
 

 

 

 

Dissertation 

zur Erlangung des  

doctor rerum naturalium 

vorgelegt  

am Fachbereich Biologie der 

Justus-Liebig-Universität Gießen 

von 

Caroline Dreis 

aus Fulda  

Gießen, 2019  

Role of Interleukin-33 in the Activation, Differentiation and 

Migration of CD8+ T Lymphocytes 

 
 

Die Rolle von Interleukin-33 in der Aktivierung, Differenzierung und 

Migration von CD8+ T Lymphozyten 



 

Die vorliegende Arbeit wurde in der Zeit von September 2016 bis November 2019 

im Institut für Allgemeine Pharmakologie und Toxikologie des Universitätsklinikums der 

Goethe Universität Frankfurt am Main unter Betreuung durch Prof. Dr. med. Heinfried H. 

Radeke in der Arbeitsgruppe Immunpharmakologie durchgeführt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dekan:     Prof. Dr. Jürgen Janek 

1. Gutachter:    Prof. Dr. Michael U. Martin 

2. Gutachter:    Prof. Dr. Heinfried H. Radeke 

Tag der mündlichen Prüfung:  26. Februar 2020 

  



 

Für Dieter Hubert Dreis 

1951- 2005 

  



 

Wir Endlichen mit dem unendlichen  

Geist sind nur zu Leiden und Freuden geboren, und beinahe 

könnte man sagen, die Ausgezeichnetsten erhalten durch 

Leiden Freude. 

Ludwig van Beethoven (1770 – 1827) 

  



Table of Contents 

I. SUMMARY ......................................................................................................................... 1 

1.1. ENGLISH ........................................................................................................................... 1 

1.2. DEUTSCHE ZUSAMMENFASSUNG ........................................................................................... 4 

II. INTRODUCTION ................................................................................................................ 7 

2.1. SHORT INTRODUCTION TO THE IMMUNE SYSTEM ...................................................................... 7 

2.2. IMMUNE HOMEOSTASIS AND IMMUNOMETABOLISM ................................................................. 8 

2.2.1. DIFFERENTIATION OF EFFECTOR AND REGULATORY T CELL SUBSETS ................................................ 8 

2.2.2. REGULATION OF T CELL METABOLISM BY MTOR ....................................................................... 10 

2.2.3. MIGRATION OF CD8+ T CELLS ................................................................................................ 12 

2.2.4. INVOLVEMENT OF MTOR IN IMMUNE HOMEOSTASIS AND MIGRATION ......................................... 15 

2.3. IL-33 – AN EXCEPTIONAL IL-1 FAMILY MEMBER ..................................................................... 18 

2.3.1. CHARACTERISTICS OF IL-33 ................................................................................................... 18 

2.3.2. THE IL-33/ ST2L SIGNALING ................................................................................................. 20 

2.3.3. INFLUENCE OF IL-33 ON T CELL DIFFERENTIATION ..................................................................... 21 

III. OBJECTIVES ................................................................................................................... 24 

IV. MATERIAL AND METHODS ............................................................................................. 26 

4.1. MATERIAL ...................................................................................................................... 26 

4.1.1. CELLS ................................................................................................................................. 26 



4.1.1.1. Reporter Cell Line HEK293-ST2L ................................................................................... 26 

4.1.1.2. Primary Human Immune Cells ...................................................................................... 26 

4.1.2. LABORATORY MATERIAL ....................................................................................................... 27 

4.1.2.1. Interleukins and Stimuli ................................................................................................ 27 

4.1.2.2. Antibodies .................................................................................................................... 27 

4.1.2.3. Kits ................................................................................................................................ 29 

4.1.2.4. TaqMan assays ............................................................................................................. 29 

4.1.2.5. Plasmids ....................................................................................................................... 30 

4.1.2.6. Media and Buffer ......................................................................................................... 33 

4.1.2.7. Chemicals ..................................................................................................................... 35 

4.1.2.8. Equipment and Software .............................................................................................. 36 

4.2. METHODS ...................................................................................................................... 38 

4.2.1. CELL CULTURE ..................................................................................................................... 38 

4.2.1.1. Cultivation of the HEK293-ST2L Reporter Cell Line ...................................................... 38 

4.2.1.2. Determination of Unknown Concentrations of Bioactive IL-33 ................................... 38 

4.2.1.3. Long-term Storage of Cell Lines .................................................................................... 39 

4.2.2. CULTIVATION OF PRIMARY HUMAN LEUKOCYTES ....................................................................... 39 

4.2.2.1. Ethical Approvement for the Use of Healthy PBMC ..................................................... 39 

4.2.2.2. Ethical Approvement for Patient Samples ................................................................... 39 

4.2.2.3. Inclusion and Exclusion Criteria for RRMS Samples ..................................................... 40 

4.2.2.4. Isolation of Human Primary Immune Cells from Buffy Coats ....................................... 40 

4.2.2.5. Isolation of CD8+ T cells from PBMC ............................................................................. 41 

4.2.2.6. Stimulation of PBMC and CD8+ T cells .......................................................................... 41 

4.2.3. MOLECULAR BIOLOGICAL METHODS ....................................................................................... 42 



4.2.3.1. Cell lysis and Protein Isolation ...................................................................................... 42 

4.2.3.2. Polyacrylamide Gel Electrophoresis ............................................................................. 42 

4.2.3.3. Silver Staining ............................................................................................................... 43 

4.2.3.4. Western Blot ................................................................................................................ 44 

4.2.3.5. Analysis of Cell Surface and Intracellular Markers by Flow Cytometry ........................ 45 

4.2.3.6. RNA Isolation ................................................................................................................ 46 

4.2.3.7. Reverse Transcription of RNA for the Generation of cDNA .......................................... 46 

4.2.3.8. Quantitative real-time PCR ........................................................................................... 47 

4.2.4. MEASUREMENT OF PROTEIN-PROTEIN INTERACTIONS BY MICROSCALE THERMOPHORESIS ............... 48 

4.2.4.1. Microscale Thermophoresis ......................................................................................... 48 

4.2.4.2. Labeling and Purification of sST2 for MST .................................................................... 49 

4.2.4.3. Affinity Measurements of IL-33 Isoforms and sST2 ...................................................... 50 

4.2.5. STATISTICS .......................................................................................................................... 50 

4.3. COPYRIGHT STATEMENT .................................................................................................... 50 

V. RESULTS ......................................................................................................................... 51 

5.1. BIOACTIVITY OF IL-33 IN BLOOD ......................................................................................... 51 

5.1.1. GENERATION OF RECOMBINANT IL-33 ISOFORMS ..................................................................... 51 

5.1.2. IL-33 INACTIVATED BY CLEAVAGE OR BOUND BY SST2 IS NOT DETECTABLE BY ELISA ...................... 53 

5.1.3. IL-33 IN BLOOD IS BIOLOGICALLY INACTIVE .............................................................................. 55 

5.1.4. LIMITED BLOCKADE OF IL-33 BY DECOY RECEPTOR SST2 ............................................................ 58 

5.2. DIFFERENTIATION OF CD8+ T CELLS DURING NUTRIENT DEPRIVATION .......................................... 64 

5.2.1. STARVATION MEDIATES EXPRESSION OF ST2L AND EMERGENCE OF CD8LOW AND CD8HIGH T CELLS ..... 64 

5.2.2. IL-33 TCR-DEPENDENTLY INDUCES T-BET-MEDIATED EFFECTOR FUNCTIONS .................................. 68 



5.2.3. IL-33 AND IL-12 INDUCE A TREG-LIKE PHENOTYPE IN CD8LOW ....................................................... 71 

5.2.4. IL-33 DOES NOT RE-ACTIVATE MTORC1 OR ENHANCE MTORC2 ACTIVITY .................................... 73 

5.3. CONTRIBUTION OF IL-33 TO CD8+ T CELL TRAFFICKING ............................................................ 76 

5.3.1. STARVATION INDUCES CCR7 BUT REDUCES S1P RECEPTOR EXPRESSION ........................................ 76 

5.3.2. IL-33 MODULATES S1P1 MRNA AND KLF2 MRNA EXPRESSION ................................................ 80 

5.3.3. IL-33 MAINTAINS EXPRESSION OF S1P4 MRNA DURING TREG-LIKE DIFFERENTIATION ....................... 83 

5.4. INVESTIGATIONS ON THE ROLE OF IL-33 IN MULTIPLE SCLEROSIS ................................................ 85 

5.4.1. DEMOGRAPHIC DETAILS OF RELAPSING-REMITTING MS PATIENTS ............................................... 85 

5.4.2. DISBALANCES IN THE FREQUENCIES OF CD8HIGH AND CD8LOW IN RRMS ......................................... 86 

VI. DISCUSSION .................................................................................................................. 90 

