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1 Summary 

The interleukin (IL)-1 family has been described for its numerous involvement 

in the regulation of inflammatory processes. Certain members are able to induce 

inflammation, whereas others have the capacity to inhibit inflammation. The 

newly discovered IL-1 family member IL-38 shows interesting and innovative 

properties. While most of these cytokines are pro-inflammatory mediators, IL-38 

appears to enter the smaller circle of anti-inflammatory mediators. As a pattern, 

IL-38 appears to suppress IL-17-driven chronic or auto-inflammation by working 

as receptor antagonist. These properties, as well as its beneficial effects in 

models of inflammatory and autoimmune diseases suggest the possibility of IL-

38-based therapies. Nevertheless, its role in the resolution of acute inflammation, 

thereby preventing chronic inflammation, remains unclear. 

The first part of my thesis elucidated the role of IL-38 in the resolution of 

inflammation. I found that the complete absence of IL-38 in IL-38 KO mice leads 

to a delayed resolution of inflammation in the zymosan-induced peritonitis mouse 

model, compared to WT mice. This was marked by a persistent neutrophilia and 

a lower production of pro-resolving mediators during the resolution phase, such 

as TGFβ1 production from macrophages following efferocytosis of apoptotic 

cells. Reduced TGFβ1 production from macrophages coincided with reduced 

levels of regulatory T cells (Tregs), which are known to promote the resolution of 

inflammation. Unexpectedly, the TGFβ1 production capacity of macrophages did 

not influence the induction of Tregs from naïve T cells. Rather, IL-38 KO mice 

had an accumulation of Tregs in the thymus compared to WT mice. This was 

caused by an impairment of CD62L expression at the surface of Tregs, which is 

required for Tregs migration outside of the thymus. Higher Treg numbers in the 

thymus correlated with lower level of Tregs in peripheral lymphoid organs. 

Importantly, CD62L expression at the surface of IL-38 KO Tregs in the thymus 

was restored by injecting IL-38 i.p. for 24h. These data indicate a potential key 

function of IL-38 in the regulation of Treg migration, which is triggered in many 

cases of autoimmunity. 

The second part of my thesis was to study the role of IL-38 in experimental 

autoimmune encephalomyelitis (EAE) development, given that EAE is IL-17-

dependent. Unexpectedly, IL-38-deficient mice showed strongly reduced clinical 
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scores and histological markers of EAE. This came with reduced inflammatory 

cell infiltrates, as well as reduced expression of inflammatory markers in the 

spinal cord. IL-38 mRNA was detected in the spinal cord, mainly by resident and 

infiltrated phagocytes, but also by other cells, such as ependymal cells. IL-38 was 

upregulated upon pro-inflammatory stimulation of bone marrow-derived 

macrophages, and its presence was necessary for a complete activation of 

inflammatory macrophages. My data suggest an alternative cell-intrinsic role of 

IL-38 in macrophages to promote inflammation in the central nervous system. 

In the last part of my thesis, I initiated a project on the function of IL-38 in 

B cell physiology and antibody production, given the fact that IL-38 is expressed 

by B cells. I generated preliminary data showing that the absence of IL-38 in mice 

decreased antibody production. Furthermore, I showed that IL-38 is particularly 

expressed by plasma cells in human tonsils. This project remains open and 

further studies will be conducted to investigate how IL-38 regulates antibody 

production, both in physiological and autoimmune settings. Understanding the 

role of IL-38 in autoantibody production could lead to original and innovative 

therapy for patients suffering from auto-inflammatory disease. 

In summary, the different projects of my thesis provide evidence that the 

pro-resolving function of IL-38 may be indirectly linked to the retention of Tregs 

in the thymus. Moreover, a possible intracellular role of IL-38 within macrophages 

was described showing opposite properties in the regulation of inflammation. This 

function could be causatively involved in EAE development. However, further 

studies remain to be done to find the mechanism of action by which IL-38 

regulates Tregs egression and how it influences the EAE development. Complete 

understanding of the IL-38 biology and differentiation between its extra- vs 

potential intracellular functions could make it a promising therapeutic target for 

chronic inflammatory or autoimmune diseases. 
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2 Zusammenfassung 

Die Interleukin (IL)-1-Familie ist an der Regulation entzündlicher Prozesse 

maßgeblich beteiligt. Bestimmte Mitglieder dieser Proteinfamilie können 

Entzündungen auslösen, während andere Entzündungen hemmen können. Das 

neu entdeckte IL-1-Familienmitglied IL-38 zeigt interessante, unkonventionelle 

Eigenschaften. Während die meisten IL-1-Familie Zytokine Entzündungen 

fördern, scheint IL-38 zum kleineren Kreis der entzündungshemmenden 

Mediatoren zu gehören. Ganz generell unterdrückt IL-38 IL-17-bedingte 

chronische oder Autoentzündungen, indem es als Rezeptorantagonist wirkt, was 

die Möglichkeit von IL-38-basierten Therapien bei diesen Erkrankungen 

nahelegt. Dennoch bleibt seine Rolle bei der Auflösung akuter Entzündungen und 

damit letztlich der Verhinderung chronischer Entzündungen unklar. 

Der erste Teil meiner Arbeit untersuchte die Rolle von IL-38 bei der Auflösung 

von Entzündungen. Ich fand heraus, dass das vollständige Fehlen von IL-38 in 

IL-38-KO-Mäusen zu einer verzögerten Auflösung der Entzündung im Zymosan-

induzierten Peritonitis-Mausmodell im Vergleich zu WT-Mäusen führt. Dies war 

durch eine anhaltende Neutrophilie und eine geringere Produktion von proauflö-

senden Mediatoren, wie TGFβ1 aus Makrophagen nach Efferozytose 

apoptotischer Zellen, während der Auflösungsphase der Entzündung 

gekennzeichnet. Die TGFβ1-Produktion aus Makrophagen korrelierte mit einer 

verringerten Menge an regulatorischen T-Zellen (Tregs), von denen bekannt ist, 

dass sie die Auflösung von Entzündungen fördern. Die TGFβ1-Produktion von 

Makrophagen hatte selbst jedoch keinen Einfluss auf die Induktion von Tregs aus 

naiven T-Zellen. Vielmehr zeigten IL-38 KO-Mäuse im Vergleich zu WT-Mäusen 

eine Akkumulation von Tregs im Thymus. Dies wurde durch eine geringere 

CD62L-Expression an der Oberfläche von Tregs verursacht, die für die Treg-

Emigration aus dem Thymus erforderlich ist. Höhere Treg-Zahlen im Thymus 

korrelierten mit einem niedrigeren Treg-Spiegel in peripheren lymphoiden 

Organen. Eine Injektion von IL-38 i.p. für 24h stellte die CD62L-Expression an 

der Oberfläche von IL-38-KO-Tregs im Thymus wieder her. Diese Daten weisen 

auf eine mögliche Schlüsselfunktion von IL-38 bei der Regulierung der Treg-

Migration hin, die in vielen Fällen von Autoimmunität ausgelöst wird.  
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Der zweite Teil meiner Arbeit bestand darin, die Rolle von IL-38 bei der expe-

rimentellen Autoimmunenzephalomyelitis (EAE) zu untersuchen, da die EAE IL-

17-abhängig ist. Unerwarteterweise zeigten IL-38-defiziente Mäuse stark 

reduzierte klinische Scores und histologische Marker für EAE. Dies ging mit 

reduzierten Infiltraten entzündlicher Zellen, sowie einer verringerten Expression 

von Entzündungsmarkern im Rückenmark einher. IL-38-mRNA wurde im 

Rückenmark hauptsächlich von residenten und infiltrierten Phagozyten, aber 

auch von anderen Zellen wie Ependymzellen nachgewiesen. IL-38 wurde nach 

proinflammatorischer Stimulation von aus Knochenmark stammenden 

Makrophagen hochreguliert, und sein Vorhandensein war für eine vollständige 

Aktivierung von Makrophagen notwendig. Meine Daten legen daher eine 

alternative zellintrinsische Rolle von IL-38 in Makrophagen nahe, was 

Entzündungen im Zentralnervensystem fördert. 

Der letzte Teil meiner Arbeit beschäftigte sich mit der Funktion von IL-38 in der 

B-Zell-Physiologie und der Antikörperproduktion, da IL-38 von B-Zellen 

exprimiert wird. Vorläufige Daten zeigen, dass das Fehlen von IL-38 in Mäusen 

die Antikörperproduktion verringert. Darüber wird IL-38 insbesondere von 

Plasmazellen in menschlichen Tonsillen exprimiert. Dieses Projekt bleibt offen 

und es müssen weitere Studien durchgeführt werden, um zu untersuchen, wie 

IL-38 die Antikörperproduktion sowohl in physiologischen als auch in 

Autoimmunumgebungen reguliert. Das Verständnis der Rolle von IL-38 bei der 

Autoantikörperproduktion könnte zu einer originellen und innovativen Therapie 

für Patienten führen, die an einer entzündungshemmenden Erkrankung leiden. 

Zusammenfassend zeigt meine Arbeit, dass die pro-auflösende Funktion von IL-

38 indirekt mit der Retention von Tregs im Thymus zusammenhängt. Darüber 

hinaus wurde eine mögliche intrazelluläre Rolle von IL-38 in Makrophagen 

beschrieben, die entgegengesetzte Eigenschaften bei der Regulation der 

Entzündung zeigt. Diese Funktion könnte ursächlich an der EAE-Entwicklung 

beteiligt sein. Es müssen jedoch noch weitere Studien durchgeführt werden, um 

zugrundeliegende Wirkmechanismen zu ermitteln. Ein umfassendes Verständnis 

der IL-38-Biologie und die Unterscheidung zwischen extra- und potenziellen 

intrazellulären Funktionen könnte IL-38 zu einem vielversprechenden 

therapeutischen Ziel für chronisch entzündliche oder Autoimmunerkrankungen 

machen. 
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3 Introduction 

3.1 The immune system 

To maintain defences against external aggression, multicellular organisms have 

developed a defensive system called immune system. In vertebrates, the immune 

system is composed of leukocytes, patrolling within the entire organism, looking 

for any intrusion of external organisms, danger, stress or abnormality in the 

body’s own cells. Leukocytes are concentrated in the circulation and in different 

lymphoid organs, divided in primary, secondary (SLOs) and tertiary lymphoid 

organs. Moreover, the immune system also plays a role in the tolerance towards 

commensal microorganisms required for normal body function, such as 

microbiota of the intestine, skin or genitals. The immune system is made up of 

many cell types divided in two main subtypes: innate and adaptive immune cells. 

They are mainly differentiated by their response specificity and the necessary 

time for action. 

3.1.1 The innate and adaptive immunity 

The innate branch of immunity is known to be unspecific in order to protect the 

organism in a very efficient and immediate manner. It is mainly constituted of 

phagocytes such as monocytes, macrophages, granulocytes (neutrophils, 

eosinophils and basophils), or dendritic cells. Those cells are known for their 

‘scavenging’ function and toxicity for foreign bodies. Additional to those myeloid 

cells, some lymphoid cells, known as innate lymphoid cells (ILCs) are also part 

of the innate immunity. The most described are the natural killer cells, but new 

subsets are being described over time and named as ILCs type 1 (e.g. natural 

killer cells), type 2 and type 3. 

On the contrary to the innate immune response, the adaptive immunity is known 

to be highly specific and slower. Lymphocytes are the main effectors, more 

specifically T lymphocytes (T cells) and B lymphocytes (B cells). T cells are 

composed of T helper cells (Th), cytotoxic T cells (CTL) and regulatory T cells 

(Tregs), while terminally differentiated B cells are either plasma cells (PCs) or 

regulatory B cells (Bregs). Additionally, both lymphocyte types are present in a 

memory form, residing in organs or within the circulation, allowing a quicker 

response to specific antigens. 
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3.1.2 Interface between the innate and adaptive immunity 

3.1.2.1 T cells 

One specificity of T cells compared to other lymphocytes is their differentiation 

outside of the bone marrow. In fact, lymphoid progenitors leave the bone marrow 

towards the thymus. Once arrived, those progenitors start differentiating through 

4 stages, where they are double negative for CD4 and CD8 (DN1 to DN4), before 

turning double positive for CD4 and CD8. From that point on, those cells will 

become single positive for either CD4 or CD8 and will leave the thymus for the 

periphery as naïve T cells1. This is known as T cell egression and it is highly 

regulated by surface molecules such as L-selectin (CD62L)2. The main role of 

CD4 positive cells, also named T helper cells, is to help and improve the immune 

response by activating other T cells and B cells, but also phagocytes. Once 

activated, T helper cells can initiate different responses classified as Th1, Th2, 

Th9, Th17 or Th22 immunity. Each of those responses have a specific function 

and is involved in different kind of immunity. Additionally, some T helper cells are 

specialised to a unique function. This is the case of the follicular T helper cells, 

whose main function is regulation of B cell activation in the SLOs. Regulatory T 

cells have another critical function in the organism. Indeed, Tregs are known to 

be the main immunoregulatory cells in the immune system. They have the 

capacity to inhibit virtually every type of immune cell in order to control the 

immune response and to maintain the immune tolerance.  

3.1.2.2 B cells 

B cells differentiate from lymphoid progenitors to immature B cells within the bone 

marrow. Immature B cells already express a complete B cell receptor (BCR) 

Those immature cells will then enter the blood circulation in order to reach the 

SLOs (spleen, lymph nodes). Once in there, immature B cells will turn into mature 

B cells called naïve B cells. Following activation by interaction with T cells, the 

majority of B cells will start proliferating and forming a structure called germinal 

centre (GC). In this place, activated B cells will undergo clonal expansion, somatic 

hypermutation as well as class switch recombination in the dark zone, in order to 

become highly specific3,4. Once done, they relocalise to the light zone of the GC, 

where their affinity and self-reactivity is tested. Low affinity B cells will either go 

back to the dark zone and undergo further mutation or undergo apoptosis. B cells 
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with high reactivity to self-antigens will directly be driven into apoptosis. B cells 

showing high affinity and low self-reactivity will either differentiate into memory B 

cells or plasmablasts. While leaving the germinal centre, plasmablasts 

differentiate into plasma cells. The specificity of plasma cells is their capacity to 

produce immunoglobulins, also known as antibodies. An immunoglobulin is a 

protein made of two heavy chains and two light chains. It is composed of an Fc 

part having the capacity to bind specific receptors called Fc receptors, and an 

Fab part being specific for a particular antigen. Indeed, the Fab part possesses a 

paratope recognising, e.g., a surface epitope of a pathogen. Immunoglobulins are 

divided in 5 classes determined by their heavy chain: IgM, IgG, IgA, IgE and IgD. 

While all of them can be secreted by plasma cells, IgD is not and seems to be 

present only at the surface of naïve B cells/non GC B cells. 

