2 h at RT, followed 

by 1h incubation (RT) with CF555-conjugated secondary Ab. Then, we stained with anti- MPO 

primary Ab for 1h at RT, followed by 1 h incubation (RT) with CF488–labeled. Three washes 

with 0.5% BSA/PBS were performed in-between all stainings. After staining, coverslips were 

mounted on Mowiol 4-88 (Sigma-Aldrich) and were observed under confocal microscope 

(Leica SP8). The analysis of pictures taken was 1024 x 1024, speed scan was set at 700Hz and 

bidirectional mode was on. 40x objective was used with zoom ranking between 2.0-3.0. Hybrid 

detectors were used and z-step size was set at 0.5μm for z-scan series.  

For NETs isolation, human PMNs (2 x 106) were seeded in 6-well tissue culture plates and 

cultured treated with NET-inducing reagents (PMA, LPS, etc) for 4h. Wells were carefully 

washed once with pre-warmed medium and supernatants were vigorously collected and spun 

at 50g for 5min at 4°C to remove intact cells. Thus, the supernatant obtained after 

centrifugation were stored at -80°C.Then, they were used for the co-culture experiments 
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3. Results 

Detecting and comparing ST2L surface expression in healthy and SLE peripheral blood 

pDCs 

Supposing that IL-33 has an important role in pDCs, we measured ST2L surface expression in 

freshly isolated peripheral blood of healthy human subjects. Then, we compared our results 

with samples from SLE patients in order to determine if there are any significant changes at 

IL-33R surface expression in SLE pDCs that we could correlate to disease severity. For that 

purpose, we treated total PBMCs with anti-CD303-FITC, anti-CD123-APC and anti-ST2L-PE. We 

found a chatacteristic reduction in CD303+/CD123+ population in SLE patients likely because 

of their accumulation in tissues like kidney and skin. 

 

                                            

 

 

Figure 7 Gating pDCs from total PBMCs 

                                                                

Those specific antibodies help us to gate a ST2L+ pDC population. Our data indicated that 

healthy pDCs exhibit low levels of ST2L expressed on their surface when comparing with the 

background staining from isotype control (data not shown).  Interestingly, SLE patients exhibit 

a consistent mild reduction in ST2L surface expression compared to healthy individuals. That 

characteristic of SLE pDCs may have various explanations.  Interestingly, the reduction rate 

was consistent in every comparison but there was no correlation of ST2L surface expression 

with disease activity or pharmaceutical treatment.                                                      .  
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Figure 8 ST2L surface expression of pDCs in samples from SLE patients compared with those of healthy individuals 

 

Investigating the correlation between TLR9 activation and ST2L surface expression 

TLR9 stimulation are a Myd88-mediated event which regulates the transcription of various 

genes. The most representative result of CpG is the induction of IFNa production by pDCs 

(upper panel). We tried to determine if TL9- activation using CpG-A ODN (0,5 μΜ) drives to 

increased or decreased ST2L surface expression. For that purpose, we stimulated total PBMCs 

with CpG and incubated them for 4h and 18h respectively. We compared to untreated PBMCs 

incubated using the same time points. We treated PBMCs with anti-CD303-FITC, anti-CD123 

APC and anti-ST2L-PE monoclonal antibodies in order to gate a ST2L
+
 pDC population. After 

4h of CpG stimulation we couldn’t monitor any significant differences of ST2L expression 

comparing to untreated samples. Interestingly, after 18h of CpG stimulation promotes a mild 

ST2L surface expression increase (lower panel).  Thus, it seems that TL9 signaling, possibly via 

IFN-a production, interferes with ST2L surface expression in order to enhance IL33/ST2L 

signaling pathway activation. 

 

FL2= ST2L 
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Figure 9 Upper panel, ELISA data suggests that CpG-A induces IFN-a secretion from pDCs (p-value<0,05). Lower 
panel, CpG stimulation of pDCs didn’t change ST2L surface expression after 4h of treatment (left) but promoted a 
mild increase of IL-33R after 18h of stimulation compared to untreated control (right). Data from one representative 
of three experiments 

 

The effect of IL-33 on IFN-a production 

As we already mentioned, alarmins can affect IFN-a production combined with DNA. To assess 

if IL-33 has a similar effect in vitro we combined CpG-ODNs with recombinant IL-33 and we 

measured IFN-a RNA and secreted protein levels using real time PCR and ELISA respectively. 