6.1. IL-33 IS A LOCAL REGULATOR OF ADAPTIVE IMMUNITY ............................................................ 91 

6.1.1. IL-33 DETECTED IN SERUM BY ELISA IS INACTIVE ...................................................................... 91 

6.1.2. BIOACTIVITY OF EXOGENOUS IL-33 IS REDUCED IN BLOOD .......................................................... 93 

6.1.3. ACTIVATION OF T CELLS PROMOTES TRANSCRIPTIONAL EXPRESSION OF SST2 ................................. 95 

6.2. IL-33 DRIVES ACTIVITY OF CD8+ T EFFECTOR AND DIFFERENTIATION OF CD8+ TREG CELLS ................. 96 

6.3. STARVATION RESULTS IN CCR7 EXPRESSION ON CD8+ T CELLS ................................................. 101 

6.4. IL-33 MODULATES MRNA EXPRESSION OF S1P1 AND S1P4 ................................................... 103 

6.4.1. S1P1 MRNA EXPRESSION IS SUPPRESSED DURING TREG-LIKE DIFFERENTIATION ............................. 104 

6.4.2. IL-33 RE-INDUCES EXPRESSION OF S1P4 MRNA .................................................................... 106 

6.5. POTENTIAL OF IL-33 AS AN OBJECT OF INTEREST IN A PATIENT STUDY ON MULTIPLE SCLEROSIS ...... 109 

6.6. CONCLUDING REMARKS ................................................................................................... 111 

VII. REFERENCES ............................................................................................................... 113 



VIII. ABBREVIATIONS ........................................................................................................ 133 

IX. ACKNOWLEDGEMENTS ................................................................................................ 137 

X. CURRICULUM VITAE ..................................................................................................... 139 

XI. PUBLICATIONS AND CONFERENCE CONTRIBUTIONS .................................................... 141 

11.1. PUBLICATIONS ............................................................................................................. 141 

11.2. CONFERENCE CONTRIBUTIONS ........................................................................................ 141 

XII. SCHRIFTLICHE ERKLÄRUNG ......................................................................................... 143 

 

  



Summary 

 1 

I. Summary 

1.1. English 

Interleukin- (IL-) 33 is an exceptional cytokine of the IL-1 family released upon 

tissue damage which exerts multiple functions in adaptive and innate immunity. While the 

cytokine has primarily been associated to atopic diseases, IL-33 has now been proven to 

induce cytotoxic and TH1, TH17 and regulatory T cell (Treg) functions reaching far beyond 

TH2 immunity. In the autoimmune disorder multiple sclerosis (MS), IL-33 is reportedly 

released from necrotic plaques of the central nervous system (CNS) caused by infiltrated 

autoreactive CD8+ T cells. In this context, it was considered fundamental to first clarify if 

IL-33 is systemically or rather locally active, as local, but not systemic IL-33, might 

modulate the activity of the autoreactive CD8+ T cells. Moreover, conditions and co-factors 

supporting the pro- and anti-inflammatory function of IL-33, as well as the contribution of 

IL-33 to the peripheral trafficking of CD8+ T cells were investigated in this doctoral thesis.  

In the first part of the present work, it was demonstrated that IL-33 in blood is 

biologically inactive. Naturally occurring IL-33 detected by enzyme-linked 

immunosorbent assays (ELISA) in healthy samples exerted no biological effects in a cell-

based reporter assay. Concurrently, also bioactivities of recombinant bioactive IL-33 

isoforms were significantly decreased in blood. Although the circulating decoy receptor of 

IL-33, soluble suppression of tumorigenicity 2 (sST2), was suspected to sequester 

exogenous IL-33, sST2 was revealed here to not efficiently decrease IL-33 bioactivity in 

the presence of the transmembrane signaling receptor ST2 long (ST2L) and co-receptor 

IL-1RAcP. Even though the precise mechanism leading to the observed decrease in IL-33 

bioactivity remains to be elucidated, it was concluded that in vivo, IL-33 released from 

necrotic tissue like MS plaques would rather exert its effects on infiltrated and CD8+ T 

lymphocytes. However, conditions promoting either IL-33-dependent activation of 

cytotoxic T cells or differentiation of Treg are poorly described. The nutrient sensor
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mammalian target of rapamycin (mTOR) is a central regulator of T cell differentiation, 

whose inhibition promotes immunosuppression. Since IL-33 activates mTOR complex 1 

(mTORC1) in murine TH2 cells, it was asked if CD8+ T cells are IL-33-dependently 

differentiated through modulation of the mTOR activation status. Here was shown for the 

first time that inhibition of mTORC1 caused by serum withdrawal mediated expression of 

IL-33 receptor ST2L on human CD8+ T cells. Starvation moreover triggered emergence of 

a subset with reduced CD8 expression, requiring distinction between CD8high and CD8low 

T cells. CD8high were in the following characterized as naive T cells expressing the TH1 

transcription factor T-box transcription factor TBX21 (T-bet). IL-33 potently enhanced the 

T cell receptor (TCR)- and IL-12-induced effector function of CD8high, resulting in 

proliferation, secretion of Interferon-(IFN)g and cytotoxic degranulation. In contrast, 

CD8low T cells did not proliferate after TCR activation but expressed the hallmark 

transcription factors for TH2 and Treg subsets, GATA3 and forkhead box P3 (FoxP3), 

respectively, upon stimulation with IL-33 and IL-12. Importantly, IL-33 stimulation 

promoted an anti-inflammatory function in IL-12-stimulated CD8low T cells, which were 

subsequently denominated Treg-like CD8+ T cells. Finally, it was investigated whether IL-

33 re-activated mTOR but IL-33 failed to activate mTORC1 or to enhance mTORC2 

activity.  

Both IL-33 and the metabolic status are described to affect the migratory potential of T 

lymphocytes. Peripheral distribution of effector and regulatory T cells and invasion into 

tissue are however central aspects in the progression of autoimmune diseases. In the third 

part, starvation was shown to significantly alter the migratory potential of CD8+ T cells 

and to enhance expression of lymph node homing CC-chemokine receptor 7 (CCR7), 

especially on Treg-like CD8low T cells. Induction of the effector phenotype using TCR 

activation and IL-33 stimulation increased expression of tissue residency marker CD69 and 

reduced messenger ribonucleic acid (mRNA) expression of sphingosine-1-phosphate 

receptor 1 (S1P1), a receptor required for lymphocyte egress from secondary lymphoid 

organs (SLO). In contrast, IL-33 alone induced mRNA expression of S1P1, but a decreased 

transcriptional expression of both S1P1 and the gene of its transcription factor Krüppel-

like factor 2 (KLF2) in Treg-like CD8+ T cells. It was concluded that the ability of TCR 

activated or Treg-like CD8+ T cells to egress from lymph nodes and tissue would be
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diminished, while IL-33 alone would promote re-circulation of CD8+ T cells. Furthermore, 

IL-33 was found here to promote expression of sphingosine-1-phosphate receptor 4 (S1P4) 

in Treg-like CD8+ T cells, a receptor with a postulated but poorly described role in the 

differentiation of Treg subsets. Here a new subpopulation of regulatory CD8+ T cells 

differentiated by IL-33 has been identified. Therefore, it was finally examined in a pilot 

study if the Treg-like CD8low T cells might be of clinical relevance. In the samples of patients 

suffering from relapsing-remitting (RRMS) it was observed that the ratios of the 

presumable effector CD8high to regulatory CD8low were altered compared to healthy 

controls. The percentage of ST2L+ CD8low was significantly decreased, raising the question 

if this observation was a result of a reduced Treg abundance described for the autoimmune 

disease. 