3.1.3 Cytokines: mediators of the immune system 

Apart of the cellular composition of the immune system, a major humoral 

component is formed by a group of mediators called cytokines. Cytokines are 

proteins produced by immune cells having an important role in the signalling and 

control of immunity. They are divided in several families, which are the tumour 

growth factor (TNF) super family5, transforming growth factor (TGF) family6, 

interferons7, chemokines8, growth factors and interleukins (IL)9. Each of those 

cytokines act through specific receptors expressed on different immune cells, 

modulating cell behaviour such as cell activation, differentiation, growth and 

death. However, they are also known to act on other cells of the body, triggering 

similar responses. They are responsible for the polarisation and pathogenicity of 

the immune system. As mentioned previously, balance of those cytokines will 

determine the kind of Th response, but also the class switch recombination of B 

cells for antibody production, etc. 

Interleukins are a group of cytokines that are for the most part secreted proteins. 

The name "interleukin" was chosen in 1979, is derived from (inter-) "as a means 

of communication", and (-leukin) " due to their release by leukocytes and action 

on the same cells. Interleukins are subdivided in different families and the biggest 

one is the IL-1 family10. 

 

 



INTRODUCTION 

8 

3.2 Inflammation 

Inflammation is an innate and natural process occurring after bacterial infection 

or any danger signal detection11. Following entry of the stimulus, inflammation 

shows 3 phases: onset, resolution and post-resolution. Acute inflammation is 

usually self-resolving, but may transit to chronic inflammation (persistent and not 

healing inflammation)12. The onset of inflammation is characterised by a massive 

production of inflammatory mediators such as IL-1β, IL-6 or TNF-α, leading to 

recruitment of neutrophils and turning macrophages to a pro-inflammatory 

phenotype12. This occurs rapidly upon recognition of pattern signalling disturbed 

tissue homeostasis. The resolution phase is initiated when primary inflammatory 

cells such as neutrophils dye by apoptosis13. Indeed, mediators released by dying 

neutrophils will act on macrophages to initiate a pro-resolving phenotype. This is 

accompanied by clearance of the primary pro-inflammatory cells by phagocytosis 

(also called efferocytosis) and production of pro-resolving mediators such as 

TGF-β, IL-1014. Then, resolution of inflammation is characterised by elimination 

of the secondary anti-inflammatory effectors, highly regulated by the presence of 

Tregs15. Action of the adaptive immune system to control and re-establish the 

tissue homeostasis will characterise the post-resolution phase.  

In certain cases, inflammation persists and resolution of inflammation cannot take 

place16. This phenomenon is called chronic inflammation and is responsible for 

tissue destruction or remodelling during many chronic inflammatory diseases. 

Chronic inflammation is often characterised by a persistent neutrophilia as well 

as a high production of inflammatory mediators, but also by angiogenesis 

formation and matrix remodelling. In some cases, those tissues will heal, leading 

to the formation of a scar and/or fibrosis, having for consequence the loss of 

tissue function17.  

3.2.1 IL-1 family 

The interleukin-1 family includes 11 cytokines and almost as many receptors. 

Interactions between ligands and their receptors is known to be highly involved 

in a large panel of immune responses, from the innate to the adaptive immunity18. 

IL-1 family cytokines: 
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The IL-1 family cytokines have been categorised into three subfamilies: the IL-1 

subfamily, including IL-1α, IL-1β, IL-1Ra and IL-33 the IL-18 subfamily, including 

IL-18 and IL-37, and the IL-36 subfamily, including IL-36α, β, γ, IL-36Ra and IL-

38. These categories are based on their ligand binding receptor, the length of 

their precursor and the length of N-terminal pro-peptide for each precursor10. In 

this 11-member family, IL-1Ra possesses a signal peptide which leads to protein 

secretion via Golgi pathway, whereas the remaining are translated as 

precursors18. Among those precursors, IL-1α and IL-33 precursors are 

biologically active19,20. Oppositely, many cytokines of the IL-1 family requires N-

terminal truncation to obtain optimal agonist or antagonist activity. Among these 

cytokines, IL-1β, IL-18 and IL-33 require to be cleaved by activated caspase-1 

intracellularly21-23 or by neutrophil-derived enzymes extracellularly to obtain their 

bioactive or more potent form20,24. While IL-1β and IL-18 are activated by the 

cleavage, IL-33 is inactivated by caspase-125. Regarding IL-37, an anti-

inflammatory cytokine, both precursor and processed forms are biologically 

active26. However, the natural processing cleavage enzyme(s) in the extracellular 

compartment remains unclear. IL-37 has no pendant in mouse. Processing of IL-

36 cytokines was shown to greatly increases their activity thanks to increased 

affinity of the receptor for the truncated ligands27. All three IL-36 ligands, IL-36α, 

IL-36β, and IL-36γ are differently cleaved by neutrophil-derived proteases 

cathepsin, elastase or proteinase-328. Removal of the first amino acid, 

methionine, enables IL-36Ra to gain its full activity29. Furthermore, our group 

recently reported that truncated IL-38 (7-152aa) shows enhanced biological 

activity30,31. However, the main responsible enzymes for IL-36Ra and IL-38 

truncation remain unknown. 

IL-1 family receptors: 

The IL-1 receptor family includes 10 structurally related proteins and a receptor-

like soluble protein, IL-18 binding protein (IL-18BP). IL-1R1 is the first IL-1 family 

receptor that was characterised32,33. Receptors of the IL-1 family share a common 

basic architecture consisting of extracellular association immunoglobulin-like 

domains, a membrane-spanning domain, and an intracellular Toll/IL-1R (TIR) 

domain32,34-36. The exception is IL-1R2, which has an intracellular tail lacking the 

TIR domain. Signal transduction through these receptors requires dimerisation 
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with co-receptors after ligand binding, which is facilitated by providing a 

composite binding surface for the co-receptor by both the receptor and the 

ligand36. This binding surface is not established by binding of receptor 

antagonists to the receptor, thus avoiding co-receptor recruitment36,37. Formation 

of the ternary complex between ligand, receptor and co-receptor increase spatial 

proximity of the TIR domains of both receptors. This allows recruitment of the 

myeloid differentiation primary-response gene 88 (MyD88) adaptor protein and 

subsequent triggering of intracellular signalling cascades38-40. Moreover, based 

on the functional and structural features, IL-1 receptors are classified into 4 types: 

ligand-binding members (IL-1R1, IL-1R4, IL-1R5 and IL-1R6), co-receptor 

members (IL-1R3 and IL-1R7), inhibitory members (IL-1R2, IL-1R8 and IL-18BP) 

and orphan receptors with unclear function (IL-1R9 or IL-1RAPL1 and IL-1R10 or 

IL-1RAPL2)41. Interaction between IL-1 family cytokines and their receptors 

regulates virtually all types of immune responses, involving both innate and 

adaptive immunity. 

 

3.2.2 Role of the IL-1 family during inflammation 

As previously mentioned, IL-1 family cytokines and receptors are highly involved 

during inflammation. It is possible to define two subclasses within this family, with 

pro- and anti-inflammatory function (Table I).  

Table I: . IL-1 family and its function in inflammation 

Function Cytokine Receptors 

Pro-inflammatory 

IL-1α 

IL-1β 

IL-18 

IL-33 

IL-36α/β/γ 

IL-1R1/IL-1R3 

IL-1R4/IL-1R3 

IL-1R5/IL-1R7 

IL-1R6/IL-1R3 

Anti-inflammatory 

IL-1Ra 

IL-36Ra 

IL-37 

IL-38 

IL-1R2/IL-1R3 

IL-1R1/NA 

IL-1R5/IL-1R8 

IL-36R/NA 

IL-1R6/IL-1R3 
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NA, not applicable 

Cytokines in the IL-1 subfamily 

IL-1α and IL-1β are mostly known to induce inflammation. While IL-1α is 

constitutively expressed in tissues, such as epithelia42,43, IL-1β needs to be 

induced. Following their binding to IL-1R1, the signal is transduced to initiate the 

signalling cascade to induce AP-1 and NF-κB-dependent transcription of IL-1 

target genes44-46. Moreover, TLR signalling also promotes intracellular IL-1α 

translocation to the nucleus, where it augments NF-κB- and AP-1-dependent 

gene expression and, therefore, inflammation. During apoptosis, IL-1α 

translocates to the nucleus upon importin binding to its NLS, thereby limiting its 

secretion and pro-inflammatory activity47. However, IL-1α/β signalling has to be 

tightly regulated and can occur in various ways. One way is expression of IL-1R2. 

IL-1R2 can bind the same cytokines as IL-1R148. While binding of IL-1α/β to IL-

1R2 recruits IL-1R3 similarly to IL-1R1, MyD88 is not recruited due to the lack of 

the TIR domain in IL-1R2 and IL-1β-dependent signals are not transduced36,49. 

Besides acting as a decoy receptor for IL-1α/β, IL-1R3 recruitment by IL-1R2 

limits the availability of IL-1R3 for proper IL-1 signalling49,50. Moreover, soluble 

forms of IL-1R2 have been described resulting either from alternative splicing or 

processing at the cell surface, which act as a bona fide decoy receptor51. A 

soluble form of IL-1R2 has also been located intracellularly, where it binds pro-

IL-1α to prevent its maturation and inflammatory activity upon induction of cell 

necrosis and pro-IL-1α into the extracellular space52. IL-1 subfamily signalling can 

also be negatively regulated by IL-1Ra, consequently giving anti-inflammatory 

properties. Indeed, binding of IL-1Ra to IL-1R1 prevents recruitment of the co-

receptor leading to no signal transduction53-55. Additionally, binding of IL-1Ra to 

the receptor makes a competition to IL-1α/β. Interestingly, IL-1α-deficient mice 

exhibit similar inflammatory responses to WT mice in turpentine-induced local 

inflammation, and a suppression and elevation of this inflammation are 

consistently observed in IL-1β KO mice and IL-1Ra KO mice, respectively56-59. 

Moreover, IL-1α has also shown to contribute to the pathogenesis of high-

cholesterol-induced atherogenesis60 and IMQ-induced psoriasis61. IL-1β-

deficient mice show improved zymosan-induced peritonitis and nearly avoid 
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inflammation induced by lipopolysaccharides (LPS), which suggests IL-1β is 

critical for both local and systemic inflammation58. 

Anakinra is a synthetically produced version of IL-1Ra. Anakinra was effective in 

the treatment of several diseases, including highly prevalent auto-inflammatory 

diseases such as rheumatoid arthritis (RA)62. In fact, Anakinra is approved for the 

treatment of RA63 and cryopyrin-associated periodic syndrome64. It, however, had 

specifically strong activity in auto-inflammatory diseases characterised by 

overproduction of IL-1 such as familial Mediterranean fever65,66, , and Muckle-

Wells syndrome67. Moreover, efficacy in acute myocardial infarction68, idiopathic 

recurrent pericarditis69 and other diseases has been demonstrated70. 

The impact of IL-1 signalling in cardiovascular disease was substantiated by 

using the neutralising anti-IL-1β antibody canakinumab in the CANTOS trial, 

where also a reduction of lung cancer incidence was observed71,72. Those clinical 

studies and preclinical mouse studies above suggest a vital role of IL-1Ra in 

inflammation and autoinflammatory diseases, although the efficacy of Anakinra 

in each disease remains to be validated in larger studies and trials. 

IL-33 is constitutively and inducibly expressed by several stromal, patrenchymal 

and hematopoietic cell types. IL-33 functions mainly by driving Th2 immunity and 

inflammation. IL-33 exercises a dual function of anti- and pro-inflammatory. On 

the one hand, pathogenesis of chronic obstructive pulmonary disease is 

associated with overproduction of IL-3373, and joint inflammation is reduced in 

mice with collagen-induced arthritis (CIA) following IL-33 neutralisation with 

soluble ST2 (IL-1 receptor like 1)74. Moreover, IL-33 has recently been identified 

to be involved in the psoriasis development, following an autocrine loop in 

keratinocytes75. On the other hand, the anti-inflammatory properties of IL-33 are 

supported by another study using the CIA mouse model. The authors observed 

that clinical and histological changes were improved by IL-33 injection, being 

associated with enhanced Tregs proliferation and which consequently 

suppressed Th2 cell responses76. 

IL-18 subfamily 

IL-18  was first identified as an IFN-γ-induced cytokine77. IL-18 has pro-

inflammatory function when forming a signalling complex with IL-18Rα (IL-1R5) 
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chain and IL-18Rβ (IL-1R7) chain, similarly to IL-1α/β binding to IL-1R110. IL-37 

(IL-1F7) binding to IL-18Rα recruits IL-1R8, whereas this complex does not 

recruit the MyD88 adaptor and therefore initiates an anti-inflammatory signal into 

the cell78. Extracellular soluble IL-18BP can also bind IL-37 and IL-18 with a 

higher affinity than IL-18Rα, which are involved in negative regulation 

mechanisms78. The IL-18 precursor is closely related to the IL-37 precursor in 

terms of tertiary structure and intron-exon borders of genes10. 

IL-18 is constitutively expressed in keratinocytes, endothelial cells, intestinal 

epithelial cells and blood monocytes from healthy subjects. IL-18 and IL-18Rα 

expression in the myocardium of patients with ischemic cardiomyopathy are 

elevated79. These studies suggest the role of IL-18 in heart diseases. Mice 

injected with neutralising IL-18 antibody appeared to be protected from LPS-

induced myocardial dysfunction80. Furthermore, IL-18 is involved in the 

pathogenesis of chronic obstructive pulmonary disease, which is characterised 

by local pulmonary and systemic inflammation81,82. Further to heart diseases and 

lung inflammation, IL-18 showed involvement in dextran sodium sulphate (DSS)-

induced colitis83. Treatment with IL-18BP regulates the inflammatory statues such 

as inflammatory cytokine secretion, inflammatory cell infiltration and weight loss83. 

However, a protective role of IL-18 has also been described. Caspase-1 deficient 

mice showed an impairment of  tissue repair in the DSS-induced model and this 

is overturned by recombinant IL-18 administration in a caspase-1-dependent 

manner84. Taken together, IL-18 might have a dual role in different inflammatory 

contexts. 

IL-37 protein has been found in human blood monocytes, tonsillar B cells, plasma 

cells, synovial cells, tissue macrophages, neoplastic cells and epithelial cells in 

skin, kidney and intestine85. Similar to IL-1β, IL-37 is only inducible and 

transcribed upon cell activation.. 5 isoforms of IL-37 exist and the most descrobed 

so far is IL-37b. IL-37 can supress inflammation in an intra- and extracellular 

manner. Intracellularly, IL-37 is cleaved by caspase-1 and binds to mothers 

against decapentaplegic homolog 3 (Smad3), an anti-inflammatory transcription 

factor, followed by nuclear translocation and subscequent involvement in 

transcription inhibiting inflammation86,87. Unlike IL-1α and IL-33, IL-37 cannot 

directly bind the chromatin. Translocation and LPS-induced IL-6 suppression of 

IL-37 are impaired at the absence of caspase-1 or a caspase-1 cleavage site in 
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IL-37b87,88. Extracellularly, IL-37 has a broad anti-inflammatory effects in various 

models both in vivo and in vitro as shown by experiments employing IL-37-

transfected cell lines, IL-37 transgenic (IL-37-tg) mouse models or recombinant 

IL-37. For instance, IL-37-tg mice are protected from experimental colitis, 

coronary artery ligation, spinal cord injury and immune challenge after a skin 

sensitisation due to decreasing leukocyte recruitment and proinflammatory 

cytokine production85. LPS-induced IL-1β, IL-6 and TNF-α released from human 

inflammatory macrophages in vitro26 or neutrophil infiltration are decreased after 

recombinant IL-37 administration, and similarly, inflammasome activation as well 

as chemokine production in acute lung injury is reduced by recombinant IL-3789.  