Firstly, we performed an optimization experiment in order to determine the ideal 

concentration of IL-33 to test our experimental hypothesis. 

GEO MFI 4h 18h 

Isotype 17,8 17,9 

Untreated 20,8 20,5 

CpG 22,4 24 
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 Our findings, indicate that 100 ng/ml of rIL-33 (combined with CpG ODN) are capable of 

affecting IFN-a production (data not shown). Two different CpG oligonucleotides (ODN) were 

used to study the regulation of IFNa gene transcription (combined with IL-33) in human pDCs: 

ODN 2216, a CpG-A ODN (0,5μΜ), known to induce high amounts of IFN-alpha in pDC, and 

ODN 2006, a CpG-B ODN (15Μμ), which is potent at stimulating B cells but it also weakly 

induces IFN-a production by pDCs .  Both CpG ODNs combined with IL-33 enhance IFNa gene 

transcription compared to CpG alone after 16h of stimulation (A, B). Moreover, IL-33 

combined with CpG-A promotes a mild induction of IFN-a secretion compared to CpG-A alone 

(C). This in accordance with previous findings that characterize IL-33 as an immune adjuvant. 
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Figure 10  RNA and protein levels for IFNa using CpG-A and CpG-B combined or not with IL-33, data from 4 
independent experiments, p-value < 0,05 

A 

B 

 

C 

 



21 
 

NETs are decorated with IL-33 

Recent findings, established NETs as a characteristic trigger for SLE progression. Additionally, 

NETs are potent inducers of IFN-a production by pDCs [8]. Moreover, it is established that 

several alarmins tend to decorate web like structures (LL-37, HMGB1 etc) and modulate their 

pro-inflammatory capacity [16, 17, 18]. IL-33. To assess the possible contribution of IL-33 on 

the pro-inflammatory capacity of NETs we firstly try to establish if our alarmin of interest is 

decorated on the extracellular traps. For that purpose, we incubated freshly isolated primary 

PMNs for 31/2 hours at 37 oC with or without PMA (1μΜ, a major inducer of NETosis). We can 

identify NETs by observing the co-localization of DNA and MPO in web like structures. 

Surprisingly, IL33 seem to be mainly localized in the cytoplasm unlike other cell types that is 

found in the nucleus acting as a transcription regulator. As we can clearly see, in the PMA-

treated cells IL-33 is also found decorating their NETs. 

Untreated PMNs 

DNA  IL-33    

                 Merge   

 

PMA-treated cells 

 DNA  MPO  IL-33  
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                                   Merge   

 

Figure 11 Immunofluorescence of PMNs and their NETs in order to detect IL-33 localization. DAPI was used for DNA 
staining, anti-MPO-488 for PMNs detection and anti-IL33-555 for IL-33. Confocal settings are listed in materials & 
methods section. Images were analyzed using FIJI. 

 

IL-33 decoration of NETs induces their interferogenic capacity 

As already mentioned, alarmins which are accumulated in NETs can augment their 

interferogenic capacity. To assess if IL-33 has a similar effect we co-incubated NET containing 

supernatants with rIL-33 for 30 min at 37 oC. Then we used NET supernatants combined or not 

with rIL-33 to stimulate pDCs. Considering that NETosis inducers can affect IFN-a production 

we had to find a stimulator that doesn’t have any effect on IFN-a production. For that purpose, 

we used LPS because it is established that pDCs don’t express TLR4 and subsequently they 

cannot be stimulated from that reagent. Firstly, we made sure that LPS can trigger NETosis 

(left panel). LPS promoted extracellular traps formation from neutrophils. Interestingly, LPS-

mediated NETs combined with IL-33 had exhibit consistent higher levels of IFN-a RNA than 

LPS-mediated NETs alone. So, it’s clear that IL-33 increases their interferogenic capacity of 