In summary, it was revealed here that the systemically inactive, but locally active cytokine 

IL-33 induces a novel Treg-like phenotype in CD8low T lymphocytes during nutrient 

withdrawal. The population was found to express a distinct CCR7+ S1P1- S1P4+ expression 

pattern presumably supporting migration of the T cell subset into SLO in vivo. A pilot study 

on relapsing-remitting MS further revealed a possible clinical significance of the Treg-like 

CD8+ T cells, which were shown to be less abundant. It is therefore recommended to 

perform a large cohort patient study to investigate the function of IL-33 in MS. 
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1.2. Deutsche Zusammenfassung 

Interleukin-(IL-) 33 ist ein außergewöhnliches Zytokin der IL-1 Familie, welches 

nach Gewebsschädigung freigesetzt wird und verschiedene Funktionen in der adaptiven 

und angeborenen Immunität erfüllt. Während das Zytokin ursprünglich vor allem mit 

atopischen Erkrankungen in Verbindung gebracht wurde, wurde nun bewiesen, dass IL-33 

ebenso zytotoxische und TH1, TH17 und regulatorische (Treg) Aktivitäten induzieren kann, 

die weit über TH2 Immunität hinausgehen. Bei der Autoimmunerkrankung der Multiplen 

Sklerose (MS), bei welcher autoreaktive CD8+ T-Zellen in das zentrale Nervensystem 

transmigrieren und den Abbau axonaler Myelinscheiden bewirken, wird IL-33 

beispielsweise aus nekrotischen Plaques freigesetzt. In Rahmen dessen wurde es hier als 

grundlegend erachtet, zunächst zu klären ob IL-33 systemisch oder lokal aktiv ist, da 

lokales, aber nicht systemisches IL-33 möglicherweise die Aktivität autoreaktiver CD8+ T-

Zellen moduliert. Darüber hinaus wurden die Bedingungen und Ko-Faktoren, unter 

welchen IL-33 entweder pro- oder anti-inflammatorische Immunantworten begünstigt, 

sowie die mögliche Beteiligung von IL-33 an der peripheren Migration und 

Gewebsinfiltration von CD8+ T-Zellen in der vorliegenden Arbeit untersucht.  

Im ersten Teil der vorliegenden Arbeit wurde vorgestellt, dass IL-33 in Blut inaktiv 

ist. In Blut gemessenes natürlich vorkommendes IL-33 erwies sich in einem Zell-basierten 

Reportergenassay als biologisch inaktiv. Entsprechend waren ebenso die Bioaktivitäten 

von rekombinanten bioaktiven IL-33 Isoformen signifikant in Blut reduziert. Obwohl 

vermutet wurde, der lösliche zirkulierende Rezeptor sST2 das exogene IL-33 abfängt, 

zeigte sich hier, dass sST2 nur ineffizient IL-33 Bioaktivität in Anwesenheit des 

membranständigen signalgebenden Rezeptors ST2L und des Korezeptors IL-1RAcP 

hemmt. Der genaue vorliegende Mechanismus, der zu der Reduktion der IL-33 Bioaktivität 

in Blut führte, konnte abschließend nicht vollständig aufgeklärt werden. Jedoch wurde 

gefolgert, dass IL-33, welches aus nekrotischem Gewebe wie MS Plaques freigesetzt wird, 

insbesondere die Aktivität infiltrierender CD8+ T-Zellen modulieren würde. Dennoch sind 

die Bedingungen unter denen IL-33 entweder zytotoxische CD8+ T-Zellen oder die
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Differenzierung regulatorischer T-Zellen  unterstützt, ungenügend beschrieben. Der Sensor 

für Nährstoffverfügbarkeit mTOR ist ein zentraler Regulator der T-Zell Differenzierung, 

dessen Inhibition zu Immunsuppression führt. Da IL-33 mTORC1 in TH2 Zellen aktiviert, 

wurde nachfolgend gefragt, ob die Art der IL-33-abhängigen Differenzierung von CD8+ T-

Zellen von mTOR beeinflusst wird.  

Im zweiten Teil dieser Arbeit wurde zum ersten Mal gezeigt, dass Serumentzug, 

der eine Inhibition der mTORC1 Aktivität zur Folge hat, ST2L Expression auf humanen 

CD8+ T-Zellen induziert. Eine nährstoffarme Umgebung verursachte zudem ein 

Aufkommen einer CD8 Population mit einer reduzierten CD8 Expression, sodass im 

Folgenden zwischen CD8high und CD8low unterschieden wurde. CD8high wurden im 

Folgenden als naive T-Zellen charakterisiert, die den TH1 Transkriptionsfaktor T-bet 

exprimieren. In dieser Subpopulation verstärkte IL-33 eine T-Zell Rezeptor- und IL-12-

induzierte Effektoraktivität, was in Proliferation, Sekretion von Interferon-g und 

zytotoxischer Degranulation resultierte. Im Gegensatz dazu proliferierten die CD8low nach 

T-Zell Rezeptor Aktivierung nicht und exprimierten die für TH2 und Treg Immunität 

charakteristischen Transkriptionsfaktoren GATA3 und FoxP3 nach Stimulation mit IL-33 

und IL-12. Wichtig ist weiterhin, dass eine IL-33 Stimulation eine anti-inflammatorische 

Funktion auf IL-12-stimulierte CD8+ T-Zellen ausübte. IL-33/ IL-12-stimulierte CD8low 

wurden daher in Folge als Treg-ähnliche CD8+ T-Zellen bezeichnet. Schließlich wurde 

untersucht, ob IL-33 mTOR unter Hunger reaktivieren kann. Jedoch stellte sich heraus, 

dass IL-33 weder mTORC1 aktivieren noch die Aktivität von mTORC2 verstärken kann.  

Sowohl IL-33 als auch dem metabolischen Status wird ein Einfluss auf das 

Migrationspotential von T Lymphozyten zugesprochen. Die Verteilung von Effektor und 

regulatorischen T-Zellen in der Peripherie und in Gewebe ist dabei ein zentraler Aspekt für 

die Progression von Autoimmunerkrankungen. Im dritten Teil dieser Arbeit wurde 

beobachtet, dass eine geringe Nährstoffverfügbarkeit potentiell zu einem veränderten 

Migrationspotential von CD8+ T-Zellen führt, indem die Expression des 

Chemokinrezeptors CCR7 insbesondere auf Treg-like CD8low verstärkt wurde. Die 

Induktion des Effektorphänotypen mittels T-Zell Rezeptor Aktivierung und Stimulation 

mit IL-33 verstärkte zudem die Expression von CD69, einem Rezeptor, der für den 

Verbleib von Lymphozyten in Gewebe und sekundär lymphatischen Organen erforderlich
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ist und eine reduzierte Expression von Sphingosin-1-Phosphat Rezeptor 1 (S1P1), welcher 

die Auswanderung von Lymphozyten aus Lymphknoten vermittelt. Im Gegensatz dazu 

induzierte IL-33 alleine die Expression des S1P1 Gens und dessen Transkriptionsfaktor 

Krüppel-like Factor 2 (KLF2). Darauf wurde geschlossen, dass die Fähigkeit T-Zell 

Rezeptor aktivierter oder Treg-ähnlicher CD8+ T-Zellen aus dem Lymphknoten und 

Gewebe auszuwandern, reduziert wäre, während IL-33 alleine die Auswanderung der 

CD8+ T-Zellen fördern würde. Weiterhin wurde hier beobachtet, dass IL-33 die Expression 

des Sphingosin-1-Phosphat Rezeptors 4 (S1P4) in Treg-ähnlichen CD8+ T-Zellen vermittelt. 

S1P4 ist allerdings ein schlecht beschriebener Rezeptor mit vermuteter Funktion in der 

Differenzierung regulatorischer T-Zell Subtypen. 

In dieser Thesis wurde eine neue regulatorische CD8+ T-Zell Population 

beschrieben, deren Differenzierung durch Stimulation mit IL-33 induziert wird. Es wurde 

schließlich im Rahmen einer Pilotstudie untersucht, ob Treg-ähnliche CD8low T-Zellen eine 

klinische Relevanz innehaben könnten. In den Proben von Patienten mit schubförmig 

remittierender MS waren die prozentualen Verhältnisse der Effektor CD8high T-Zellen zu 

regulatorischen CD8low T-Zellen im Vergleich zu gesunden Kontrollen signifikant 

verändert. Zudem war der Anteil ST2L+ CD8low signifikant reduziert, was die Frage 

aufwarf, ob dies mit einer insgesamt reduzierten Anzahl von Treg einhergehen könnte, 

einem für Autoimmunerkrankungen beschriebenen Effekt. 