Cytokines in the IL-36 subfamily 

 Similar to IL-1α/β and IL-1Ra interacting with their receptor IL-1R1, IL-36 

cytokines exert their pathological functions by binding IL-36R (IL-1R6)/IL-1RAcP 

and activating signalling of NF-κB and MAPK27,90. The cellular sources of these 

cytokines are different. By staining human psoriatic skin, IL-36α was mainly found 

in keratinocytes, endothelial cells, macrophages, DCs and Langerhans cells 

(LCs). IL-36β was mainly found in keratinocytes and endothelial cells and IL-36γ 

was mainly found in keratinocytes, macrophages, DCs and LCs, whereas the 

main producer of IL-36Ra remains unknown91. Besides, primary keratinocytes 

appeared to be the main cellular source of IL-36 cytokines after stimulation with 

TLR-3-ligand poly I:C or a cytokine combination (IL-17A, IL-22, OSM, IL-1β and 

TNF-α). IL-36 family cytokines have been related to skin diseases, such as 

psoriasis. Indeed, in a human psoriatic skin xenogeneic model, the blockage of 

IL-36R leads to the normalisation of psoriatic skin phenotype92. Additionally, 

mutations in the IL-36Ra gene are reported to significantly enhance IL-8 

production and cause life-threatening generalised pustular psoriasis93. 

Furthermore, a potential pathogenic role of IL-36α and IL-36γ was also shown in 

arthritis and colitis models. 

IL-38 is the most recent described member of the IL-1 family. It shares homology 

with receptor antagonists of the same family, IL1Ra and IL-36Ra94. It has been 

described to be constitutively expressed at high levels in the skin epidermis as 

well as in some lymphatic organs, particularly in B cells and macrophages31,91,94. 

IL-38 plays a role in the control of inflammation and was described as an anti-
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inflammatory mediator based on its capacity to dampen the Th17 response. 

Indeed, IL-38 was shown to regulate IL-17 and IL-22 production after binding to 

IL-36R under C.albicans stimulation, showing opposite effects to IL-36 but similar 

to IL-36Ra95. Further studies then characterised IL-38 to be released from 

apoptotic cells to limit inflammatory macrophages and downstream T lymphocyte 

IL-17 production by blocking X-linked IL-1 receptor accessory protein-like 1 (IL-

1RAPL1) signalling30. It appeared that N-terminally truncated IL-38 has the 

highest capacity to regulate IL-17 production by T cells31. In general, IL-38 

polymorphisms are associated with increased susceptibility for auto-inflammatory 

and autoimmune diseases such as psoriasis, spondyloarthritis, rheumatoid 

arthritis (RA)96, psoriatic31 and systemic-lupus-erythematosus (SLE)97, but its role 

in those diseases remained obscure. Recent studies are putting their interest in 

the role of IL-38 within the CNS. IL-38 was shown to regulate the inflammatory 

status of microglial cells, being resident macrophages of the CNS98. 

 

3.3 Volte-face of the immune system: auto-inflammation and 

autoimmunity 

While the immune system is primed to maintain the organism integrity by reacting 

to non-self pathogens or dying cells to avoid infection and inflammation, it 

sometimes reacts against its own cells. Indeed, in some cases, the immune 

system is turning against its own healthy cells and tissues, leading to severe 

damages. Autoimmunity is most of the time associated with either loss of immune 

tolerance99 or immunodeficiency100. So far, at least 80 types of autoimmune 

diseases have been described and they are classified in two subclasses, the 

systemic and the local autoimmune diseases101,102. Moreover, autoimmune 

diseases are described to exist at two levels, low-level and high-level of 

autoimmunity. 

Low-level autoimmunity: 

Low-level autoimmunity is often known to be beneficial. Indeed, some individuals 

who encountered only a few pathogens before will react more efficiently to new 

pathogens in case of low-level autoimmunity compared to individuals without103.  

High-level autoimmunity: 
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While low-level autoimmunity presents beneficial characteristics for individual, 

high-level of autoimmunity is known to be detrimental and can lead to severe 

symptoms and damages but also to death in some cases.  

3.3.1 Pathogenesis of autoimmunity 

The pathogenesis of autoimmunity can most of the time be associated to one or 

many cell type. The two main pathogenic cell type involved in autoimmunity are 

generally the B cells and the T cells. B cells are known to differentiate into plasma 

cells and produce a large quantity of antibodies. Most of the time, this is regulated 

by T cells, in order to control their activation and antibody production. In case of 

autoimmunity, B cells can be activated by microbial pathogens acting like super-

antigens, inducing the polyclonal production of antibodies104,105. In certain cases, 

they can also present self-antigens to T cells, making them become autoreactive 

against self-components106,107. While T cells usually patrol the organism to control 

and fight against pathogens, overactivation toward autoantigens will make them 

produce large quantities of cytokines (Th1 or Th2 cytokines), being deleterious 

for tissues.  

3.3.2 General examples of autoimmune diseases 

Multiple sclerosis 

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system 

(CNS) caused by an autoimmune response to self-antigens present in the myelin 

sheath of axons108. MS is characterised by progressive neuronal degeneration 

and the invasion of inflammatory cells from the circulation across the blood-brain 

barrier (BBB) into the CNS. Depending on the affected CNS areas, clinical 

symptoms vary from changes in vision to paralysis. 

A specific cause for this pathology is still unknown, MS being a multifactorial, 

genetically as well as environmentally influenced disease. However, inflammation 

is a key driver of tissue damage in MS, which requires peripheral immune cell 

infiltration into the CNS109. The CNS is an immune privileged site, where entry of 

external immune cells is tightly controlled by the BBB110,111. When the BBB is 

disturbed, immune cells enter the CNS and cause neuronal damage. Both innate 

and adaptive immune cells are involved in the initiation and progression of MS. 

Antigen presenting cells (APCs), such as dendritic cells and macrophages, 

trigger activation and proliferation of T cells and, consequently, B cells112. Th cells 
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were early identified as drivers of the disease, depending on their polarisation. 

While Th1 and Th17 cells promote disease progression, Th2 responses promote 

recovery113. Additionally, Tregs are impaired during MS. With lower levels of 

Tregs, immunosuppression of pathological cells fails, consequently leading to 

disease aggravation114. Cytotoxic T cells participate in disease progression by 

killing oligodendrocytes and other glial cells, and by promoting vascular cell 

death115, enhancing BBB disruption. B cells produce antibodies against 

autoantigens, such as the myelin oligodendrocyte glycoprotein (MOG). Antibody-

binding to autoantigens drives site-directed activation of local (microglia) and 

recruited macrophages to aggravate disease116. Local macrophage activation 

further enhances recruitment of inflammatory cells, such as neutrophils and T 

cells. In addition, activated macrophages create a pro-inflammatory environment 

by releasing mediators such as TNF-α, IL-6, reactive oxygen species, and 

others117, which directly promote axonal damage. 
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3.4 Aims of the studies 

The general goal of my studies was to evaluate the role of IL-38 in the 

resolution of inflammation. IL-38 was described to have anti-inflammatory 

functions and showed itself as a potential mediator of resolution in the self-

resolving IMQ-induced psoriasis. Moreover, IL-38 polymorphisms are associated 

with susceptibility for auto-inflammation and autoimmunity, but its role in IL-17-

driven inflammation remains to be elucidated in vivo. 

To investigate the possible pro-resolving function of IL-38, the murine 

zymosan-induced peritonitis model, which is a standard model of acute self-

resolving inflammation, was used in WT and IL-38 KO mice. Inflammation was 

studied at its onset, the initiation of resolution and the resolution phase itself. The 

main outcome of the study was a delayed resolution of inflammation and lower 

levels of Tregs in the IL-38 KO. Based on this finding, the role of IL-38 in Treg 

homeostasis was investigated by measuring its influence on Treg induction, 

generation and egression.  

Knowing now that IL-38 dampens inflammation, more particularly IL-17, 

we decided to investigate its role in an IL-17-driven autoimmune disease that was 

not previously connected to IL-38 signalling, namely multiple sclerosis (MS). This 

was done using the experimental autoimmune encephalomyelitis (EAE) mouse 

model in WT and IL-38 KO mice. Besides clinical manifestations, molecular 

mechanisms of disease development and progression were investigated, with a 

focus on macrophage phenotypes.  

Since IL-38 is, at steady-state, only expressed by epithelial cell and B cells, 

we started to investigate the role of IL-38 in B cell biology, with a focus on  

antibody/autoantibody production. This was evaluated in vivo in WT and IL-38 

KO mice and in vitro in human B cells by adding or silencing IL-38. Autoantibody 

production was evaluated using the IL-18-induced autoantibody production 

model, in WT and IL-38 KO mice. 

Overall, the aim of these studies was to understand the contribution of IL-38 in 

resolution versus chronification of inflammatory reactions.  

. 
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4 Material and Methods 

4.1 Material 

4.1.1 Cells 

Primary human peripheral blood mononuclear cells (PBMC) 

Primary human PBMC were isolated from buffy coats of anonymous donors 

obtained from DRK-Blutspendedienst Baden-Württemberg-Hessen, Institut für 

Transfusionsmedizin und Immunhämatologie, Frankfurt am Main. 

Primary murine bone marrow derived macrophages (BMDM) 

Primary murine BMDM were isolated from WT and IL-38 KO mice legs (femur + 

tibia). 

Primary murine splenocytes and thymocytes 

Primary murine splenocytes were isolated from WT and IL-38 KO mice spleen 

and primary murine thymocytes were isolated from WT and IL-38 KO thymus. 

4.1.2  Mice 

The IL-38 knockout mouse strain, B6:129S5-Il1f10tm1Lex/Mmucd, identification 

number 032391-UCD, was obtained from the Mutant Mouse Regional Resource 

Centre, a NIH funded strain repository, and was donated to the MMRRC by 

Genentech, Inc. They were backcrossed into the C57/BL6 background for at least 

10 generations. Littermates were used to generate colonies and mice in these 

colonies were used until the F3 generation. WT mice are from a C57/BL6 

background. Furthermore, additional genotyping via polymerase-chain-reaction 

analysis was carried out to ensure the adequate genotype of each animal. The 

genotype was verified using the protocol provided by the supplier of the mice. 

Their allocation to the home cages happened in a randomised order, but 

genotypes were kept separately. All animals were housed in groups of 2 mice per 

cage (Green Line, Tecniplast, Hohenpeissenberg, Germany) with free access to 

food and tap water. In the colony room, constant temperature (20-24°C) and 

humidity (45-65%) conditions as well as a 12/12 h dark/light cycle (on 07.00/off 
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19.00) were provided. The pathogen-free status of the maintenance room was 

regularly monitored using sentinel mice. All experimental procedures were 

carried out in accordance with the Principles of Laboratory Animal Care (NIH 

publication no. 86-23, revised 1985), the DIRECTIVE 2010/63/EU and the 

regulations of GV-SOLAS and were approved by the local Ethics Committee for 

Animal Research (Darmstadt, Germany, FU/1059, FU/1201, FU/1266). 

4.1.3 Stimulants 

Table II: Stimulants 

Substance Provider 

Zymosan A Merck (Darmstadt) 

LPS Merck (Darmstadt) 

rm IFN-γ ImmunoTools GmBH (Friesoythe) 

CD3/CD28 
ThermoFisher Scientific GmbH 

(Dreieich) 

MOG35-55/CFA Emulsion PTX 5X Hooke laboratories, Inc. (USA) 

rh CD40L ImmunoTools GmBH (Friesoythe) 

rh ODN Invivogen (France) 

rh IL-2 ImmunoTools GmBH (Friesoythe) 

rh IL-10 ImmunoTools GmBH (Friesoythe) 

rh IL-15 ImmunoTools GmBH (Friesoythe) 

rh IL-6 ImmunoTools GmBH (Friesoythe) 
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rh IFN-α ImmunoTools GmBH (Friesoythe) 

rm IL-2 ImmunoTools GmBH (Friesoythe) 

Rec IL-38 7-152 Fraunhofer 

 

4.1.4 Chemicals and kits 

Table III: Chemicals and kits 

Chemical/kit Provider 

SYBR™ Select Master Mix 
ThermoFisher Scientific GmbH 

(Dreieich) 

Collagenase D Merck (Darmstadt) 

DNase I Merck (Darmstadt) 

Fc Blocking reagent 
Miltenyi Biotec GmbH (Bergisch 

Gladbach) 

Foxp3 / Transcription Factor 

Staining Buffer Set 

ThermoFisher Scientific GmbH 

(Dreieich) 

peqGOLD RNAPure™ 
PeqLab Biotechnologie GmbH 

(Erlangen) 

Maxima® First Strand cDNA 

Synthesis Kit 

ThermoFisher Scientific GmbH 

(Dreieich) 

DMEM Medium 
ThermoFisher Scientific GmbH 

(Dreieich) 

RPMI 1640 medium 
ThermoFisher Scientific GmbH 

(Dreieich) 

IMDM Medium 
ThermoFisher Scientific GmbH 

(Dreieich) 

Penincilin/Streptomiycin 
ThermoFisher Scientific GmbH 

(Dreieich) 
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MEM non-essential amino acids 
ThermoFisher Scientific GmbH 

(Dreieich) 

Sodium Piruvate Merck (Darmstadt) 

HEPES buffer solution 
ThermoFisher Scientific GmbH 

(Dreieich) 

Opal Automation Multiplex IHC 

Detection Kits 
Akoya Biosciences® (USA) 

Mouse flex set Kit (IL-17A, IL-6, IL-

1β, IFN-γ) 
BD Biosciences GmbH (Heidelberg) 

DC™ Protein Assay Kit Bio-Rad Laboratories GmbH (Munich) 

Formaldehyde solution 4%, 

buffered, pH 6.9 
Merck (Darmstadt) 

(mouse) anti-IgG ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(mouse) anti-IgM ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(mouse) anti-IgA ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(human) anti-IgG ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(human) anti-IgM ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(human) anti-IgA ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

Albumin methylated from bovine 

serum 
Merck (Darmstadt) 

DNA (Calf Thymus), activated Merck (Darmstadt) 

(mouse) anti-TGFβ1 ELISA kit 
ThermoFisher Scientific GmbH 

(Dreieich) 

(mouse) anti-MOG35-55 ELISA kit Anaspec, Inc. (USA) 



MATERIAL AND METHODS 

23 

EasySep™ Human B Cell Isolation 

Kit 

STEMCELL Technologies SARL 

(France) 

EasySep™ Mouse CD4+ T Cell 

Isolation Kit 

STEMCELL Technologies SARL 

(France) 