NETs (right panel). 
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Figure 12 Left panel, LPS (3μg/ml) treated PMNs exhibit NETosis. Right panel, measuring IFNa RNA levels of pDCs 
(via rtPCR) treated with LPS mediated NETs combined with IL-33 ( 100ng/ml) or not, results from three different 
pDC donors, p-value<0,05 
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SLE spontaneous-formed NETs are décorated with IL-33 

To assess IL-33’s contribution on SLE progression we tried to monitor its decoration at 

spontaneous formed NETs. SLE samples from different donors were checked for IL-33’s 

accumulation on NET structures. All of the donors exhibited IL-33 decoration on their NETs 

but we couldn’t correlate those measurements with SLE disease severity. Additionally, SLE 

PMNs seem to have higher levels of total IL-33 in their cells compared to healthy PMNs. 

Another important fact is that IL-33 of SLE PMNs seem to be localized mainly in the cytoplasm 

whereas IL-33 in healthy endothelial cells is mostly nuclear. Moreover, SLE spontaneous NETs 

seem to have more extended IL-33 decoration that PMA-mediated NETs from heathy donors. 

Conclusively, it is highly possible that IL-33 is an important component of SLE NET structures 

which mediates disease progression. 

 

SLE sample 1 

DNA  MPO IL33  
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SLE sample 2 

DNA   MPO  IL-33  

                               Merge  

 

   

Figure 13 Upper panel, SLE NETs are decorated with IL-33, two different samples were analyzed. Lower panel, 
quantification of IL-33 expression of SLE PMNs compared to healthy PMNs p-value<0,05  (left). Quantification of IL-
33 decoration of SLE spontaneous compared to PMA-mediated NETs from healthy donors. IL-33 quantification and 
pictures analysis were done using FIJI. Confocal settings are listed in materials & methods section. 
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IL-33 promotes NETosis 

As mentioned above, IL-33 tend to decorate neutrophil extracellular traps. Additionally, it is 

well established that neutrophil derived proteases cleave IL-33 to increase its bioactivity. To 

assess the importance of IL-33 in NETosis we tried to determine if IL-33 can promote that 

phenomenon providing a positive feedback loop. For that purpose, we incubated freshly 

isolated human primary PMNs in the presence of IL-33 (100ng/ml) or not for 31/2 hours at 37oC. 

Interestingly, IL-33 can enhance NETosis compared to untreated PMNs. That finding indicates 

that IL-33 might have a major contribution on regulating NETs formation and surprisingly it is 

the first described alarmin which promotes that pro-inflammatory mechanism. Moreover, 

considering that ST2L [in healthy individuals, psoriatic neutrophils exhibit an IL-33 mediated 

influx into the site of the infection [26] is not detectable in neutrophils, it will be highly 

interesting to delineate the exact mechanism of IL33-mediated NETosis.  

 

Untr     IL-33   

          IL-33(zoomed)  

 

Figure 14 Confocal microscopy to observe IL-33-mediated web like structures compared to untreated PMNs 
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4. Discussion  

SLE (systemic lupus erythematosus) is an autoimmune disease of aberrant DNA sensing and a 

prominent IFN-a signature in peripheral blood immune cells,  that culminates in the 

production of pathogenic anti dsDNA autoantibodies and extensive organ damage in its final 

stages (e.g. lupus nephritis due to immune complex deposition). Dysregulation of the adaptive 

immune system was thought to be responsible for SLE pathogenesis. Recent findings, suggest 

that the innate immune system components play a pivotal role in SLE progression. Moreover, 

microarray data revealed an extensive granulopoiesis signature in SLE patients [11]. Thus, 

neutrophils seem to contribute to the exacerbation of the disease. Interestingly, neutrophils 

form extracellular DNA-protein web-likes structures (NETs) in order to encounter infectious 

microorganisms. SLE neutrophils tend to have increased NETs forming capacity compared to 

their healthy counterparts. These NETs are a rich source of autoantigen candidates which 

promote autoimmunity [13]. Moreover, SLE patients have deficient NETs clearance 

mechanisms (DNAse I deficiency) so these DNA-protein complexes are abundant and ready to 

play an aberrant inflammatory role which sustains SLE  symptoms [27]. As already 

mentioned, NETs protein decoration modulate its effect on the immune response. For 

example, LL-37 decorates NETs, increases their interferogenic capacity and drives to sustained 