Zusammenfassend wurde gezeigt, dass das systemisch inaktive, aber lokal 

bioaktive Zytokin IL-33 unter einer reduzierten Nährstoffverfügbarkeit einen hier erstmals 

beschriebenen Treg-ähnlichen Phänotypen in CD8+ T-Zellen induziert. Die Population 

exprimierte spezifisch ein CCR7+ S1P1- S1P4+ Expressionsmuster, welches in vivo 

vermutlich die Migration von T-Zellen zu sekundären lymphatischen Organen und die 

Transmigration in Gewebe unterstützt. Anhand einer Pilotstudie mit Patienten, die an 

schubförmig remittierender MS leiden, konnte gezeigt werden, dass die beschriebene 

Subpopulation von klinischer Signifikanz sein könnte. Daher wird abschließend die 

Durchführung einer umfassenden klinischen Studie empfohlen, um die Rolle von IL-33 in 

der MS zu untersuchen. 
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II.  Introduction 

2.1. Short Introduction to the Immune System 

The mammalian immune system is composed of an innate and adaptive immunity. 

The innate immune system comprises antigen presenting cells (APC), NK cells, 

granulocytes and mast cells, whereas the adaptive immune system is constituted by T and 

B lymphocytes contributing to a lifelong, constantly evolving protection. Immune cells are 

generated in primary lymphoid organs and descend from a common hematopoietic stem 

cell progenitor. Immune cells have a surveillance function and circulate in the lymphatic 

and blood vascular system, through which they also immigrate into SLO. Specialized 

subpopulations of leukocytes however reside in organs, while memory T and B cells 

generated during infections patrol organ tissue to rapidly counteract re-infection. 

Endogenous soluble mediators and alarmins released e.g. upon tissue damage or secreted 

by immune cells orchestrate the primary response for acute inflammation after infection. 

As the first defense line, granulocytes and macrophages are activated and recruited to the 

site of infection. APC like dendritic cells (DC) are connectors of the innate and adaptive 

immunity and potently activate antigen-specific T cells in SLO. T cells are classified 

according to expression of cluster of differentiation (CD) 4 or CD8 on the cell surface, 

promoting either a T helper (TH) or cytotoxic cell function of the subpopulation, 

respectively. A particularity of CD8+ T cells is the ability to specifically lyse and destroy 

virally infected or transformed cells, a property that has come into focus for the research 

on the pathogenesis of autoimmune and cancer diseases.1 
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2.2. Immune Homeostasis and Immunometabolism 

2.2.1. Differentiation of Effector and Regulatory T cell Subsets 

T cells are classically activated antigen-specifically in draining lymph nodes (LN) 

or spleen through interaction of the T cell receptor (TCR) with a pathogen-derived peptide 

constituting the antigen that is presented in major histocompatibility (MHC) class I or II 

molecules expressed on professional APC. Efficient activation further requires interaction 

of the co-stimulatory molecules CD28 on the T cell with CD80/ CD86 expressed on the 

APC, as well as stimulation by pro-inflammatory cytokines activating clonal proliferation 

and determining the direction of polarization of T cell subsets (Figure 1).2 

 

 
Figure 1: Differentiation of T cell subsets. CD8+ T cells are differentiated to cytotoxic T cells or 
to Treg cells (iTreg), CD4+ T cells to TH1, TH2, TH17 or iTreg cells. Differentiation to cytotoxic or TH1 
cells leads to expression of transcription factor T-bet, while Treg differentiation requires FoxP3 
expression. TH2 and TH17 polarization is characterized by expression of transcription factors 
GATA3 and retinoic acid receptor related receptor gamma T (RORgT), respectively. Cytotoxic, 
TH1 and TH17 cells contribute to the pathogenesis of autoimmune diseases, TH2 cells to allergy and 
asthma and iTreg to the progression of cancer (modified from Rink, Kruse and Haase1). 
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The type of cytokines secreted for T cell polarization depends on the origin of the antigen, 

the cytokine milieu and pattern recognition receptors activated on the APC to induce 

immune responses against bacterial, fungal, viral or parasitic infections. Respectively, 

stimulation of T cells with cytokines activates downstream signaling pathways and 

transcription factors initiating differentiation towards TH1, TH2, TH17 or Treg subsets. 

Herein, the interleukin IL-12 signaling pathway is required for differentiation of TH1 

polarized CD4+ T cells and cytotoxic CD8+ T cells. Secretion of IL-12 during TCR-

dependent stimulation induces activation of Janus kinases and the signal transducer and 

activator of transcription (STAT) pathway, including STAT4 and STAT1. STAT1 

signaling mediates expression of T-bet, a driver of tumor necrosis factor alpha (TNFa) and 

IFNg secretion required for an enhanced cytotoxic activity of CD8+ T cells during viral 

infection. CD8+ T cells play an essential role in the identification of cells with an “altered 

self”. Intracellular peptides, including “self-peptides” are continuously presented in MHC-

class I to the TCR of CD8+ T cells. Identification of viral or neo-peptides arising from 

malignant transformation triggers a cell killing program in CD8+ T cells, inducing Fas 

ligand-mediated apoptosis or release of perforins and granzymes for caspase-dependent 

apoptosis in target cells. TH2 differentiation is induced by expression of transcription factor 

GATA3 through the STAT3 pathway. In a positive feedback loop, GATA3-induced IL-4, 

IL-15 and IL-13 secretion activates immune cells, e.g. mast cells and eosinophils, to 

perform an anti-parasitic response during helminth infection. However, TH2 cells are 

highly involved in the pathogenesis of atopic diseases like allergies and asthma, in which 

a contribution of IL-1 family member IL-33 has been extensively described3–5. TH17 

differentiated cells are co-workers of TH1 and TH2 cells and support clearance of pathogens 

at barrier sites. TH17 cells are associated to chronic inflammation and to the pathogenesis 

of several autoimmune diseases. Problematically, transforming growth factor beta (TGFb) 

contributes to both the generation of TH17 cells, as well as to the differentiation of Treg1,2. 

Treg cells have formerly been named suppressor cells due to their distinctive function in the 

maintenance of homeostasis between pro- and anti-inflammatory immunity and are 

essential for resolution of inflammation and upholding self-tolerance. Treg limit the activity 

of TH1, cytotoxic, TH2 and TH17 cells through secretion of anti-inflammatory cytokines 

like IL-10 and TGFb, or
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expression of immune checkpoint receptors like cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) or programmed-death 1 (PD-1). The Treg population is highly 

heterogenous, as they are either generated in the thymus or are induced during 

inflammation in the periphery. The driver of Treg differentiation and generation is 

transcription factor forkhead box P3 (FoxP3).  

Although the Treg population primarily consists of CD4+ T cells, Gershon and Kondo 

identified in 1970 a small subpopulation of CD8+ Treg6. In spite of this early discovery, to 

date little is known about the function of this population for regulation of inflammation. 

Unfortunately, the lack of reliable surface markers to discriminate CD8+ Treg from ordinary 

CD8+ T cells further complicates research. In experimental systems, CD8+ Treg cell surface 

expression patterns differed significantly7. In experimental autoimmune encephalomyelitis 

(EAE), CD8+ CD28- Treg inhibited secretion of IFNg by pro-inflammatory CD4+ T cells 

through direct cell-cell contact8,9. In cancer patients, CD8+ Treg induced by DC were 

described to express a C-C motif chemokine receptor 7 (CCR7) and memory CD45RO+ 

expression pattern. Those cells seemingly dampened inflammation through secretion of 

IL-10, thus contributing to immune evasion of cancer cells. Interestingly, FoxP3+ CD8+ 

Treg were described to be inducible in vitro10. 

2.2.2. Regulation of T Cell Metabolism by mTOR 

mTOR is a serine/ threonine protein kinase in the phosphoinositide 3-kinase (PI3K) 

pathway and a key regulator of innate and adaptive immunity. Due to its prominent role in 

controlling T cell generation, differentiation and development, modulation of the mTOR 

signaling pathway for resolution of autoimmune diseases and cancer has gained great 

importance11.  

mTOR forms the catalytic subunit for two protein complexes known as mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2) (Figure 2). A central function of mTORC1 

is to drive cell growth by supporting anabolism through inhibition of catabolism, most 

importantly autophagy12. mTORC1 is further composed of mTOR itself, a regulatory 

protein associated with mTOR (Raptor), mammalian lethal with Sec18 protein 8 (GbL) 

and DEP domain containing mTOR interacting protein (DEPTOR)13. 
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Figure 2: The mTOR signaling pathway. Growth factors, hormones and cytokines activate 
phosphoinositol 3-kinase (PI3K). Activation of protein kinase-1 (PDK1) enables activating 
phosphorylation of Akt, an inhibitor of tuberous sclerosis complex 2 (TSC2). TSC2 is a component 
of a heterotrimeric complex with TSC1 and TBC1D7 and inhibits the Rheb, an activator of 
mTORC1. mTORC1 promotes cell growth through activation of the p70 S6 kinase (p70S6K), 
regulates eukaryotic translation initiation factor 4B (eIFB) dependent mRNA translation and 
inhibits autophagy. Starvation promotes AMP-activated proteinkinase (AMPK)-dependent 
inhibition of mTORC1 by phosphorylation of TSC2 and Raptor. Rapamycin associates to FKBP12 
to inhibit activity of mTORC1. mTORC2 contains the subunit rapamycin-insensitive companion 
of mTOR (Rictor) instead of regulatory protein associated with mTOR (Raptor) in mTORC1. 
Active mTORC2 activates Akt through phosphorylation and contributes to cell survival and 
cytoskeletal rearrangement (figure based on Saxton and Sabatini13).
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During homeostasis, growth factors, hormones and cytokines of a nutrient rich 

environment induce activation of PI3K, a kinase activating protein kinase-1 (PDK1). PDK1 

activates Protein Kinase B (Akt) through phosphorylation. Akt is an inhibitor of tuberous 

sclerosis complex 2 (TSC2), a component of the heterotrimeric TSC consisting of TSC1 

and TBC1D7. TSC2 is a GTPase activating protein and inhibits the Rheb GTPase14,15. 