EasySep™ Mouse Neutrophil 

Enrichment Kit 

STEMCELL Technologies SARL 

(France) 

RNAScope® Multiplex Fluorescent 

V2 kit 
ACD Biotechnologies (USA) 

 

4.1.5 Antibodies 

Table IV: Antibodies 

Antibodies Provider 
Applicatio

n 
Dilution 

Anti-CD3e PE-CF594 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 
FACS 1:66 

Anti-CD4 BV711 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 
FACS 1:100 

Anti-CD8 BV650 

(mouse) 
BioLegend (UK) FACS 1:200 

Anti-CD11b BV605 

(mouse) 
BioLegend (UK) FACS 1:200 

Anti-CD11c AF700 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 
FACS 1:66 

Anti-CD19 

APC/Fire750 (mouse) 
BioLegend (UK) 

FACS 
1:100 

Anti-CD38 BV510 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 

FACS 
1:500 

Anti-CD45 Vioblue 

(mouse) 

Miltenyi Biotec GmbH 

(Bergisch Gladbach) 

FACS 
1:50 

Anti-MHCII APC 

(mouse) 
BioLegend (UK) 

FACS 
1:50 
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Anti-GITR FITC 

(mouse) 
BioLegend (UK) 

FACS 
1:100 

Anti- γδ TCR APC 

(mouse) 
BioLegend (UK) 

FACS 
1:100 

Anti-Ly6C PerCP-

Cy5.5 (mouse) 
BioLegend (UK) 

FACS 
1:100 

Anti-Ly6G APC/Cy7 

(mouse) 
BioLegend (UK) 

FACS 
1:66 

Anti-NK1.1 AF700 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 

FACS 
1:66 

Anti-CD25 PE/Cy7 

(mouse) 
BioLegend (UK) 

FACS 
1:200 

Anti-MerTK PE/Cy7 

(mouse) 

ThermoFisher Scientific 

GmbH (Dreieich) 

FACS 
1:200 

Anti-F4/80 PE/Cy7 

(mouse) 
BioLegend (UK) 

FACS 
1:100 

Anti-CD62L APC/Cy7 

(mouse) 
BioLegend (UK) 

FACS 
1:50 

Anti-FoxP3 PE 

(mouse) 

ThermoFisher Scientific 

GmbH (Dreieich) 

FACS 
1:50 

Anti-CD138 PE 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 

FACS 
1:200 

Anti-CD115 PE 

(mouse) 
BioLegend (UK) 

FACS 
1:200 

Anti-CD117 PE/Cy7 

(mouse) 
BioLegend (UK) 

FACS 
1:200 

Anti-NK1.1 FITC 

(mouse) 
BioLegend (UK) 

FACS 
1:50 

Anti-B220 FITC 

(mouse) 

ImmunoTools GmBH 

(Friesoythe) 

FACS 
1:50 

Anti-CD135 APC 

(mouse) 

BD Biosciences GmbH 

(Heidelberg) 

FACS 
1:100 
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Anti-CD16/32 BV711 

(mouse) 
BioLegend (UK) 

FACS 
1:50 

Anti-HLA-DR FITC 

(mouse) 

Miltenyi Biotec GmbH 

(Bergisch Gladbach) 

FACS 
1:50 

Anti-CD127 FITC 

(mouse) 

ThermoFisher Scientific 

GmbH (Dreieich) 

FACS 
1:50 

Anti-TER119 FITC 

(mouse) 

Miltenyi Biotec GmbH 

(Bergisch Gladbach) 

FACS 
1:100 

Anti-CD3e FITC 

(mouse) 

ImmunoTools GmBH 

(Friesoythe) 

FACS 
1:50 

Anti-F4/80 FITC 

(mouse) 

Miltenyi Biotec GmbH 

(Bergisch Gladbach) 

FACS 
1:50 

Anti-IL38 (human) 
ThermoFisher Scientific 

GmbH (Dreieich) 
IHC 1:1000 

Anti-CD138 (human) Abcam (UK) IHC 1:250 

Anti-PanCK (human) Abcam (UK) IHC 1:200 

Anti-CD20 (human) Abcam (UK) IHC 1:75 

Anti-Iba1 (mouse) 

FUJIFILM Wako Pure 

Chemical Corporation 

Europe GmBH (Neuss) 

IHC 

1:500 

Anti-F4/80 (mouse) 
Bio-Rad Laboratories 

GmbH (Munich) 

IHC 
1:200 

Anti-NeuN (mouse) 
ThermoFisher Scientific 

GmbH (Dreieich) 

IHC 
1:500 

Anti-MBP (mouse) Abcam (UK) IHC 1:500 

 

4.1.6 Oligonucleotides 

Table V: Mouse qPCR primers (Biomers GmBH, Ulm)  

Mouse 

cytokin

es 

 

Forward 

 

Reverse 
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Tnfa CTGAACTTCGGGGTGATCGG 
GGCTTGTCACTCGAATTTTGAG

A 

Tgfb1 GGACTCTCCACCTGCAAGAC GACTGGCGAGCCTTAGTTTG 

Tgfb2 
TCGACATGGATCAGTTTATGC

G 
CCCTGGTACTGTTGTAGATGGA 

Il10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG 

Il38 AGAGTGAACCCTCCACCCAT AAGATCTCAGACTGGGGGCA 

Ptgs2 CGTGGAGTCCGCTTTACAGA CCTTCGTGAGCAGAGTCCTG 

Anxa1 AAGCAGGCCCGTTTTCTTGAA GCAACATCCGAGGATACATTGA 

Alox15 
TGGAAGGACGGGTTAATTCTG

A 
GCGAAACCTCAAAGTCAACTCT 

Mertk TGCGTTTAATCACACCATTGGA TGCCCCGAGCAATTCCTTTC 

Rps27a GACCCTTACGGGGAAAACCAT AAGATCTCAGACTGGGGGCA 

 
Table VI: RNAscope probes (ACD Biotechnologies (USA)) 

Probe name 

Mm IL1F10 

Mm Mertk 

3-Plex positive 

DapB 

 

4.1.7 Consumables 

Table VII: Consumables 

Material Provider 

PCR plates 
ThermoFisher Scientific GmbH 

(Dreieich) 

Eppendorf Cups Eppendorf GmbH (Hamburg) 

FACS tube Sarstedt AG & Co. (Nürnbrecht) 

Pipet tips Eppendorf GmbH (Hamburg) 
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Strainers 
Greiner Bio-One GmbH 

(Frickenhausen) 

35-µm sterile Medicons BD Biosciences GmbH (Heidelberg) 

Plastic material cell culture  
Greiner Bio-One GmbH 

(Frickenhausen) 

ELISA plates (high binding)  
Greiner Bio-One GmbH 

(Frickenhausen) 

4.1.8 Instruments and software 

Table VIII: Instruments 

Instruments Provider 

LSRII Fortessa BD Biosciences GmbH (Heidelberg) 

Quantstudio 5 
ThermoFisher Scientific GmbH 

(Dreieich) 

Apollo-1 LB 911 photometer 
Berthold Technologies GmbH & Co. 

KG (Bad Wildbad) 

Vectra polaris  Akoya Biosciences® (USA) 

Centrifuge 5415 R and 5810 R Eppendorf GmbH (Hamburg) 

NanoDrop ND-1000 
Peqlab Biotechnologie GmbH 

(Erlangen) 

Mastercycler Eppendorf GmbH (Hamburg) 

Milipore water pure system Merk (Darmstadt) 

Zeiss LSM800 Zeiss (Oberkochen) 

Pipettes Eppendorf GmbH (Hamburg) 

Dissociator 
Miltenyi Biotec GmbH (Bergisch 

Gladbach) 

HybEZ II oven  ACD Biotechnologies (USA) 
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Autostainer Leica Bond RX Leica Biosystems (Nußloch) 

CASY® Schärfe System GmbH (Reutlingen) 

Autoclave HV 85 BPW GmbH (Süssen) 

 

Table IX: Software 

Softwares Provider 

FACS Diva BD Biosciences GmbH (Heidelberg) 

FlowJo V10 FlowJo (Ashland, USA) 

FCAP array BD Biosciences GmbH (Heidelberg) 

Inform Akoya Biosciences® (USA) 

Phenocharts Akoya Biosciences® (USA) 

QuantStudio™ Design & Analysis 

Software 

ThermoFisher Scientific GmbH 

(Dreieich) 

Vectra 3. Akoya Biosciences® (USA) 

Graphpad Prism 8 GraphPad Software (La Jolla, USA) 

Photo Read V1.2.0.0 
Berthold Technologies GmbH & Co. 

KG (Bad Wildbad) 

ND-1000 V3.2.1 
Peqlab Biotechnologie GmbH 

(Erlangen) 

Citavi 
Swiss Academic Software 

(Switzerland) 

Microsoft office 
Mikrosoft Deutschland GmbH 

(Unterschleißheim) 

Corel draw 2019 Corel Cooperation (Ottawa, Canada) 

Zeiss Zen lite Zeiss (Oberkochen) 
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4.2 Methods 

Buffers and Solutions used for experimental procedures are listed and described 

in 4.2.7. 

4.2.1 Mice & treatments 

All mouse experiments were approved by and followed the guidelines of the 

Hessian animal care and use committee (FU/1059, FU/1201, FU/1266).  

4.2.1.1 Zymosan-induced peritonitis model  

The zymosan-induced peritonitis mouse model is a well established model of 

resolving inflammation. It is triggered by i.p. injection of 10mg/kg of body weight 

of zymosan A (Merck, Darmstadt). Time points of analysis were 1, 3 or 6 days 

after initial zymosan injection.  

4.2.1.2 Experimental autoimmune encephalomyelitis 

EAE was induced in 8-12 weeks old WT and IL-38 KO female mice. Mice were 

acclimated for at least 7 days prior to immunisation. Subcutaneous immunisation 

with MOG35-55 peptide emulsified with Complete Freund’s Adjuvant (CFA), 

followed by intraperitoneal administration of Pertussis Toxin (PTX) 2h and 22h 

after immunisation (Hooke Kit™ MOG35–55/CFA Emulsion PTX (EK-0115)) was 

performed. For details see supplementary methods. From one week after 

immunisation, mice were examined daily for body weight and clinical scores were 

assigned as follows: 0, no paralysis; 0.5, distal end of the tail is paralysed; 1, full 

tail paralysis; 1.5, mild weakness of one of the hind limbs; 2, clear weakness of 

one of the hind limbs; 2.5, mild incomplete paralysis of both hind limbs; 3, full 

paralysis of both hind limbs; 3.5, additional incomplete paralysis of one forelimb; 

4, hind limb and forelimb paralysis. 

4.2.1.3 IL-18-induced autoantibody production model 

The IL-18-induced autoantibody production model was performed as previously 

decribed. 2 µg of recombinant IL-18 (Biolegend, UK) was injected.i.p. for 6 or 10 

consecutive days in 8-12 weeks old WT and IL-38 KO male and female mice. 

Mice were sacrificed at day 6 or day 12.  



MATERIAL AND METHODS 

30 

4.2.1.4 IL-38-induced thymic Treg migration model 

1 mg/kg of body weight of recombinant IL-387-152 (in-house production31) vehicle 

control (NaCl) was injected i.p. in 8-12 weeks old WT and IL-38 KO male and 

female mice. Mice were sacrificed after 24h and blood, as well as primary and 

secondary lymphatic organs were harvested. 

4.2.2 Cell preparation and in vitro systems 

4.2.2.1 Cell preparation 

Organs cell preparation 

Single cell suspensions from mouse spleen, thymus, blood and lymph nodes 

were generated by mechanical dissociation with syringe plunger through a 70-

µm cell strainer on a 50 ml falcon. Syringe plunger and cell strainer were flushed 

with PBS. Obtained cells were then filtered with and 35-µm sterile Medicons 

followed by centrifugation (500 x g, 5 min, 4°C). Sequentially, supernatant was 

discarded and cell pellet was re-suspended in 4 ml red blood cell lysis buffer for 

5 min. Lysis process was stopped by adding 10 ml PBS followed by centrifugation 

(1300 rpm, 6 min, 4°C). 

 

Mouse BMDM preparation and differentiation 

Bone marrow cells were isolated from WT and IL-38 KO mice by flushing both 

tibia and femur using PBS in a 15 ml falcon. Obtained cells were then centrifuged 

(500 x g, 5 min, 4°C). Sequentially, supernatant was discarded and cell pellet 

was re-suspended in 4 ml red blood cell lysis buffer for 5 min. Lysis process was 

stopped by adding 10 ml PBS followed by centrifugation (1300 rpm, 6 min, 4°C). 

Cells were then re-suspended in medium and 2.106 cells per well were seeded in 

a 12-well plate. BMDM were differentiated in DMEM supplemented with 20 ng/ml 

of both M-CSF and GM-CSF for 7 days. 

4.2.2.2 In vitro systems 

Efferocytosis assay 

BMDM from WT and IL-38 KO mice were generated as described above (4.2.2.1). 

Cells were seeded in a 12-well plate and exposed to zymosan-activated 
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neutrophils from WT and IL-38 KO. Neutrophils were isolated using magnetic 

sorting (Stemcell) and incubated 1h30 with 30 µg/ml at 37°C. Neutrophils were 

then co-culture with macrophages for 48h as follow: WT macrophages without 

neutrophils (control), WT macrophages with WT neutrophils (full IL-38 setup), WT 

macrophages with IL-38 KO neutrophils and IL-38 KO macrophages without 

neutrophils (control), IL-38 KO macrophages with IL-38 KO neutrophils (full KO 

setup), IL-38 KO macrophages with WT neutrophils.  

Macrophages polarisation 

BMDM from WT and IL-38 KO mice were generated as described above (4.2.2.1). 

Cells were seeded in a 12-well plate and were stimulated with 1 μg/ml LPS and 

10 ng/ml murine IFNγ for 24 h. 

Treg induction assay 

Splenocytes from WT and IL-38 KO mice spleen were isolated as described 

above (4.2.2.1) and CD4+ naïve T cells were isolated using magnetic sorting 

(Stemcell). 5.105 cells per well were seeded in T cell medium in a 24-well plate. 

All cells were activated using anti-CD3/CD28 beads (Thermofisher). Cells from 

both WT and IL-38 KO mice were co-culture with IL-2 (50µg/ml) and the 

efferocytosis assay supernatant: with WT/WT or WT/KO of KO/KO or KO/WT 

supernatant. Controls without IL-2 and with only IL-2 were done. 

4.2.3 Cytokine quantification  

4.2.3.1 Cytometric beads array 

IL-17A, TNF-α, IL-6, IFN-γ and IL-1β concentrations in the supernatants collected 

from the two settings in vitro were quantified using Cytometric Bead Array Flex 

Sets (BD Biosciences). Mouse skin samples were ground into a fine powder in 

liquid nitrogen followed by transferring into 1.5 ml Eppendorf cup and adding 2x 

PBS (volume is equivalent to 2x corresponding mass). All Eppendorf cups were 

placed on the roller for 4 h at 4°C followed by centrifugation (12000 x g, 10 min, 

4°C) and supernatant collection. Extracellular IL-17A, IL-23, IL-6 and IL-1ß 

protein levels in the supernatants of mouse skin samples were also measured by 

Cytometric Bead Array Flex Sets (BD Biosciences). Samples were acquired with 
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a LSR Fortessa flow cytometer (BD Biosciences) and data were analysed by BD 

Biosciences FCAP software (V1.0.1). 