IFN-a bioavailability [17]. Our alarmin of interest, IL-33, acts as a dual function molecule. The 

immature form is bound to chromatin and it regulates gene transcription and the mature form 

acts as a cell free cytokine. IL-33 levels were increased in SLE patients serum (and its decoy 

receptor sST2 also) compared to ‘healthy’ serum. The goal of this specific scientific project 

was to delineate the role of IL-33 as an alarmin which interacts with cell free DNA and 

regulates the immune (and probably the autoimmune) response, 

Unpublished microarray data from our lab indicated that they are important differences in 

il1rl1 gene between active and severe lupus patients. The differential expression of il1rl1 gene 

in SLE cells was strongly correlated with the development of severe nephritis. When we tried 

to monitor ST2L surface expression of SLE patients compared to healthy individuals we 

observed a stable mild reduction of ST2L in the peripheral blood of SLE patients. There are 

several explanations for this result. Firstly, recent findings suggest that upon IL-33 triggering 

ST2L is rapidly internalized and degraded by the proteasome [28]. Thus, the first assumption 

is that in SLE peripheral blood we have elevated IL-33 levels which triggers ST2L receptor of 

pDCs and drives it to proteasome-mediated degradation. Moreover, there are some 

contradictory previous findings which suggest that stimulation with IL-33 leads to enhanced 

transcriptional activity of il1rl1 gene and higher levels of ST2L mRNA. If this is valid, we could 

assume that tissue-accumulated pDCs might exhibit higher levels of ST2L because they would 

be triggered from IL-33 released from damaged epithelial cells. pDCs circulating in the 

peripheral blood wouldn’t be triggered by IL-33, because of its  extensive turnover by sST2 ( 

sST2 is elevated in SLE patients and correlated to disease  activity) and that’s why SLE 

circulating pDCs exhibited lower levels of ST2L expressed on their surface. Either way, the 

consistent reduction rate of pDCs ST2L surface expression indicates that IL-33/ST2L axis is, 

more or less, affected during SLE progression. 

Then, we tried to determine if CpG ODNs which trigger TLR9 signaling could pDCs ST2L surface 

expression. CpG ODN are recombinant hypomethylated oligonucleotides that mimic the cell 

free DNA structures which circulated in peripheral blood of SLE patients. 
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As it’s already known, triggering of TLR9 using CpG molecules promotes IFN-a secretion mainly 

by pDCs. When total PBMCs stimulated with CpG for 4h there was no significant changes in 

ST2L surface expression of pDCs. Interestingly, after 18h of CpG stimulation there was a mild 

increase (20%) of pDCs ST2L expression compared to untreated controls. Considering that 

after 18h of CpG stimulation we observed the maximum IFN-a levels secreted from pDCs we 

assume that the induction of ST2L surface expression is a IFN-a mediated event. To prove that 

point we have to repeat this exact experiment and use a mAb to block IFN-a or an antagonist 

for IFNAR in order to determine if ST2L induction is IFN-a dependent. Conclusively, TLR9 

signaling seems to regulate ST2L expression but that should be further examined. 

Additionally, IL-33 increased IFN-a transcription and translation in combination with CpG. 

Specifically, IL-33 combined with CpG resulted in higher mRNA levels of IFN-a compared to 

CpG alone in primary pDCs cultures. The effect of IL-33 in IFN-a protein levels is milder and 

justify its adjuvant properties. The question arose is how IL-33 contributes to and enhances 

TLR9 signaling. Previous findings suggest that ST2L signaling competes with TLR signaling 

because they use common signaling components. Thus, IL-33 may enhance TLR9 signaling by 

facilitating DNA uptake from pDCs. As already mentioned, another famous alarmin, HMGB1, 

tend to facilitate DNA uptake from pDCs through its receptor RAGE [16]. So, it is possible that 

IL-33 binds to cell free DNA and helps it to get in contact with endosomal TRL9. To test this 

hypothesis, we could check IL-33 effect on CpG-mediated IFN-a production upon ST2L 

blockade. 