Rheb, in turn, is an activator of mTORC1. Importantly, Akt phosphorylates and inhibits 

TSC2, thus indirectly enabling Rheb to activate mTORC116. Moreover, Akt is able to 

relieve mTORC1 from the inhibitory subunit proline-rich Akt substrate of 40 kDa 

(PRAS40) through phosphorylation17. The p70 subunit of the S6 kinase (p70S6K) is a well 

described substrate of mTORC1. Phosphorylated p70S6K promotes cell growth and 

activates eukaryotic translation initiation factor 4B (eIF4B), which positively regulates 5’ 

cap-dependent mRNA translation. 

Respectively, low energy and nutrient levels naturally lead to inhibition of mTORC118. 

One reason is that during energy starvation, AMP-activated protein kinase (AMPK) 

supports inhibition of mTORC1 by phosphorylation of TSC2 and Raptor14,19. Rapamycin 

was early described to mediate immunosuppressive and anti-tumoral properties20,21. It was 

later revealed that rapamycin specifically inhibits activity of mTORC1 through inhibition 

of p70S6K-dependent phosphorylation of ribosomal protein S622–24. mTORC2 is 

insensitive to acute treatment with rapamycin and consists besides of mTOR of the subunits 

GbL and DEPTOR like mTORC1, but instead of Raptor contains the rapamycin insensitive 

companion of mTOR (Rictor) and the regulatory subunits Sin1 and proline-rich 5 

(PRR5)13. Unlike mTORC1, mTORC2 phosphorylates and activates multiple downstream 

proteins like Akt, and contributes to T cell survival, responses to osmotic stress and 

regulation of the cytoskeletal rearrangement25,26. 

2.2.3. Migration of CD8+ T cells  

Trafficking of effector and regulatory T cells is a highly complex system directing 

migration of immune cells to, emigration from SLO and transition into peripheral organs. 

Activation of T cells induces dramatic shifts in the expression patterns of receptors and 

integrins required for retention in SLO or extravasation into blood27 (Figure 3).
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T cell migration is a central aspect of an immune response, as immune cells initially primed 

in SLO by professional APC need to be released into the periphery to search for their 

specific target28. Besides TCR stimulation the activation status of nutrient sensing 

pathways such as mTOR is decisive for the modulation of T cell trafficking29,30.  

CCR7 is a G-protein coupled chemokine receptor expressed on several T cell subtypes. It 

guides chemokine-directed motility of T cells through activation of trimeric G-proteins or 

the JNK pathway31,32. CCR7 is considered as the principal chemokine receptor that controls 

and facilitates interactions between T cells and DC in LN32. Interestingly, ligands of CCR7 

have previously been suggested to promote homeostatic expansion and survival of naïve T 

cells and seems to be required for Treg homing and positioning in LN33,34. In this context, 

CCR7 deficiency in mice was associated to defective Treg function35,36.  

The chemokines CC-chemokine ligand (CCL) 19 and CCL21 are constitutively released 

by high endothelial venules (HEV) and fibroblast reticular cells. They attract CCR7 

expressing T cells to SLO, in particular to LN where the T cells encounter antigens 

presented by activated DC28. While CCR7 is mainly responsible for luring T cells to LN, 

retention requires expression of early activation marker and type II C-lectin receptor 

CD6937. Expression of CD69 on the cell surface of T cells is induced by type I IFN and 

other pro-inflammatory stimuli released during the interaction of APC with CD8+ T cells38. 

CD69 is also expressed on gd or resident memory T cell subsets residing in peripheral 

tissues37. Mechanistically, CD69 complexes sphingosine-1-phosphate receptor 1 (S1P1), a 

receptor mediating egress from LN, and induces its internalization to trap naïve 

lymphocytes in SLO and to prolong the time of T cells to survey for cognate antigens and 

interaction with APC39,40. S1P1 is the best explored receptor of a family comprising five 

known receptors (S1P1-S1P5). S1P receptors consist of seven transmembrane domains 

anchoring the protein within the cell membrane. Interestingly, expression of both S1P1 and 

CCR7 is transcriptionally regulated by Krüppel-like transcription factor 2 (KLF2)41. KLF2 

itself has recently been described as a connector of mTOR to the regulation of T cell 

trafficking. Inhibition of mTORC1 triggers re-expression of KLF2 and confers T cells the 

ability to migrate to LN. Those changes in the migratory potential were attributed to a 

restored expression of CCR7, but not S1P129. Consistent with this finding, another study 

showed that signaling through CCR7 counteracts the function of S1P142.
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Figure 3: Expression of Sphingosine-1-Phosphate receptor 1 (S1P1), CCR7 and CD69 on 
migrating T cells. Naïve T cell circulating in blood highly express CCR7 on the cell surface and 
transmigrate through high endothelial venules to access SLO. TCR activation by dendritic cells 
(DC) stimulates additional expression of CD69, which complexes and blocks S1P1 on the cell 
surface. For egress from lymph nodes, CCR7 and CD69 expression is reduced, allowing S1P1 to 
translocate to the cell membrane of effector T cells (Teff). S1P1 expressing T cells follow the 
gradient of sphingosine-1-phosphate (S1P) from the lymph node into blood. Loss of S1P1 
expression allows migration into inflamed tissue, and T cell retention is provided by CD69 
expression (modified from Aoki et al.43). 

The precise mechanisms favoring either expression of CCR7 or S1P1 in spite of a common 

transcription factor however remain to be resolved. Baeyens et al. suggested that a central 

aspect of migration is how, in the end, T cells manage to balance signals triggering 

migration to LN and retention against S1P signals mediating egress into the blood stream40. 

For example, fibroblasts located in SLO reduce their secretion of CCL19 and CCL21 after 

antigen priming of T cells by APC, allowing the newly activated T cells to express S1P1 

instead of CCR727,28. S1P1 expressing cells follow a compartment-specific gradient of S1P, 

and binding of S1P leads to activation of intracellular G-proteins and pathways coupled to 

Gai, GaQ or Ga12/1344. S1P is highly concentrated in blood (100 nM - 1 µM) and lymph (100 

nM), but low concentrated in lymphoid organs (1 nM)45. Immune cells located in 

compartments with low S1P concentrations internalize and recycle S1P1. Erythrocytes are 

a major source of S1P, which they release into the blood stream where it is stabilized by 

the carrier proteins apolipoprotein M and high-density lipoprotein40. S1P4 is less studied 

than other S1P receptors, in spite of its abundant expression on immune cells. It has been 

postulated that S1P4 signaling plays a major role in the cytoskeletal rearrangement and 

indirectly contributes to the regulation of T cell differentiation46,47.
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2.2.4. Involvement of mTOR in Immune Homeostasis and Migration 

The maintenance of immune homeostasis is a challenging task, which requires a 

continuous orchestration of pro- and anti-inflammatory signals by innate and adaptive 

immunity. Failure of or excessive Treg function result in the pathogenesis of severe 

autoimmune or cancer diseases, respectively. Early patient studies on multiple sclerosis 

(MS)48, systemic lupus erythematosus49, rheumatoid arthritis50 and type 1 diabetes51 

demonstrated that either Treg numbers were decreased or the Treg were dysfunctional, 

revealing an imbalance between effector and regulatory T cells. 