4.2.3.2 ELISA 

Plasmatic human and mouse IgG, IgM and IgA levels in WT mice, IL-38 KO mice 

and B cell supernatant were evaluated using specific ELISA kits for each isotypes 

according to the manufacturer protocol (ThermoFisher Scientific GmbH 

(Dreieich)). In brief, 96-well plates were coated with anti-human IgG, IgM, IgA or 

with anti-mouse IgG, IgM, IgA (1:250). Unspecific sites blocking step was 

performed for 30 minutes at 37°C in assay buffer A (2x). Mouse plasma or 

supernatant were diluted in assay buffer A (1x), added to wells, followed by a 2-

fold serial dilution, and incubated for 2 hours at 37°C. After washing with 0.005% 

tween PBS, wells were incubated at 37°C for 1h with the corresponding 

secondary HRP-coupled antibody (1:250). After washing, HRP activity was 

developed with TMB substrate and stopped with 2N H2SO4. Absorbance was 

measured at 450 nm normalised to 560 nm. Immunoglobulin concentrations were 

calculated using standard calibration curves. 

4.2.4 Flow cytometry 

Single cell suspensions were treated with FcR blocking reagent (Miltenyi Biotec) 

in 0.5% PBS-BSA for 10 min followed by the staining with the antibody mix for 20 

min at 4°C in the dark (Table IV). Samples were acquired with a LSR II Fortessa 

flow cytometer (BD Biosciences) and data were analysed with FlowJo software. 

4.2.4.1 Intracellular staining 

Cells were subsequently incubated with FcR blocking reagent  for 10 min on ice 

in dark and stained with cell surface markers as previously showed (4.2.4 and 

Table IV). Thereafter, cells were subjected to fixation/permeabilisation 

(eBiosciences) for 40 min, vortexing every 5 min and washing with 1x 

permeabilisation buffer (eBiosciences) followed by centrifugation (1000 x g, 

5 min, 4°C). Cell pellets were then resuspended in FcR blocking reagent in the 

same way, stained with a second antibody mix as previously explained (4.2.4 and 

Table IV) and incubated for 30 min at 4°C in the dark. All samples were then 
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washed with FACS flow and centrifuged (500 x g, 5 min, 4°C), followed by 

resuspending the cells in FACS flow 

4.2.5 mRNA expression analysis 

4.2.5.1  RNA isolation  

1 ml peqGold RNAPure™ (Peqlab Biotechnologie) was added on grinded flash 

frozen spinal cord or directly on adherent macrophages. Then, 200 µl of 

chloroform was added, followed by vortexing thoroughly and incubation at room 

temperature for 5 min. Subsequently, samples were centrifuged at 12,000 x g for 

10 min to separate the RNA containing water phase from the phenol- and inter-

phase. To precipitate RNA, 0.5 ml 2-propanol was added to the collected water 

phase, incubated for 20 min at 4°C or overnight at -20°C and centrifuged 

(12,000 x g, 15 min, 4°C). Precipitated RNA was washed twice with 75% ethanol 

in DEPC-H2O, dried (5 min, 70°C) and finally dissolved in 20-50 µl DEPC-H2O for 

30 min at 60°C. RNA concentration was determined using the NanoDrop ND-

1000 and optical density (OD) at 260 nm. An OD260 of 1 is equivalent to 40 ng/µl 

RNA.  

4.2.5.2 Reverse transcription 

To determine the amount of specific RNA transcripts, reverse transcription was 

performed according to the provided manual using the Maxima® cDNA Synthesis 

Kit. In brief, 1 µg of isolated mRNA was mixed with 4 µl 5 x reaction mix, 2 µl 

Maxima® reverse transcriptase and nuclease-free H2O was added to 20 µl. The 

reaction mix was incubated for 10 min at 25°C, 30 min at 50°C and finally 5 min 

at 85°C for inactivation of the enzyme. The resulting cDNA was diluted to 1 

µg/100 µl.  

4.2.5.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 

For qRT-PCR, 2 µl of cDNA was used and mixed with either 0.5 µl QuantiTect 

Primer Assay or 0.25 µl forward and reverse primer (5 µM) each, 5 µl Absolute™ 

qPCR SYBR ® Green Fluorescein Mix and 2.5 µl with RNase free H2O. The 

mixtures were transferred to a qRT-PCR compatible plate. The plate was briefly 

centrifuged and sealed with BZO Seal Film, an optical adhesive seal. qRT-PCR 
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was performed using the MyiQ Single-Color Real-time PCR Detection System 

and the following thermal cycling program.  

 

Enzyme activation:          95°C, 15 min 

Denaturation:          95°C, 15 s 

Annealing:    60°C, 30 s 35 – 45 cycles 

Extension:           72°C, 30 s 

To confirm specificity of the multiplication, a melting curve was created using the 

following program:  

Denaturation:     95°C, 30 s 

Starting temperature:              60°C, 30 s 

Melting step:     60°C, 10 s, + 0.5°C per cycle, 80 cycles 

 

4.2.6 Multiplex immunofluorescence 

Spinal cord and tonsil samples were fixed in 4% formaldehyde (Merck) for 4 h at 

room temperature and subjected to dehydration and embedding in paraffin. 

Subsequently, skin samples were sectioned into 4 µm-thick slices and dried at 

37°C overnight. 

The Opal Automation Multiplex IHC Detection Kits (Akoya Biosciences) were 

used according to the manufacturer’s instructions. The staining was done using 

the Bond RX Autostainer (Leica). In brief, sections were dewaxed with xylene (3 

x 10min) and rehydrated through a graded series of ethanol solution (100% 1 x 

10 min; 95% 1 x 10 min; and rinse in 70%). After rehydration, the slides were 

fixed in 10% neutral buffered formalin for 20min，followed by rinsing in distilled 

water again, and antigen retrieval was performed with either AR6 or AR9 buffer. 

Slides were then washed with wash buffer, blocked with 10% FCS in 0.5% 

Triton/PBS, incubated with primary/secondary antibodies, and washed (3 x 5 min) 

after each incubation step. Opal signal generation was then performed by adding 
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opal fluorophore working solution and incubating for 10 min followed by a new 

cooking step with AR6 or AR9 to remove primary and secondary antibodies. 

Finally, the slides were prepared for the next antibody introduction after rinsing in 

distilled water and TBST for 2 min of each. Slides were stained with primary and 

secondary antibodies mentioned above (Table IV). 

The Vectra® Polaris™ Automated Quantitative Pathology Imaging System 

featuring MOTiF™ (Akoya Biosciences) or the Zeiss LSM800 (Zeiss) were used 

for image acquisition and InForm software (Akoya Biosciences) was used to 

score the relative abundance of cells expressing a certain marker protein upon 

tissue segmentation.  

4.2.6.1 RNAscope in situ hybridisation  

In situ hybridisation by RNAscope technique was performed according to the 

manufacturer’s instructions (ACD Biosciences). 4µm thick sections were 

deparaffinised and treated with H2O2 followed by antigen retrieval and protease 

treatment according to the RNAscope Multiplex Fluorescent v2 assay kit’s 

instructions. For murine spinal cord sections, probes to Mm-IL1F10, Mm-MerTK 

and positive/negative controls (probe 3-plex (POLR2A; PPIB; UBC) ACD/3-plex 

negative control probe (DapB)) were used. Probes were hybridised for 2 h 

followed by 3 amplification steps. The signal was detected with RNAscope® 

Multiplex fluorescent Detection reagent kit v2 using Opal dyes (Akoya 

Biosciences). Following RNAscope, spinal cord sections were stained using the 

Opal staining system according to the manufacturer’s instructions (Akoya 

Biosciences) using antibody against murine Iba1 (Fujifilm). Nuclei were 

counterstained with DAPI. The Vectra® Polaris™ Automated Quantitative 

Pathology Imaging System featuring MOTiF™ (Akoya Biosciences) was used for 

image acquisition and InForm software (Akoya Biosciences) was used to score 

the relative abundance of cells expressing a certain marker protein upon tissue 

segmentation.  

 

4.2.7 Buffer preparation 

Phosphate buffered saline (PBS)                                Leukcocyte washing 

buffer 
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NaCl                             137 mM                                     EDTA                            2mM 

KCl                                       2.7 mM                                                   in PBS 

Na2HPO4                       8.1 Mm 

KH2PO4                         1.5 Mm 

pH                           7.4 

 

1 x TBS                                                                             TBST (WB) 

Tris/HCl                        50 Mm                                           1 x TBS 

NaCl                           140 mM                                          Tween-20      0.05% 

(v/v) 

pH                                  7.4 

 

TBST (IHC) 

Tris/HCl PH7.5            25 mM 

NaCl                           150 mM 

Tween-20                 0.05% (v/v) 
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5 Results 

5.1 IL-38 KO mice showed delayed resolution in the zymosan-

induced peritonitis model 

To study resolution of inflammation, the zymosan-induced peritonitis model was 

used in WT and IL-38 KO mice. Immune cell infiltrate, cytokine profile and cellular 

phenotype were evaluated at day 0, day 1, day 3 and day 6 in order to evaluate 

the efficiency of the resolution phase (Fig. 1). 

Figure 1 – Experimental setup of the zymosan-induced peritonitis model 

 

Figure 2 – Pro-resolving treatment and expected phenotype in IL-38 KO mice.  

Adapted from Fullerton & Gilroy, Nat. Rev. Drug. Discov. 2016118 
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Figure 3 – Gating strategy of the peritoneal cavity.  

First, viable cells and cell doublets were discriminated by their SSC and FSC characteristics. 

Single cells were further classified as NK cells (NK1.1+ MHCII- CD3e-), NKT cells (CD11c- 

NK1.1+ CD3e+ ), DCs (CD11c+ CD11b+ MHCII+), cDCs (CD11c+ CD11b+ MHCII+ Ly6C- 

SiglecH-), neutrophils (CD45+ CD11c- NK1.1- Ly-6G+ CD11b+ F4/80- MerTK- MHCII-), 

monocytes (CD45+ CD11c- NK1.1-CD11b+ MHCII- Ly-6G- F4/80- MerTK- Ly6C- and CD45+ 

CD11c- NK1.1- CD11b+ MHCII- Ly-6G- F4/80- MerTK- Ly6C+), macrophages (CD45+ CD11c- 

NK1.1-CD11b+ MHCII- Ly-6G- F4/80+ MerTK+ Ly6C-), B cells (CD45+ CD11c- NK1.1- CD11b- 

CD19+ CD3-), T cells (CD45+ CD11c- NK1.1- CD11b- CD19- CD3+), T helper cells (CD45+ 

CD11c- NK1.1- CD11b- CD19- CD3+ CD4+), , regulatory T cells (Tregs, CD45+ CD11c- NK1.1- 

CD11b- CD19- CD3+ CD4+ GITR+) and cytotoxic T cells (CD45+ CD11c- NK1.1- CD11b- CD19- 
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CD3+ CD8+), γδ T cells (CD45+ CD11c- NK1.1- CD11b- CD19- CD3+ CD4- CD8- gdTCR+). 

Representative contour plots from a WT day 6 peritonitis peritoneal cavity are shown. 

While a pro-resolving treatment is shortening the resolution of inflammation, the 

expected consequence of IL-38 removal, based on previous data on IL-38, was 

a delay of the resolution of inflammation compared to WT mice expressing IL-38 

(Fig. 2). 

5.1.1 Persistent neutrophilia at the resolution phase 

Following the stimulation with zymosan, the first cells recruited to the site of 

inflammation are neutrophils. Zymosan-induced peritonitis was induced in WT 

and IL-38 KO mice and neutrophil levels in the peritoneal cavity were evaluated 

using flow cytometry, following the same gating strategy for all samples (Fig. 3). 

We observed that neutrophil levels were unchanged at day 0, day 1 and day 3 

between WT and IL-38 KO mice (Fig. 4). While neutrophil levels decreased in WT 

mice at day 6, they were significantly higher in IL-38 KO. Indeed, persistent 

neutrophilia is a marker of a delayed resolution of inflammation. 

 

Figure 4 – Persistent neutrophilia at day 6 in the peritoneal cavity of IL-38 KO mice. 

Peritonitis was induced in WT and IL-38 KO mice and level of neutrophils in the peritoneal cavity 

were evaluated at day 0, day 1, day 3 and day 6 using flow cytometry. Each data point 

corresponds to one animal (at least 4 per group). *p < 0.05; **p<0.01 p values were calculated 

using a Mann-Whitney test. 
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5.1.1.1 Higher levels of neutrophils chemoattractant 

We then decided to investigate the reason of this persistent neutrophilia. It has 

been described that IL-17 is one of the main indirect granulokines during 

inflammation. For this reason, we measured IL-17 levels in the peritoneal cavity 

of WT and IL-38 KO mice using CBA. As observed in previous studies, IL-17 

levels were higher in IL-38 KO mice than in WT mice (Fig. 5). 

 

Figure 5 – Continuous production of IL-17 during resolution of inflammation in IL-38 KO 

mice. 

Peritonitis was induced in WT and IL-38 KO mice and level of IL-17A of the peritoneal cavity were 

evaluated at day 3 and day 6 using cytometric beads array. (n = at least 4 animals per group) 

Due to the tendency for higher neutrophil and IL-17 levels in the blood of IL-38 

KO mice (Fig. 5 and 6), we decided to evaluate the granulopoiesis in both WT 

and IL-38 KO mice. In fact, IL-17 is known to stimulate the production of G-CSF 

by epithelial cells. G-CSF promotes the production and release of neutrophils 

from bone marrow. Based on this function, we then measured the myeloid and 

granulocyte progenitors in the bone marrow of day 3 and day 6 WT and IL-38 KO 

mice using flow cytometry. Interestingly, IL-38 KO mice showed a tendency for 

lower levels of progenitors at day 3 but showed no differences at day 6 compared 

to WT mice (Fig. 7).  

Figure 6 – Neutrophils levels remain high in IL-38 KO mice blood 

Peritonitis was induced in WT and IL-38 KO mice and level of neutrophils of the blood were 

evaluated at day 3 and day 6 using flow cytometry. Each data point corresponds to one animal. 
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Figure 7 – IL-38 does not affect the granulopoiesis during peritonitis. 

Peritonitis was induced in WT and IL-38 KO mice and levels of common myeloid progenitor (CMP) 

and granulocyte-monocyte progenitor (GMP) in the bone marrow were evaluated at day 3 and 

day 6 using flow cytometry. Progenitors were defined as CD45+ CD11b+ CD3- B220- CD127- 

TER119- F4/80- MHCII- NK1:1- Ly6C- Ly6G- CD115+. CMP and GMP were differentiated based 

on their expression of CD117 and CD16/32. ***p<0.001 p values were calculated using a Mann-

Whitney test. (n = at least 3 animals per group) 

 

5.1.2 Decreased of resolution mediators 

In addition to the inflammatory cell profile, resolution of inflammation is evaluated 

by measuring inflammatory and resolution mediators at the different time points 

of the zymosan-induced peritonitis model.  