IL-33 seems to interact with cell free DNA so we wanted to see if it’s one of the protein that 

decorate neutrophil extracellular traps. Interestingly, IL-33 is attached to PMA-mediated 

NETs. From our point of view, that was not an unexpected result because IL-33 is a protein 

that alarms the immune system and NETs are structures which regulate the immune response 

so an interaction between them was expected. Moreover, previous findings indicated that 

other alarmins are accumulated on NETs also in order to modulate their inflammatory 

properties.  

The characteristics of IL-33 decorated NETs had to be determined. For that purpose, we co-

incubated NET-containing supernatants with or without IL-33 and then we added them to 

primary pDC cultures. To generate NETs, we treated healthy neutrophils with LPS and 

incubated them for 31/2 hours. LPS didn’t contribute to IFN-a production by pDCs because 

those dendritic cells don’t express TLR4 [29]. Interestingly, IL-33 treated NETs induces IFNa 

mRNA levels by pDCs compared to ‘naked’ NETs. As already mentioned, IL-33 may facilitates 

NETs uptake and thereby enhances DNA sensing and IFNa production subsequently.    

To assess IL-33s role on NETs in the context of SLE we quantified its fluorescence in order to 

determine if there were significant differences compared to PMA-mediated NETs from 

healthy neutrophils. SLE spontaneous formed NETs exhibited higher levels of IL-33 decorated 

on NETs in a short cohort of SLE patients. To be completely sure, we have to check this 

hypothesis in a larger cohort of SLE patients and check also if we can correlate IL-33’s 

accumulation on NETs with disease severity. Taking into consideration our preliminary results 

IL-33-decorated NETs may be the reason for the characteristic sustained IFNa production in 

SLE. 

Previous unpublished data from our lab suggest that SLE neutrophils exhibit higher IL -33 
mRNA levels than healthy PMNs. To further support those results, we tried to quantify IL-33 
fluorescence of SLE neutrophils and compared to healthy counterparts.  
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Interestingly, total IL-33 fluorescence was higher in SLE PMNs and that is additional clue that 
strengthens our hypothesis about IL-33’s pivotal role at SLE progression. Another interesting 
result is that IL-33 tend to accumulate into the cytoplasm and not into the nucleus of both SLE 
and healthy PMNs. In contrast, IL-33 is mainly localized in the nucleus of other immune or 
epithelial cells. Previous findings suggest p50 subunit of NFkb was consistently found in 
association with IL-33 in cytosol and nucleosol [30]. Additionally, another scientific group 
revealed that p50 suppresses pad4 gene [31]. PAD4 is an enzyme which mediates NET 
formation by promoting chromatin citrullination and its subsequent decondensation. So, IL-
33 may inhibits the p50-mediated suppression of pad4 transcription by attracting p50 in the 
cytoplasm and thus promotes NETosis. 
At last, we wanted to know if IL-33 administration can promote extracellular trap formation 
by neutrophils from healthy donors. Intriguingly, neutrophils incubated with rIL-33 for 3 hours 
formed noticeable netotic structures. That was an unexpected result because previous 
findings suggest that ST2L is hypo-expressed on the surface of neutrophils [26]. Maybe ST2L 
expression of neutrophils need to be further examined.  To our knowledge, IL-33 is the only 
cytokine which promotes NETosis without any additional stimuli (like DNA). 
Conclusively, our scientific results indicate a significant contribution of IL-33/ST2L axis in SLE 
pathogenesis. IL-33 combined with CpG promotes IFN-a expression, IL-33 decorated NETs 
increase their interferogenic capacity, SLE neutrophils exhibit higher levels of total IL-33 
expression, SLE NETs have extended IL-33 decoration and extracellular IL-33 promotes 
NETosis. Taking these results into consideration may help us to equip the armamentarium of 
drugable targets against SLE in order to mild the symptoms of the disease. For example, 
specific nanoparticle coated proteases which cleave IL-33 and reduce its bioactivity might be 
efficient against SLE. Moreover, ST2L blocking mAb might block IL-33’s unwanted effects. In 
any case, our preliminary results established IL-33 as a key molecule for SLE progression and 
its inflammatory properties need to be further examined. 
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