Due to its central role in the regulation of immune cell metabolism, the PI3K-mTOR axis 

has gained attention as a molecular target for the treatment of autoimmune diseases. In this 

context, rapamycin, the inhibitor of mTORC1, was shown to be involved in the 

differentiation of T cell subsets. For example, the immunosuppressive effects mediated by 

rapamycin were related to an augmented production of FoxP3+ Treg52,53. Those findings 

were confirmed in an in vivo model, where inhibition of mTOR preserved the anti-

inflammatory state of T cells, as it abrogated the reprogramming of CD4+ FoxP3+ Treg into 

pathogenic TH1/ TH17 effector cells54. Importantly, similar observations were made for Treg 

isolated from patients suffering from relapsing-remitting MS (RRMS), where inhibition of 

the PI3K/ Akt pathway re-established the suppressive function of the Treg55,56. While in 

autoimmunity, restoration of Treg function and numbers seems to be essential to limit 

disease progression, in cancer, Treg dampening the activity of effector T cells support 

immune evasion and survival of malignant cells. Inside tumor tissue, nutrient deprivation 

results from irregular perfusion and uncontrolled growth of tumor mass. This effect 

naturally dampens activity of mTOR and is detrimental for the activity and fitness of 

infiltrating CD8+ T cells57,58. mTORC1 inhibition occurring during antigen presentation 

was moreover shown to mediate T cell anergy and failure to activate in spite of antigen 

recognition59. Activity of mTORC1 facilitating the switch toward an anabolic metabolism, 

was described to be elementary for a potent T cell activation and expansion, a desirable 

effect for the induction of anti-tumor immunity13. Recent findings implicated that the 

balance between activated mTORC1 and mTORC2 is involved in the maturation of CD8+
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memory T cells. Pollizzi and colleagues found that during asymmetric division occurring 

during proliferation of activated CD8+ T cells, mTORC1 activity was high in the daughter 

cells with an effector-like phenotype and low in the daughter cells resembling memory T 

cells60. The group further found that a shift in the activity of mTORC1 to mTORC2 was 

elementary for an enhanced generation of memory CD8+ T cells61.  

Due to its function in promoting differentiation of cytotoxic, TH1 and TH17 cells while 

inhibiting the suppressive function and generation of Treg, mTORC1 forms a central target, 

which can be differentially exploited to modulate T cell function52,62,63. Although both 

mTORC1 and mTORC2 have been attributed important functions for T cell responses, it 

has been suggested that particularly mTORC2 plays a central role in the regulation of 

survival and migration. mTORC2 actively engages in the regulation of cytoskeletal 

rearrangement, a fundamental mechanism for migration of immune cells. In vivo and in 

vitro, selective targeting of mTORC2, but not mTORC1, has been proven to efficiently 

inhibit migration of breast cancer cells and to induce apoptosis64. Active mTORC2 also 

stimulates migration of follicular CD4+ T helper (TH) cells during viral infection65.  

Sinclair and colleagues showed that the PI3K/ mTOR axis determines the repertoire of 

chemokine receptors and with this regulates peripheral trafficking29. Inhibition of 

mTORC1 with rapamycin in effector cells herein re-enabled T cells to migrate to LN 

through re-expression of CCR7. Importantly, S1P, which mediates T cell egress from SLO 

upon interaction with the S1P1, was also proven to cross-activate mTOR independent of 

Akt and PI3K66. Song and colleagues analyzed blood samples from RRMS patients treated 

with the S1P receptor modulator and sphingosine analogue Fingolimod. They revealed that 

the percentages of regulatory CD4+ and CD8+ T cells significantly increased in non-

relapsing patients during Fingolimod therapy, which went along with a decelerated disease 

progression67. This finding implicated that the S1P signaling is presumably not only 

involved in migration of T cells, but also in generation of T cell subsets. 

The gene of KLF2, the transcription factor for S1P1 and CCR7, is a target of transcription 

factor forkhead box protein O1 (FoxO1). Interestingly, in vitro with IL-12 generated CD4+ 

Treg from TH1-like cells exhibit an activated PI3K/ Akt pathway leading to inactivation of 

FoxO1, which reduces their suppressive capacity68. In line with this observation, Schröder 

et al. described that S1P1 signaling counteracts lipopolysaccharide (LPS)-



Introduction 

 17 

induced production of IL-12p17 by splenocytes69 and Fingolimod was shown ameliorate 

TH1-associated ulcerative colitis by supporting differentiation and function of CD4+ Treg70.  

 

The least explored S1P receptor 4 (S1P4) seemingly plays a less prominent role in the 

migration of immune cells than in the regulation of T cell fate. Interestingly, Weigert and 

colleagues have most recently identified the gene of phosphoinositide 3-kinase adaptor 

protein 1 (PIK3AP1) to be significantly and strongly induced in S1P4 knockout cells 

(unpublished results). Deason et al. in turn found that PIK3AP1, which is also named 

BCAP, links the IL-1R and Toll-like receptor (TLR) signaling to the PI3K/ mTOR 

pathway. The group described this connection to be crucial for the induction of pathogenic 

TH17 cell differentiation71. Although commonly expressed on immune cells, expression of 

S1P4 on myoblasts was reported to be inducible by TGFb, which through inhibition of Akt 

signaling resulted in apoptosis72. In an in vitro model, priming of human DC in co-culture 

with autologous T cells with apoptotic debris of breast cancer cells prevented cytotoxicity 

towards live breast cancer cells. The immunosuppression was mediated by Treg, which had 

been differentiated upon S1P/ S1P4-induced IL-27 secretion by DC73. Recent findings 

further implicated that binding of S1P to S1P4 might mediate production of cytokines 

fueling TH17 and Treg immunity74.  

Taken together, the findings on the contribution of the PI3K/ Akt pathway to the 

development of Treg led to the view that the plasticity of T cell function, differentiation and 

migration must be strongly influenced by the environment and metabolism.
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2.3. IL-33 – an Exceptional IL-1 Family Member 

2.3.1. Characteristics of IL-33 

IL-33 was identified 2005 as a novel member of the IL-1 family and ligand of 

hitherto orphan receptor Interleukin-1 receptor-like 1 (IL-1RL1, ST2L)75. Since then, the 

role of IL-33 in innate immunity, inflammation and atopic diseases has been widely 

proven76. IL-33 exerts a dual function as an intracellular chromatin-associated negative 

regulator of nuclear factor “kappa-light-chain-enhancer” of activated B cells (NF-kB), and 

extracellularly as a cytokine75,77,78. Besides asthma and allergic diseases79, high 

concentrations of IL-33 in blood have been suggested as a diagnostic tool for ischemic 

stroke80, chronic heart failure81,82 and relapsing-remitting MS83. In spite of its well 

described function as an extracellular cytokine, little is known about possible molecular 

mechanisms promoting active secretion of IL-33. In homeostasis, IL-33 is constitutively 

expressed in the nuclei of epithelial, endothelial and fibroblastic reticular cells of SLO, and 

is passively released from cells during necrosis and tissue damage78,84,85. 

Human IL-33 consists of 270 amino acids (aa) constituting an N-terminal non-classical 

nuclear localization domain (aa 1-65) with a chromatin-binding domain, a central (aa 

66-111) and an IL-1 like cytokine domain for binding to ST2L (aa 112-270)86. During 

apoptosis, full length IL-33 is intracellularly cleaved by caspases-3 and -7, generating 

biologically inactive fragments due to cleavage of the IL-1 like cytokine domain87,88. 

Extracellular IL-33 is cleaved at the central domain by pro-inflammatory serine proteases 

released from neutrophils and mast cells, which results in maturation of the cytokine and a 

postulated increased biological activity3,4. For example, proteolytic maturation of IL-33 by 

chymases was described to produce the hyperactive isoforms IL-3395-270 and IL-33109-270, 

processing by tryptase generates the isoform IL-33107-2703 (Figure 4).
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Figure 4: Regulation of IL-33 bioactivity. IL-33 consists of 270 amino acids and a C-terminal 
(C-ter) IL-1like cytokine, central and N-terminal (N-ter) nuclear localization domain. (I) During 
homeostasis, IL-33 is expressed in the nuclei of e.g. epithelial cells and negatively regulates activity 
of NF-kB. (II) Tissue damage resulting from inflammation or mechanical stress enables passive 
release of intracellular full-length IL-33, which is proteolytically processed and hyperactivated by 
pro-inflammatory proteases. (III) To limit range and duration of IL-33 bioactivity, the cytokine is 
inactivated by proteases, oxidation and presumably binding by decoy receptor soluble ST2 (sST2). 