After isolating mRNA from peritoneal macrophages of WT and IL-38 KO mice at 

the different time points, gene expression of inflammatory and pro-resolving 

mediators was evaluated. While inflammatory gene expression was unchanged 

between both mouse strains at any time point, pro-resolving genes such as Il10, 

Tgfb1 and Tgfb2, Alox15 and AnxA1 were differentially regulated. They were 

upregulated in WT macrophages at day 3, which was not seen in in IL-38 KO 

macrophages. This can be considered another marker of delayed resolution that 

is affected by IL-38 (Fig. 8). Some of those mediators were further checked at 

protein level using CBA or ELISA. No significant differences could be observed 

for any of those mediators (Fig. 5 and 9). However, the tendency for lower levels 

of TGFβ1 at day 3 and higher at day 6 in IL-38 KO mice compared to WT mice 

could reflect the delayed upregulation of the Tgfb1 mRNA (Fig. 8 and 9). 
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Figure 8 – Delayed induction of pro-resolving mediators in absence of IL-38. 

Peritonitis was induced in WT and IL-38 KO mice and peritoneal macrophages were isolated at 

day 0, day 1, day 3 and day 6. Tgfb1, Tgfb2, Tnfa, Il10, AnxA1, Alox15 mRNA expression was 

quantified using RT-qPCR. *p < 0.05 p values were calculated using a Mann-Whitney test. (n = 

at least 3 animals per group) 

Figure 9 – Production of TGFβ1 reflects the mRNA kinetic. 

Peritonitis was induced in WT and IL-38 KO mice and TGFβ1 levels in the peritoneal cavity were 

evaluated at day 3 and day 6 using ELISA. Each data point corresponds to one animal  
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5.1.1 Lower amount of Tregs at day 6 

Based on previous data showing an impairment in the TGFβ expression and 

production, we decided to investigate the immune cell profile influenced by TGFβ 

using flow cytometry at day 6 after induction of peritonitis. We observed that the 

peritoneum of IL-38 KO mice contained lower levels of Tregs than WT mice at 

day 6 after induction of peritonitis (Fig. 10). This suggested a possible importance 

of the TGFβ presence in the peritoneal cavity to induce CD4+ naïve T cells to 

differentiate into Tregs. 

Figure 10 – Mice lacking IL-38 show Treg levels impairment during resolution of 

inflammation. 

Peritonitis was induced in WT and IL-38 KO mice and levels of Tregs in the peritoneal cavity were 

evaluated at day 6 using flow cytometry. Each data point corresponds to one animal. **p<0.01 p 

values were calculated using a Mann-Whitney test. 

 

5.1.2 IL-38 influences TGFβ production by macrophages but doesn’t 

influence Tregs induction from naïve T cells 

In order to study the impact of IL-38 in TGFβ production and in TGFβ-driven Treg 

induction, we established an efferocytosis assay, to mimic in vitro the in vivo 

resolution phase (Fig. 11). In order to do so, zymosan-activated neutrophils from 

WT and IL-38 KO mice were co-cultured with BMDM of WT and IL-38 KO mice, 

each. Tgfb mRNA expression levels were measured using qPCR and TGFβ 

production was measured using ELISA.  
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Figure 11 – Experimental setup of the resolution phase mimic 

Sorted WT and IL-38 KO neutrophils were activated with zymosan and co-culture with WT and 

IL-38 KO for 48h (WT macrophages + WT neutrophils or IL-38 KO neutrophils and IL-38 KO 

macrophages + IL-38 KO neutrophils or WT neutrophils) 

While the absence of IL-38 did not seem to affect Tgfb1 mRNA expression levels, 

it was interesting to observe that total ablation of IL-38 drastically reduced Tgfb2 

expression (KO macrophages/KO neutrophils) compared to the full IL-38 setup 

(WT macrophages/WT neutrophils). Moreover, removing IL-38 from the WT 

setup (WT macrophages/KO neutrophils) reduced Tgfb2 expression, while 

adding IL-38 in the KO setup (KO macrophages/WT neutrophils) showed a trend 

for higher Tgfb2 expression (Fig. 12).  

We then decided to verify if those results could be validated at a protein level. 

TGFβ1 production under the different conditions was measured via ELISA. While 

no difference in TGFβ1 mRNA expression between WT and IL-38 KO 

macrophages was observed under the different conditions, it appeared that only 

WT macrophages were able to upregulate their TGFβ1 production following 

efferocytosis (Fig. 13). 
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Figure 12 – IL-38 expression by macrophages but also neutrophils is necessary to regulate 

Tgfb2 expression. 

Neutrophils from WT and IL-38 KO mice were stimulated with zymosan and added to WT and IL-

38 KO macrophages. Tgfb1 and Tgfb2 mRNA was evaluated after 48h using qPCR. *p < 0.05 p 

values were calculated using a Mann-Whitney test. (n=8 per group) 

 

Figure 13 – Macrophages lacking IL-38 cannot upregulate their TGFβ production following 

efferocytosis. 

Neutrophils from WT and IL-38 KO mice were stimulated with zymosan and added to WT and IL-

38 KO macrophages. TGFβ1 production was measured in the supernatant after 48h using ELISA. 

*p < 0.05; **p<0.01 p values were calculated using a One sample t-test (hypothetical value =1). 

(n=8 per group) 

As a higher presence of TGFβ1 in the supernatant could help to induce Treg 

differentiation from naïve T cells, we decided to co-culture CD4+ naïve T cells 

from WT and IL-38 KO mice with supernatants of the different conditions. 

However, none of the supernatants was able to to induce T cell differentiation into 

Tregs (Fig. 14). 



RESULTS 

46 

 

Figure 14 – IL-38 does not play a role in the Tregs induction from CD4+ naïve T cells. 

CD4+ naïve T cells were isolated from WT and IL-38 KO spleen and were activated with α-

CD3/CD28. Activated T cells were co-cultured with no IL-2 (black), only IL-2 (grey) or IL-2 + the 

efferocytosis assay supernatants (WT macrophages/ WT neutrophils (full red) or WT 

macrophages/KO neutrophils (motif red) or KO macrophages/KO neutrophils (full blue) or Ko 

macrophages/ WT neutrophils (motif blue))  for 5 days. FoxP3+ Tregs levels were evaluated using 

flow cytometry (n=2 per group) 

5.1.3 Tregs accumulate in the thymus and do not reach the periphery in 

absence of IL-38 

As the impairment of Treg levels did not seem to be due to induce their 

differentiation from naïve T cells, we decided to investigate the primary source of 

Tregs. Based on the expression of FoxP3 and CD25, we identified Tregs using 

flow cytometry. Tregs levels were measured in the thymus, spleen, lymph nodes 

and peritoneal cavity. Interestingly, we observed that IL-38 KO mice present an 

accumulation of Tregs in the thymus at baseline, while Tregs levels in the 

peripheral organs appeared to be lower than in WT mice (Fig. 15).  

Figure 15 – Ablation of IL-38 leads to Treg accumulation in the thymus and a systemic 

impairment of Treg levels. 
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Treg levels were measured in WT and IL-38 KO mice in thymus, spleen, lymph nodes and 

peritoneal cavity at basal level (day 0) using flow cytometry. Each data point corresponds to one 

animal. *p < 0.05; **p<0.01 p values were calculated using a Mann-Whitney test. 

5.1.4 Impairment of CD62L expression 

Since Treg appeared not to leave the thymus to reach the periphery, we 

investigated the surface expression of egression markers using flow cytometry. 

Indeed, thymic Tregs from IL-38 KO mice showed a lower expression of CD62L, 

also known as L-selectin, than WT Tregs (Fig. 16). CD62L is highly needed for 

Tregs to leave the thymus and reach peripheral organs. In fact, once in the blood 

circulation, CD62L can bind CD34 on endothelial cells, being part of the 

extravasation process. 

Figure 16 – CD62L is less expressed at the surface of IL-38 KO Tregs. 

CD62L was measured at the surface of FoxP3+ CD25+ Tregs in the thymus of unstimulated WT 

and IL-38 KO mice using flow cytometry. Each data point corresponds to one animal. ***p < 0.001; 

****p<0.0001 p values were calculated using a 2way ANOVA test. 
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5.1.5 IL-38 injection improves CD62L upregulation 

Previous results suggested that absence of IL-38 was impairing the expression 

of CD62L at the surface of Tregs, not allowing them to leave the thymus for the 

peripheral organs. We decided to further investigate the importance of IL-38 for 

Treg egression. Therefore, we injected WT and IL-38 KO mice with recombinant 

IL-38 for 24h and observed if Tregs are leaving the thymus for the periphery. After 

24h, IL-38 injection did not alter the Treg homeostasis in WT nor IL-38 KO mice. 

Indeed, Treg levels were similar to the vehicle control in the thymus, spleen and 

blood, as measured by flow cytometry (Fig. 17). 

Figure 17 – IL-38 injection does not influence Treg levels in WT or IL-38 KO mice after 24h. 

Recombinant IL-38 (1mg/kg of body weight) or NaCl was injected in 8-12 weeks old WT and IL-

38 KO male and female mice. FoxP3+ CD25+ Treg levels in the thymus were measured after 24h 

using flow cytometry. Each data point corresponds to one animal. *p< 0.05; **p<0.01; ***p<0.001 

p values were calculated using a 2way ANOVA test. 

 

However, while the Treg levels remained unchanged in the different organs, IL-

38 injection was able to upregulate and recover CD62L expression at the Treg 

surface in the thymus of IL-38 KO mice, reaching similar levels as WT mice (Fig. 

18).  
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Figure 18 – Injection of IL-38 recovers CD62L expression at the surface of IL-38 KO Tregs. 

Recombinant IL-38 or NaCl was injected in WT and IL-38 KO mice. CD62L expression at the 

surface of FoxP3+ CD25+ Tregs in the thymus was measured after 24h using flow cytometry. Each 

data point corresponds to one animal. *p< 0.05; ***p<0.001; ****p<0.0001 p values were 

calculated using a 2way ANOVA test. 

IL-38 appears to be involved at many levels to regulate the resolution of 

inflammation. Indeed, IL-38 is involved in the mechanism of efferocytosis-

dependent TGFβ1 production which is a necessary process for resolution of 

inflammation. Moreover, IL-38 regulates might be involved in the regulation of 

Tregs migration by regulating CD62L expression on Tregs.   

5.2 IL-38 ablation attenuates EAE development  

5.2.1 Absence of IL-38 limits EAE development 

To test the involvement of IL-38 in MS, EAE was induced in WT and IL-38 KO 

mice and clinical scores indicating disease development were monitored. While 

WT mice developed clear EAE symptoms, disease development in IL-38 KO mice 

was markedly decreased (Fig. 19A). In addition to lower clinical scores at the 

peak of disease (Fig. 19B) and smaller EAE AUC values (Fig. 19C), IL-38 KO 

mice showed a delay in disease development, as well as better recovery after the 

disease peak, indicated by increasing body weight (Fig. 19D). To test the 

involvement of IL-38 in MS, EAE was induced in WT and IL-38 KO mice and 

clinical scores indicating disease development were monitored. While WT mice 

developed clear EAE symptoms, disease development in IL-38 KO mice was 

markedly decreased (Fig. 19A). In addition to lower clinical scores at the peak of 

disease (Fig. 19B) and smaller EAE AUC values (Fig. 19C), IL-38 KO mice 
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showed a delay in disease development, as well as better recovery after the 

disease peak, indicated by increasing body weight (Fig. 19D).  

Figure 19 – Attenuated EAE in IL-38 KO mice. 

EAE was induced in WT (n=17) and IL-38 KO (n=17) mice, and animals were monitored for 20 

days. (A) Clinical disease scores and (D) body weight were evaluated daily after 7 days. (B) The 

peak of the clinical disease score and (C) EAE AUC value were determined. EAE was performed 

in two independent cohorts of at least 5 animals of each genotype. *p < 0.05; **p < 0.01; ***p < 

0.001; p values were calculated using a Mann-Whitney test (A, B, C and D). 

To validate attenuated EAE development in IL-38 KO mice, we investigated 

spinal cord structure by multiplex histology (PhenOptics) at the experimental end-

point (day 20 after immunisation) (Fig. 20A). Reduced EAE severity in IL-38 KO 

mice was confirmed by higher numbers of intact neurons (Fig.20A, B) and lower 

numbers of microglia (Fig. 2A, C) in PhenOptics analyses. Moreover, spinal cord 

sections from WT mice showed deposition of degraded myelin due the 

demyelination process, which was less pronounced in IL-38 KO mice (Fig. 20D). 

Increased numbers of neurons accompanied by lower myelin sheath degradation 

thus correlated with impaired EAE development in IL-38 KO mice. 
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Figure 20 – Improved spinal cord structure in IL-38 KO mice after EAE. 

EAE was induced in WT and IL-38 KO mice, and animals were monitored for 20 days. (A, D) 

Spinal cord sections from 20-day EAE-treated mice were stained for neurons (NeuN; yellow), 

microglia (Iba1; green), myelin (MBP; red) and nuclei (DAPI; white). (E) Representative images 

are shown. Scale bars represent 100µm. (B, C) Quantification of histology sections from 12 WT 

and 7 IL-38 KO mice. (D) Magnification of MBP staining for myelin deposition (red arrows). Scale 

bar represents 100µm. Each data point corresponds to one animal. *p < 0.05; **p < 0.01; ***p < 

0.001; p values were calculated using a Mann-Whitney test (B and C). 

5.2.2 IL-38 does not affect autoantibody production in EAE 

At steady-state, IL-38 is only expressed in the epidermis and at low levels in B 

cells, which are responsible for autoantibody production in EAE. Flow cytometric 

analysis revealed lower levels of peripheral B cells and plasma cells but higher 

level of B cells within the spleen in IL-38 KO compared to WT mice (Fig. 21A, B), 
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indicating an impact of IL-38 on B cell homeostasis. However, assessment of 

anti-MOG35-55 IgG levels by ELISA rather suggested a tendency for higher 

production of anti-MOG35-55 autoantibodies in IL-38 KO compared to WT mice 

(Fig. 21C). Since this finding did not align with reduced disease symptoms in IL-

38 KO mice, altered autoantibody production was ruled out as the underlying 

mechanism why IL-38 KO mice show reduced EAE symptoms. 

 

Figure 21 – Altered B cell homeostasis and autoantibody production in IL-38 KO mice. 

EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the end-point. 

(A) Percentage of peripheral CD19+ B cells and CD138+ plasma cells in blood and (B) percentage 

of CD19+ B cells in spleen of WT and IL-38 KO mice at d 20. (C) Quantification of total plasmatic 

IgG anti-MOG antibodies measured by ELISA. (C) Percentage of B cells in spleen of WT and IL-

38 KO mice at d 20. Each data point corresponds to one animal. *p < 0.05; **p < 0.01; p values 

were calculated using a Mann-Whitney test (A, B and C). 

5.2.3 Lower immune cell infiltration in IL-38 KO mice 

Next, we investigated the local immune cell profile in the spinal cord to 

understand if IL-38 affected CNS inflammation. Analysis of single cell 

suspensions from spinal cord by flow cytometry revealed a lower level of 

monocytes, neutrophils, CD4+ T cells, and macrophages in IL-38 KO compared 

to WT spinal cords (Fig. 22), the latter being consistent with the reduced numbers 

of microglia observed by histology (Fig. 20C). These data indicate attenuated 

immune cell infiltration into IL-38 KO spinal cords during EAE. 
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Figure 22 – IL-38 KO mice show attenuated immune cell infiltration. 

EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the end-point. 

Spinal cord-infiltrating immune cell subsets within total immune cells were determined by flow 

cytometry in WT and IL-38 KO mice. *p < 0.05; **p < 0.01; p values were calculated using a Mann-

Whitney test. 

5.2.4 Absence of IL-38 doesn’t induce systemic inflammation 

Next, we investigated the inflammatory status at protein level in the periphery of 

both genotypes. Analysing cytokine levels with CBA revealed higher IL-17A 

levels, but unaltered levels of other cytokines, in the blood of IL-38 KO mice (Fig 

23), which supports data on IL-38 function from previous mouse models of 

inflammation, where IL-38 restricted peripheral IL-17 production. 

 

Figure 23 – IL-38 KO mice exhibit higher systemic IL-17 levels. 

EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the end-point. 

Inflammatory cytokines from blood were quantified via cytometric beads array. Each data point 

corresponds to one animal. *p < 0.05; p values were calculated using a Mann-Whitney test. 

5.2.5 Absence of IL-38 attenuates local inflammation 

Moreover, we investigated the inflammatory status at molecular and protein 

levels in both mouse strains. Lower TNF-α levels were noticed in the spinal cord 

of IL-38 KO mice (Fig. 24A). Lower expression of Tnfa in spinal cords of IL-38 KO 

mice was confirmed at the mRNA level, which was also observed for other 

markers of inflammation including the macrophage marker Mertk, as well as 

Ptgs2, Tgfb1 and Tgfb2 (Fig. 24B). Thus, local, but not peripheral inflammation 

was reduced in IL-38 KO mice subjected to EAE. 
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Figure 24 – Absence of IL-38 attenuates local inflammation. 

EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the end-point. 

(A) Inflammatory cytokines from spinal cord were quantified via cytometric beads array. (B) Mertk, 

Tnfa, Ptgs2, Tgfb1 and Tgfb2 mRNA expression in the spinal cord was quantified using qPCR, 

normalised to Rps27a. Each data point corresponds to one animal. *p < 0.05; **p < 0.01; p values 

were calculated using a Mann-Whitney test (A, B and C). 

5.2.6 IL-38 is expressed in the CNS 

The data so far suggested reduced local inflammation as a reason for reduced 

EAE symptoms in IL-38 KO mice. We observed a prominent reduction of local 

and recruited macrophage levels and reduced production of inflammatory 

mediators, which are often attributed to these cells. To investigate the hypothesis 

that reduced EAE symptoms in IL-38 KO mice are linked to decreased 

macrophage activation, we first investigated if and where IL-38 is expressed in 

the spinal cord in EAE. Analysis of IL-38 transcript abundance using qPCR and 

RNAscope in situ hybridisation showed that IL-38 is indeed expressed in the 

spinal cord at the experimental endpoint (Fig. 25A, B). 
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Figure 25 – IL-38 is expressed within the spinal cord. 

(A-B) EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the 

end-point. (A) qPCR quantification of Il38 mRNA expression in spinal cords of WT and IL-38 KO 

mice. (B) In situ hybridisation by RNAscope indicates the expression of Il38 (red), in spinal cord 

at day 20 of EAE. Nuclei were counterstained with DAPI (white). Representative images from 

three independent experiments are shown. Scale bars represent 100µm. Each data point 

corresponds to one animal. *p < 0.05; p values were calculated using a Mann-Whitney test (A). 

5.2.7 Phagocytes of the spinal are the main source of IL-38 

Interestingly, 46% of the IL-38 expressing cells co-expressed the macrophage 

marker Mertk, while 23% co-expressed the microglia marker Iba1, suggesting 

local and recruited macrophages as major sources of IL-38 in the CNS during 

EAE (Fig. 26A, B). 



RESULTS 

56 

Figure 26 – IL-38 is mainly expressed by macrophages within the spinal cord 

(A-B) EAE was induced in WT and IL-38 KO mice for 20 d, and samples were acquired at the 

end-point. (A) In situ hybridisation by RNAscope indicates the expression of Il38 (red), Mertk 

(yellow), and Iba1 (yellow) in spinal cord at day 20 of EAE. Nuclei were counterstained with DAPI 

(white) (B) Representative images from three independent experiments are shown. Scale bars 

represent 100µm. Red arrows show single Il38 expressing cells and yellow arrows indicate co-

expression. (D) Quantification of in situ hybridisation data. 

 

5.2.1 IL-38 is required for inflammatory macrophage activation 

Based on expression data, ablation of IL-38 in macrophages may have 

contributed to modifying EAE development. To test this, BMDM from WT and IL-

38 KO mice were activated with LPS and IFN-γ for 24h and inflammatory gene 

expression was investigated. LPS/IFN-γ upregulated IL-38 expression in WT 

BMDM (Fig. 27A), which was required for full induction of inflammatory cytokines, 

such as Tnfa and Tgfb1 (Fig. 27B). This was consistent with gene expression 

changes in spinal cords of IL-38 KO mice, which showed reduced Tnfa and Tgfb1 

levels as well. These support an impact of cell intrinsic production of IL-38 in 

macrophages in reduced CNS inflammation in IL-38 KO mice. 

Figure 27 – IL-38 is required for inflammatory macrophage activation. 

(A, B) BMDM from WT and IL-38 KO were stimulated with LPS and IFN-γ for 24 h. (A) qPCR 

quantification of Il38 (B), Tnfa, and Tgfb1 mRNA expression in BMDM, relative to Rps27a. Each 

data point corresponds to one animal. *p < 0.05; **p< 0.01; ****p < 0.0001; p values were 

calculated using a one-way ANOVA with Tukey’s correction (A and B). 
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5.3 IL-38 and B cell biology 

5.3.1 IL-38 is present in the tonsils in GC, PCs and epithelium  

Impairment of B cell homeostasis during EAE development and given that IL_38 

is expressed in B cells, raised our attention on which B cell subsets interact with 

IL-38 in tonsils. . For that, we co-stained IL-38 with a couple of B cells and plasma 

cell markers in human tonsils. We observed that IL-38 is highly present in the 

germinal centres, but also in plasma cells and in the tonsil epithelium (Fig. 28). 

Moreover, we were able to show that neither T cells or macrophages are a source 

of IL-38 in tonsils. 

Figure 28 – Interaction of IL-38 with plasma cells in human tonsils 

4µm tonsil sections were stained fro CD138 (blue), Pan Cyto keratin (green) and IL-38 (red). 

 

5.3.2 Impairment of plasma cells in the KO 

IL-38 interacting with human plasma cells, we decided to investigate this cell type 

and its function in WT and IL-38 KO mice. At basal level, IL-38 KO mice showed 

no difference in B cell level compared to WT (data not shown). Nevertheless, we 

observed a general increase in plasma cell levels in IL-38 KO mice (Fig. 29).  
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Figure 29 – Systemic impairment of plasma cell homeostasis in IL-38 KO mice. 

CD138+ CD38+ MHCII- plasma cell levels were measured in unstimulated WT and IL-38 KO mice 

from spleen, lymph nodes (LNs) and bone marrow (BM) using flow cytometry. Each data point 

corresponds to one animal. *p < 0.05; p values were calculated using a Mann-Whitney test 

 

5.3.3 Impairment of antibody production in IL-38 KO mice 

Increased plasma cell levels in IL-38 KO mice could suggest a function of IL-38 

in the regulation of antibody production. We therefore decided to evaluate the 

concentration of different immunoglobulin isotypes in the blood of WT and IL-38 

KO mice. However, despite higher levels of plasma cells, IL-38 KO mice showed 

a tendency for generally lower antibody titers (Fig. 30).  

 

Figure 30 – Lower production of antibodies in absence of IL-38 

IgG, IgM and IgA antibody levels were measured in the plasma of WT and IL-38 KO mice at basal 

level using a sandwich ELISA. Each data point corresponds to one animal. *p < 0.05; p values 

were calculated using a Mann-Whitney test. 



RESULTS 

59 

5.3.4 Autoantibodies 

Figure 31 – IL-18-induced antibody production 

Based on the susceptibility of IL-38 to regulate antibody production and 

association of its polymorphisms to autoimmunity, we decided to investigate IL-

38 involvement in the generation/production of autoantibodies against DNA. 

Injection of IL-18 was previously shown to induce autoantibody production by 

triggering the innate antibody response, known to be unspecific and to involve 

autoreactive B cells activation119. Following IL-18 injection (Fig. 31), we observed 

that IL-38 KO mice showed a delay in the autoantibody production at day 6 

compared to WT mice while this difference was lost after 12 days (Fig. 32). 

 

Figure 32 – Ablation of IL-38 delayed the autoantibody production. 

Recombinant murine IL-18 was injected in WT (red) or IL-38 KO (blue) mice for 6 days and 12 

days. Plasmatic anti-DNA IgM and IgG levels were measured using an indirect ELISA. Each data 

point corresponds to one animal. *p < 0.05; **p<0.01; ***p<0.001, ****p<0.0001 p values were 

calculated using a One way ANOVA test 

All together, these data showed for the first time a direct interaction of IL-38 on B 

cells in humans. Additionally, total ablation of IL-38 affect strongly the B cell 

homeostasis and antibody production. Study of the role of IL-38 in the 

establishment of humoral response could be of great interest. 
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6 Discussion 

Cytokines of the IL-1 family exert a variety of functions on the behaviour of 

immune cells or non-immune cells. They can be involved in intracellular 

regulation of transcription or extracellular molecular crosstalk by binding their 

receptors10. Thus, these cytokines are indispensable for immune responses 

initiated in inflammatory diseases or the tumour microenvironment. IL-38 is a 

newly identified member of the IL-1 cytokine family94. Due to its structural 

homologies with IL-1Ra and IL-36Ra, it was predicted to be an anti-inflammatory 

and antagonist factor94. IL-38 gene polymorphisms have often been reported to 

be associated to autoimmune diseases. More recently, the biological anti-

inflammatory function of IL-38 has gradually been uncovered by in vitro studies 

and in vivo studies, such as in experimental arthritis or psoriasis31,96. Despite the 

description of IL-38 as an anti-inflammatory mediator and its role in self-resolving 

diseases, its function in the resolution of inflammation and autoimmunity 

development remained unclear. My project attempted to elucidate how IL-38 

affects the resolution of inflammation and found for the first time how IL-38 could 

regulate the resolution of inflammation by promoting Treg egression from the 

thymus to the periphery. Additionally, we showed that IL-38 is present in the CNS 

and elucidated its function within this part of the body in order to have a potential 

therapeutical target for neurodegenerative diseases. 

The key findings of these studies were: In comparison with WT mice, IL-38-

deficient mice showed 1) a delayed resolution of inflammation marked by 

persistent neutrophilia and delayed resolution mediator production; 2) an 

impairment of Treg egression from the thymus to the periphery; 3) an attenuated 

EAE development partly due to an intrinsic function of IL-38 in WT mice; 4) altered 

antibody and autoantibody production.  

6.1 Importance of IL-38 during resolution of inflammation 

Acute inflammation is generally described in two phases: the onset of 

inflammation and the resolution of inflammation. Each of the phases as 

characterised by specific immune cell phenotypes and the produced mediators. 

While during the onset of inflammation those mediators are mostly actively 
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produce by inflammatory cells, many of them are released from apoptotic cells. 

In the study of Mora et al., IL-38 was identified to be released by apoptotic cells30. 

Additionally to this study, a few others proposed IL-38 as an anti-inflammatory 

mediator95,96. In our model, we could observe a delayed resolution of 

inflammation, marked by a lower expression of resolution mediators, and higher 

levels of inflammatory cells, such as neutrophils. This correlates with previous 

pro-resolving function of IL-38, described by Han et al. in IMQ-induced psoriasis. 

Indeed, in that paper we showed that low IL-38 expression was associated with 

disease development, and an increase of IL-38 expression was coupled to the 

resolution phase of the disease31. This also correlates with the already described 

anti-inflammatory properties of IL-38. In fact, overexpression of IL-38 in collagen-

induced arthritis (CIA) and K/BxN serum-transfer-induced arthritis (STIA) reduced 

disease severity, accompanied by a decrease in the production of inflammatory 

cytokines, such as IL-6, IL-17 and TNF-α by macrophages, suggesting a 

protective role of IL-38 in a number of inflammatory diseases96. This confirmed 

previous observations in IL-38 KO mice, indicating a higher inflammatory profile 

than WT mice after induction of STIA120.  

It has previously been shown that high levels of neutrophils in the resolution 

phase lead to a persistent inflammation, which can result in the development of 

chronic inflammation121. In the case of our model, we observed a delayed 

resolution, but not a chronic inflammation as pro-resolving genes were 

upregulated at later time points. Among many genes, expression of TGFβ was 

directly affected in IL-38 KO mice during initiation of resolution. During resolution 

of inflammation, TGFβ production is initiated following efferocytosis of apoptotic 

cells14. The presence of TGFβ in the milieu will promote and maintain the anti-

inflammatory response, for optimal resolution to occur. TGFβ is known to be a 

potent anti-inflammatory cytokine, involved in both initiation and resolution of 

inflammation. At first, TGFβ allows the recruitment of monocyte and the 

production of growth factors122, but afterwards, TGFβ inhibits neutrophil and T 

cell adhesion to the endothelium123, downregulates inflammatory macrophage 

and TNF-α functions124. Indeed, loss of TGFβ1 in mice leads to wasting syndrome 

accompanied by a multifocal and mixed inflammatory cell response, as well as 

tissue necrosis, having organ failure and death as consequence125,126. When we 

mimicked the resolution phase initiation in vitro by giving apoptotic neutrophils to 
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macrophages, we showed that macrophages lacking IL-38 were not able to 

upregulate their TGFβ production while macrophages with IL-38 could. This 

solidified the role of IL-38 as a potential resolution mediator, being involved in the 

TGFβ production. IL-38 signalling through its different receptors is poorly 

described. It would be interesting to further study which pathway is inhibited or 

activated by IL-38 signalling and how this could promote TGFβ production. Yet, 

a second hypothesis would be that IL-38 acts on macrophages and increases 

their phagocytic activity, consequently allowing TGFβ production upon 

efferocytosis. 

Figure 33 – Summary of the role of IL-38 during resolution of inflammation 

Following inflammatory stimulus, inflammatory cells, such as neutrophils are recruited. 