Extracellular, bioactive IL-33 binds to the membrane-bound receptor ST2L expressed on 

TH289 and type 2 innate lymphoid cells (ILC2)90,91, basophils and eosinophils92. ST2L was 

later discovered to also be expressed on natural killer (NK), NK T cells93, activated TH1, 

cytotoxic T cells94,95 and Treg96,97. The extracellular half-life of IL-33 is restricted by 

different mechanisms to limit range and duration of its biological activity. Neutrophil 

proteinase 3 enzyme is a protease digesting bioactive IL-33 and generates first a matured 

cytokine, but upon long-term exposure produces inactive IL-33 fragments98. Oxidation of 

IL-33 leads to formation of two disulfide bridges within the IL-1-like cytokine domain, 

promoting inaccessibility of the receptor binding site through conformational changes99. 

Recent findings implicate that allergen proteases further degrade processed isoforms of 

oxidized IL-33100. Soluble ST2 (sST2) respectively lacks a transmembrane and 

intracellular domain and is constitutively released by mast cells and different TH2 cells. 

Decoy receptors have been identified for members of the IL-1 and TNF family, and for 

IL-6. IL-6 is similarly to IL-33 a mediator of acute inflammation. Interestingly, the soluble 

IL-6 receptor (sIL-6R) significantly prolongs the plasma half-life of IL-6 in vivo101. 

Although the accepted function of sST2 is to act as a decoy receptor for IL-33102, it has 

been correspondingly to IL-6/ sIL-6R suggested that sST2 might serve as a reservoir for 

IL-33 by protecting the cytokine from proteolytic cleavage82,103,104
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2.3.2. The IL-33/ ST2L Signaling 

The ST2 gene is transcribed from two different promotors, resulting in expression 

of two isoforms105. The ST2L transcript is the longer isoform and consists of eleven exons. 

The transcript encodes a ligand-binding, a transmembrane and intracellular Toll-

interleukin receptor (TIR) domain for signaling86 (NM_016232.5). The sST2 transcript 

sequence respectively lacks the exons encoding the transmembrane and cytoplasmic 

domains and consists of eight exons (NM_003856.4). IL-1 receptor accessory protein 

(IL-1RAcP) is the transmembrane co-receptor of ST2L and both together with IL-33 form 

a high affinity signaling complex in the presence of IL-3386. 

Recruitment of IL-1RAcP has been proven to be absolutely required for IL-33 signaling 

and stabilizes binding of ST2L to its ligand106. Binding of the co-receptor promotes an 

intracellular dimerization of the TIR domains, although current findings implicate that the 

receptors might rather form oligomers in the plasma membrane86,107. Dimerization of the 

TIR domains consequently allows association of the adaptor protein myeloid 

differentiation primary response 88 (MyD88) to the scaffold, and subsequently, 

recruitment of the serine-threonine kinases interleukin-1 receptor-associated kinase 

(IRAK) 4, IRAK1 and IRAK2, which are recruited to the N-terminal death domain of 

MyD88 via their own death domains108,109. Primary activation of IRAK1 through 

phosphorylation by IRAK4 initiates a cascade of signals, which results in activation of 

tumor necrosis factor receptor associated factor 6 (TRAF6). TRAF6 further activates 

transforming growth factor beta activated kinase 1 (TAK1), resulting in activation of the 

NF-kB pathway, the JNK and stress-activated protein kinase p38/ mitogen-activated 

protein kinases (MAPK)110 (Figure 5). 
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Figure 5: The IL-33/ ST2L/ IL-1RAcP signaling complex. Binding of IL-33 to ST2L mediates 
recruitment of IL-1 family co-receptor IL-1RAcP and subsequent dimerization of the intracellular 
TIR domains, a prerequisite for binding of the adaptor protein myeloid differentiation primary 
response 88 (MyD88). Interleukin 1-receptor associated-kinase (IRAK) 4, IRAK2 and IRAK1 bind 
to MyD88, and IRAK4 activates IRAK1 through initial phosphorylation. IRAK1 in the following 
hyperactivates itself by self-phosphorylation and allows recruitment of tumor necrosis factor 
receptor associated factor 6 (TRAF6) and transforming growth factor beta activated kinase 1 
(TAK1). Signal transduction through TRAF6 and TAK1 downstream activates the signaling 
pathways for nuclear factor ‘kappa-light-chain-enhancer’ of activated B cells (NF-kB), p38 and 
c-Jun-N-terminal kinase (JNK) activation. Degradation of IRAK1 terminates the signaling cascade 
(modified after Martin86).  

2.3.3. Influence of IL-33 on T Cell Differentiation 

Cytokines of the IL-1 family exert multiple functions in the regulation of immune 

and inflammatory responses. Among these, IL-33 seems to be the most promiscuous 

member of the IL-1 family. Different studies implicate that IL-33 exerts pathogenic effects 

in TH2 mediated atopic diseases, but promotes wound healing, acts as a cardioprotective
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cytokine and mediates neuronal protection in diseases of the central nervous system 

(CNS)111. The role of IL-33 in cancer immunity however remains to be elucidated, as IL-33 

has been interpreted to either promote or counteract cancer progression. Peine, Marek and 

Löhning lately suggested that the promiscuity of IL-33 resulting in controversial 

interpretation on its function in disease is based on its property to fuel positive feedback 

loops enhancing different differentiation programs of T cell subsets96. For murine CD8+ T 

cells, IL-33 was proven to synergize with the TCR signaling and IL-12 to promote 

enhanced cytotoxic effector functions and secretion of type-I cytokines94,112. This 

important property of IL-33 is beneficial for anti-viral immunity and might support anti-

tumor responses95,113. In CD4+ TH1 cells, ST2L expression was reported to be dependent 

on transcription factor T-bet and activation of STAT4. Inversely, ST2 deficiency in TH1 

cells promoted reduced levels of T-bet and IFNg114. These findings implicate a positive 

feedback loop, in which the IL-33 signaling enhances expression of T-bet and T-bet in turn 

supports expression of ST2L. Unsurprisingly, transcription factor binding studies revealed 

that T-bet and STAT4 bind to the il1rl1, the gene locus for ST2L115,116. 

The function of IL-33 as a promotor of GATA3-dependent TH2 immunity was described 

early. IL-33 activates the p38/ MAPK pathway, which in consequence activates 

translocation of GATA3 through phosphorylation. Additionally, IL-33 promotes 

expression of STAT5, which together with GATA3 induces expression of ST2L117. 

GATA3 is a functional repressor of pro-inflammatory, T-bet dependent effector 

differentiation, and in vivo contributes to the dysfunction of tumor infiltrating CD8+ T 

cells118,119. For this reason, it had been suggested that IL-33 is able to indirectly counteract 

TH1 immunity by preferably inducing TH2 immunity120. It has however been proven that 

IL-33 has a direct effect on ST2L+ Foxp3+ Treg by enhancing their TGFb-mediated 

differentiation, accumulation and maintenance in inflamed tissue97. In a murine model, the 

IL-33-induced phosphorylation of GATA3 led to recruitment of RNA polymerase II to the 

promotor of Foxp3 and Il1rl197. In consequence, expression of both Treg hallmark FoxP3, 

as well as of ST2L was enhanced by IL-33.  

This property would indeed be beneficial to counteract autoimmunity, but detrimental for 

anti-cancer immunity. Concurrently, the anti-inflammatory function of IL-33 was shown 

to counteract inflammation during cytomegaloviral infection, because IL-33 supported a
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Treg dependent suppression of liver damage121. IL-33 has further been linked to anti-

inflammatory immunity in experimental colitis, where ST2L was preferentially expressed 

on colonic Treg97. IL-33 is strongly expressed in white matter and plaque areas of patients 

suffering from RRMS, a disease mediated by exaggerated TH1/ TH17 immunity83,122. In a 

mouse model of MS, EAE, IL-33 administered after disease onset ameliorated disease 

progression. Concurrently, ST2 deficient mice developed enhanced symptoms123. 

Furthermore, Alvarez and colleagues confirmed that IL-33 conferred resistance of CD4+ 

Treg to acquiring an effector TH17 phenotype. Remarkably, in the absence of ST2L, Treg 

were prone to losing FoxP3 expression124, supporting the hypothesis that the IL-33/ ST2L 

signaling might be involved in positive feedback loops to drive differentiation of T cells. 