Neutrophils die within hours and apoptotic neutrophils are then phagocytosed by macrophages, 

initiating efferocytosis-dependent TGFβ1 production. TGFβ1 can then differentiate/activate Tregs 

which inhibit pathogenic cells, and consequently IL-17 production and neutrophils recruitment. 

Ablation of IL-38 showed impairment of TGFβ1 production, persistent neutrophilia as well as lower 

levels of Tregs in the peritoneal cavity. 

6.2 Regulatory T cell homeostasis and IL-38 

Besides directly limiting inflammation, TGFβ can exercise indirect anti-

inflammatory functions by promoting the differentiation of naïve T cells into Tregs. 

In fact, Tregs are known to be one of the main immunosuppressive cells in the 
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organism. Once activated, Tregs have the capacity to regulate the immune 

system by producing anti-inflammatory mediators such as IL-10 but also, again, 

TGFβ. Sources of Tregs differ. Tregs generated in the thymus patrol the organism 

and regulate baseline immune system activation in order to prevent autoimmune 

development. During inflammation and in case of an urgent need, Treg 

differentiation can occur from naïve T cells under the influence of TGFβ and IL-

10127. The higher levels of IL-17 in the peritoneal cavity of IL-38 KO mice could 

then be explained by the lower levels of Tregs present here. Indeed, Tregs have 

shown a great capacity to regulate IL-17 production from inflammatory cells, such 

as macrophages or Th17 cells128, and their absence contributes to the 

development of autoimmune and/or auto-inflammatory IL-17 driven diseases129. 

While we hypothesised IL-38 to be responsible of the differentiation of 

naïve T cells to Tregs by influencing TGFβ and cytokine production by 

macrophages during inflammation, no differences could be observed in vitro in 

absence or presence of IL-38. This raised many questions to understand why 

Tregs are present a lower levels in IL-38 KO. IL-38 has previously been described 

to be expressed in basal epithelia of skin, in lung and thymus epithelium and in 

activated B cells of human tonsils, and more generally in lymphoid organs31,91,94. 

As described previously, IL-38 is often associated with T cell activity. Some 

studies showed that IL-38 was able to restrict the Th17 response and also its 

capacity to inhibit γδ T cell activation31,95. Based on those observations and its 

expression in the thymic epithelium, we hypothesised a key role of IL-38 in the 

thymus and the homeostasis of T cells. It was interesting to observe that Tregs 

are accumulating in the thymus, and consequently not reaching the periphery. 

Defects in Treg are always associated with the development of autoimmune 

diseases, exacerbated inflammation or death in certain cases such as in 

Pemphigoid diseases, skin inflammation and other diseases130. 

Despite the accumulation of Tregs in the thymus, we also observed Tregs 

at the periphery of IL-38 KO mice, but at lower levels than WT mice. This 

appeared to be due to an impairment of the CD62L expression at the surface of 

Tregs. CD62L, also known as L-selectin, is a type-I transmembrane lectin homing 

receptor131 and cell adhesion molecule for leukocyte in the primary and 

secondary lymphoid organs132. Once in the circulation, cells expressing CD62L 

can bind to CD34 at the surface of endothelial cells in order to enter the SLOs 
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using the extravasation process133, where they can exercise their respective 

functions. This process for Tregs is really important, as once in the SLOs, they 

are able to control cell proliferation and affinity to avoid T and B cells 

autoreactivity and autoimmunity development134. For instance, it was shown that 

an impairment of Treg migration was correlated with a worse prognosis for 

multiple sclerosis patients. In fact, the absence of Treg migration to the CNS 

results in an absence of immunosuppression, promoting an inflammatory 

microenvironment135. In the case of allergic diseases, Tregs have the ability to 

inhibit activation of allergen-specific Th2 cells, minimising production of essential 

cytokines involved in the effector phase of allergic reactions136,137. However, Treg 

accumulation was also shown to have detrimental effects, such as inhibiting the 

anti-tumour immunity such as in Hodgkin’s lymphoma138 or in 

lymphomatous/carcinomatous neoplastic meningitis139. 

After reaching the SLOs, CD62L is downregulated at the surface of the 

cells following TCR engagement and activation140. The expression of CD62L at 

the T cell surface has been shown to be determinant in many immune processes 

such as cancer immunotherapy, where the engineering of activated T cell 

expressing CD62L showed better control of tumour growth than CD62L- cells141. 

Moreover, study from Burgess et al. showed that triggering of CD62L in chronic 

lymphocytic leukemia (CLL) decreased the CLL cell survival in vitro, showing the 

importance of CD62L for lymphocyte homeostasis142. In our study, we were able 

to show that IL-38 trigger the upregulation of CD62L at the surface of Tregs after 

24h in vivo, having no influence in other T cell subtypes in IL-38 KO mice. This 

effect is most probably not due to a direct interaction of IL-38 on Tregs as this 

could not been shown in vitro in the presence of only Tregs and IL-38, but to an 

indirect effect of IL-38 in any thymocytes. This newly described function of IL-38 

is of great interest for the future. In fact, if IL-38 is able to upregulate CD62L 

expression at the Treg surface, this could allow us to generate a new pool of 

Tregs at the periphery and perhaps counteract the delayed resolution of 

inflammation. Indeed, as we supposed the higher levels of IL-17A in the 

peritoneal cavity of IL-38 KO mice to be due to a lack of inhibition by Tregs, 

experimental enrichment of these cells in IL-38 KO mice should counteract 

delayed resolution of inflammation, bringing it closer to the level observed in WT 



DISCUSSION 

65 

mice. Moreover, a newly released study showed that IL-38 enhances the 

immunosuppressive function of LPS-stimulated Tregs. Furthermore, they 

observed that Tregs are upregulating their expression of IL-38 mRNA under LPS 

stimulation, supposing a role of IL-38 in the regulation of Tregs functions143. 

Overall, this study showed that IL-38 is necessary for the resolution of 

inflammation. In addition to its anti-inflammatory and pro-resolving functions, IL-

38 shows important function in the regulation of Treg homeostasis in the thymus, 

being indirectly linked to immunosuppression and autoimmunity regulation. The 

ability to possibly trigger Treg enrichment by IL-38 stimulation in vivo may have 

huge therapeutic potential in several autoimmune diseases. 

Figure 34 – Summary of the role of IL-38 on the Tregs migration 

Phagocytosis of apoptotic thymocytes in the thymus induces TGFβ1 production, needed for Tregs 

generation. Exogenous IL-38 in the thymus was shown to upregulate CD62L at the surface of 

Tregs. Moreover, IL-38 was hypothesised to regulate efferocytosis-dependent TGFβ1 production 

and to enhance Treg migration to the periphery. 
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6.3 IL-38’s dark side: intrinsic function for macrophage activation 

Referring to the potential beneficial contributing role of IL-38 in the control 

of autoimmunity by regulation of Tregs homeostasis and its previsously described 

beneficial effects in other autoimmune diseases, we evaluated its role in another 

IL-17-driven inflammatory disease, multiple sclerosis. While similar effects of IL-

38 are expected during EAE as it is highly IL-17 driven, ablation of IL-38 showed 

a suppressed disease development. This was contrary to expectations since anti-

inflammatory properties of IL-38, particularly suppression of IL-17-dependent 

inflammation, are the current consensus in the literature31,95. Specifically, IL-38 

was shown to control IL-17-driven inflammation in models of psoriasis, 

rheumatoid arthritis, psoriatic arthritis, and liver injury31,91,96,144. Even though 

ablation of IL-38 seems to affect the production of autoantibodies, as well as B 

cells homeostasis in the periphery, the higher levels of anti-MOG IgG in the IL-38 

KO mice could not be the reason for the attenuated phenotype observed in those 

mice. However, investigating a potential impact of IL-38 on autoantibody 

production is of interest and needs to be further evaluated in other relevant 

models. Moreover, absence of IL-38 seems to retain B cells within the secondary 

lymphoid organs and supposes a role of IL-38 in the initiation of the humoral 

response, although this was not of relevance in this model. 

It would be important to investigate if IL-38 is present extracellularly in the 

CNS at steady state and during disease, both in mice and humans, since 

extracellular IL-38 was previously described by ourselves and by others to 

downregulate the production of inflammatory cytokines when added to human 

and mouse macrophages, by acting as an IL-1 family receptor antagonist30,95,96. 

Consequently, exogenously added recombinant IL-38 prevented microglial 

activation and inflammatory mediator production in vitro98. Inhibition of 

inflammation by exogenous IL-38 could contribute to containing MS development. 

It would therefore be important to investigate if IL-38 is present extracellularly in 

the CNS at steady state and during disease, both in mice and humans. The data 

presented here suggest that, on the contrary, IL-38 has the capacity to promote 

inflammatory mediator production, such as TNF-α or TGF-β1, in a cell-intrinsic 

manner in vitro, correlating with the inflammatory profile of the spinal cord in vivo. 

Thus, IL-38 may have intracellular effects in macrophages that are opposed to its 

extracellular function as a receptor antagonist. Indeed, we show here that BMDM 
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upregulate IL-38 expression in response to a pro-inflammatory stimulus and IL-

38 was expressed mainly by infiltrated macrophages in the spinal cord. 

Intracellular containment of IL-38 was shown in human keratinocytes, where it 

interacted with a couple of intracellular proteins145. Distinct intra- and extracellular 

functions were previously shown for other IL-1 family cytokines, such as IL-1α, 

IL-33 or IL-37 that may act as transcription regulators intracellularly19,87,146. In the 

case of IL-1α, it has been shown that its nuclear translocation was implicated in 

several inflammatory chronic diseases. Unfortunately, the analysis of intra- 

versus extracellular IL-38 levels in our models is hampered by the unavailability 

of a specific ELISA/anti-IL-38 antibody, since commercially available mouse IL-

38 ELISAs produced a high non-specific signal in IL-38 KO mice. 

IL-38 ablation limited TNF-α and TGF-β1 production, both in the CNS and 

in primary macrophages. During EAE, TNF-α is produced by infiltrating 

macrophages, as well as by pro-inflammatory microglia and its blockade allowed 

to decrease BBB permeability147. TNF-α is thus part of the inflammatory 

microenvironment triggered by peripheral immune cells penetrating the CNS 

through the BBB. This promotes a feed-forward increase of BBB permeability, 

allowing an increased influx of cells and inflammatory mediators110,147. Changes 

in local inflammation in IL-38 KO mice resulting from decreased macrophage 

activation, as indicated by reduced numbers of microglia and recruited 

macrophages, and reduced expression of inflammatory mediators may therefore 

have stabilised BBB integrity, limiting further infiltration of inflammatory cells. 

Along this line, anti-inflammatory macrophages protect the CNS from immune 

cell invasion, while inflammatory macrophages disrupt the BBB through cytokine 

production112. TGF-β1 triggers Th17 cell generation, but also promotes EAE 

independently of Th17 cells148. These findings indicate that ablation of IL-38 

attenuates local expression of critical disease-promoting factors in EAE, 

suggesting that IL-38 may play different roles during inflammation in the CNS 

versus in the periphery. 

Overall, this part if the study demonstrates that a global KO of IL-38 protects 

mice from EAE development. In EAE, IL-38 appears to act differently compared 

to other auto-inflammatory diseases, potentially due to IL-38 expression in 

macrophages as opposed to IL-38 from external sources acting on 
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macrophages31,96. Investigating mechanisms of action of intracellular IL-38 thus 

appears as an important line of future research. 

Figure 35 – Summary of the role of IL-38 in EAE development 

EAE is characterised by increased BBB permeability, leading to immune cells infiltration within 

the CNS. Infiltration of immune cells creates an inflammatory environment, causing neuronal and 

axonal damages in the CNS, most particularly demyelination. One cause for inflammatory 

mediator production is the intrinsic effect of IL-38 within phagocytes (resident microglia and 

infiltrated macrophages), necessary for a full activation of inflammatory macrophages. Production 

of those mediators, such as TNF-α will increase BBB permeability and cause more damages in 

the CNS. 

6.4 IL-38 and antibody production 

IL-38 was previously described to be expressed in activated B cells of human 

tonsils94. We previously showed that IL-38 KO presented an impairment in their 

B cell homeostasis and autoantibody production in the EAE model. The relation 

between IL-38 and B cells was only described in the tonsil so far, with the 

expression of IL-38 in activated B cells. Different groups proposed a relation 

between IL-38 and autoantibody-related disease development. In fact, a study 

from Rudloff et al. showed a relationship between peripheral concentrations of  

IL-38 and disease severity during systemic lupus erythematosus97. Indeed, 

patients with more active disease presented higher IL-38 levels in their sera, while 

patients with inactive disease showed lower levels. The patients with higher levels 

of IL-38 were prone to more organ complications, in particular in skin or kidney. 
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In contrast, it was shown that MRL/Lpr mice had a lower expression of IL-38 in 

spleen and thymus and injection of recombinant IL-38 reduced disease severity. 

This can be explained by the presence of IL-38 at the plasma cells surface, which 

could be responsible of the regulation of antibody production in human. While it 

is not possible to identify the location of IL-38 at protein level, we showed that a 

global ablation of IL-38 affects plasma cell homeostasis in the different lymphoid 

organs and an impairment of plasmatic antibody production. Many hypothesis 

remain unclear. The abnormal high amount of plasma cells in SLOs and bone 

marrow of IL-38 KO mice has no explanation so far. This could be due to an 

impairment of plasma cell apoptosis, to an abnormal generation of long-lived 

plasma cells, but could also be due to an increased survival mediator production 

at the location of the plasma cell niche. Further and more detailed studies would 

need to be done to identify if antibody production is directly impaired by IL-38 or 

if this due to the generation of non-functional plasma cells. 

In addition to antibody production impairment, IL-38 was shown to have beneficial 

effect in different types of arthritis. Interestingly, IL-38 showed beneficial effects 

in both CIA and STIA which are models of autoantibody-dependent arthritis, while 

it did not show any effect in antigen-induced arthritis, being autoantibody-

independent96. While we could expect IL-38 to be protective against autoantibody 

production, IL-38 KO mice showed a delayed production of autoantibodies in an 

autoantibody-producing mouse model in our hands. This supports the data of 

Rudloff et al. who associate the amount of autoantibody to a more active disease 

with the highest plasmatic IL-38 levels, and vice versa97. 

Overall, this study showed new and promising information about how IL-38 and 

B cells are related. Understanding how IL-38 interacts with B cells and plasma 

cells could yield additional fundamental knowledge on the mechanism of antibody 

production. 

 

Concluding remarks 

In my projects, IL-38 was found to be expressed within the spinal cord by 

macrophages at steady state and upregulated in response to an inflammatory 

stimulus. Moreover, IL-38 was shown to be a potential key regulator of regulatory 
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T cell migration from the thymus to the periphery. Against expectations, IL-38 

appeared to be deleterious in the development of neurological diseases such as 

EAE and an intrinsic pro-inflammatory function was described for the first time. A 

more complete understanding of IL-38 biology and differentiation between its 

extra- vs potential intra-cellular functions could make it a promising therapeutic 

target for other chronic inflammatory diseases or autoimmune diseases. 
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