Interestingly, increasing evidence implicates that IL-33-mediated protection or 

inflammation is strongly dependent on the time point in the course of the disease. While 

administration of IL-33 at the onset of dextran sulfate sodium-induced colitis was proven 

to fuel inflammation, administration during remission contributed to recovery of 

homeostasis125. Based on those findings, it is tempting to speculate that IL-33 – in the 

context of homeostasis - in the first place strengthens FoxP3 dependent Treg responses but 

is able to promote potent pro-inflammatory immunity in the case of inflammation. The 

function of IL-33 may be crucially driven by the presence of co-stimulatory cytokines 

determining the type of polarization, as well as the cell type on which ST2L is expressed. 

  



Objectives 

 24 

III. Objectives 

IL-33 is a promiscuous cytokine, whose role as a co-factor in inflammation and 

homeostasis is controversially discussed. IL-33 has been attributed anti-inflammatory 

properties in autoimmune diseases and chronic inflammation97,121,124, while on the other 

hand, IL-33 was shown to drive the cytotoxic anti-viral activity of CD8+ T cells 94,95,112. 

Additionally, recent findings implicated that IL-33 is involved in the peripheral trafficking 

of immune cells – an essential process for the transmigration of autoreactive T cell subsets 

into tissue, as well as for the execution and termination of inflammatory immune responses 

by effector T cells and Treg, respectively41,126,127. Still, conditions favoring either an anti- 

or pro-inflammatory function of IL-33 largely remain to be elucidated. Postulating a 

complex regulatory network polarizing the function of IL-33, the cytokine’s diversity also 

offers opportunities for specific modification of the immune response. In this context, the 

autoimmune disorder MS represents an important clinical condition for the understanding 

of IL-33 function in vivo. IL-33 is released from necrotic MS plaques83 and might play a 

central role in the activation of autoreactive CD8+ T cells and their transmigration through 

the blood-brain-barrier. To understand the function of IL-33 in this disease, it was 

considered fundamental to first investigate if IL-33 is a locally or systemically active 

cytokine, secondly to determine the circumstances supporting IL-33-mediated CD8+ T 

effector or Treg functions and third, how IL-33 is involved in T cell migration. The thesis 

was divided in three major chapters and an additional chapter evaluating the role of IL-33 

on T lymphocytes in the clinical setting of MS. The objectives of the chapters are described 

in detail below. 

 

Part 1:  

Circulating IL-33 detectable in blood has been suggested as an indicator for disease 

progression of MS83 and is already used as a prognostic biomarker for chronic heart 

failure81, although its systemic function is hardly described. Bioactivity of IL-33 is strictly
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regulated in order to limit range and duration of IL-33 effects. It is thus doubtful that IL-33 

exerts systemic functions, but likely rather locally regulates adaptive immunity prior its 

inactivation in blood. To analyze this hypothesis, bioactivity of IL-33 detected in blood 

was determined using a cell-based bioassay. Furthermore, the underlying mechanisms 

limiting bioactivity of IL-33 in serum were investigated.  

 

Part 2:  

It was postulated here that local IL-33 mediates activation and differentiation of T cell 

subsets by regulation of lineage-specifying transcription factors. mTOR, a central regulator 

of metabolism, T cell generation and differentiation, was described to be activated by 

IL-3311,128 in TH2 cells and is pharmacologically targeted for induction of 

immunosuppression129. The aim was to elucidate how the function of IL-33 in CD8+ T cells 

is influenced by mTOR activity, TCR activation and the presence of TH1 cytokine IL-12. 

 

Part 3:  

Transmigration of autoreactive CD8+ T cells into e.g. the CNS in MS centrally contributes 

to disease progression. Arising evidence implicates that IL-33 is involved in processes 

regulating T cell homing to, retention in and egress from lymphoid organs and peripheral 

tissue41,94,130,131. It was here analyzed if IL-33 is involved in the CCR7-dependent migration 

of CD8+ T cells and in which way IL-33 modulates transcriptional expression of S1P1 and 

S1P4 upon TCR-dependent and -independent stimulation.  

 

Part 4:  

Although highly controversially discussed, it is suggested that IL-33 ameliorates disease 

progression of MS by re-establishing Treg function123. A pilot study here served to evaluate 

the potential of IL-33 as an object of interest for a large cohort patient study. It was asked 

whether ratios of suspected effector and regulatory CD8+ T cell subsets expressing IL-33 

receptor ST2L were disturbed. For this outlook, leukocytes from patients with relapsing-

remitting MS treated with natalizumab, an inhibitor of CD8 transmigration, were analyzed. 
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IV. Material and Methods 

4.1. Material 

4.1.1. Cells 

4.1.1.1.Reporter Cell Line HEK293-ST2L 

HEK293-blue IL-33/ IL-1b (further named HEK293-ST2L) (Invivogen, Toulouse, France) 

is a stably transfected cell line expressing IL-1 receptor IL-1R1, IL-33 receptor ST2L and 

the shared co-receptor IL-1RAcP. The reporter gene for secreted alkaline phosphatase 

(SEAP) is located downstream of the IFN-b minimal promotor and was fused to five 

NF-kB and activator protein 1 (AP-1) binding sites, respectively. Treatment of the reporter 

cells with IL-33 or IL-1b results in the NF-kB or AP-1 dependent expression of SEAP. 

The cells were cultured with selective antibiotics Blasticidin, Hygromycin B Gold and 

Zeocin in order to maintain the transgenic expression of IL-1R1, ST2L and IL-1RAcP. 

 

4.1.1.2. Primary Human Immune Cells 

Peripheral blood mononuclear cells (PBMC) and serum samples from buffy coats 

were obtained from anonymous healthy donors of the DRK-Blutspendedienst Baden-

Württemberg-Hessen (Institut für Transfusionsmedizin und Immunhämatologie Frankfurt 

am Main, Frankfurt, Germany). All participants gave written informed consent prior blood 

sampling. 
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4.1.2. Laboratory Material 

4.1.2.1. Interleukins and Stimuli 

All Interleukins and stimuli (Table 1) were purchased at the highest purity and cell 

culture grade. Interleukins were delivered in a lyophilized state, reconstituted to a stock 

concentration of 10 µg/ml in PBS/ 0.1% BSA and stored at -80°C according to the 

manufacturer’s recommendations.  

 
Table 1: Interleukins and stimuli 

Stimulus Manufacturer 

IL-1b Peprotech (Hamburg, Germany) 
IL-33 Peprotech (Hamburg, Germany) 
IL-33 (C208S/C232S) AdipoGen (San Diego, USA) 
LPS Sigma-Aldrich (St. Louis, USA) 
Rapamycin LC Laboratories (MA, USA) 
sST2-His Sino Biological (Beijing, China) 

 

4.1.2.2. Antibodies 

Antibodies were stored at 4°C and were used for treatment of primary immune 

cells, for flow cytometry analysis or for staining after western blotting (Table 2).  

 
Table 2: Antibodies 

Antigen Clone Fluorochrome Manufacturer 
CCR7 G043H7 APC Biolegend (San Diego, USA) 
CD107a H4A3 PE Biolegend (San Diego, USA) 
CD2/3/28  - Stemcell Technologies (Köln, Germany) 
CD45RA HI100 PE/Cy7 Biolegend (San Diego, USA) 
CD45RO UCHL1 APC Biolegend (San Diego, USA) 
CD69 FN60 PerCP Biolegend (San Diego, USA) 
CD8 RPA-T8 V450 BD Bioscience (Heidelberg, Germany) 



Material and Methods 

 28 

Donkey anti-rabbit IgG AlexaFluor488 Invitrogen (NY, USA) 
Fc Block - - BD Bioscience (Heidelberg, Germany) 
Foxp3 259D AlexaFluor647 Biolegend (San Diego, USA) 
GATA-3 TWAJ PE Invitrogen (NY, USA) 
Granzyme B QA15A02 PE/Cy7 Biolegend (San Diego, USA) 
hIL-33-IgG 19G8 - Invivogen (Toulouse, France) 
KLRG1 14C2A07 PE Biolegend (San Diego, USA) 
LC3B   Abcam (Cambridge, UK) 
ST2L B4E6 FITC MD Biosciences (Zürich, Switzerland) 
T-bet eBio4B10 PE Thermo Fisher (Waltham, USA) 
P-Akt 

D9E, rabbit mAb Cell signaling technologies (MA, USA) 
(Ser473) 

P-FoxO1 
rabbit pAb Cell signaling technologies (MA, USA) 

(Ser256) 
FoxO1 C29H4, rabbit mAb Cell signaling technologies (MA, USA) 
P-p70S6K 

108D2, rabbit mAb Cell signaling technologies (MA, USA) 
(Thr389) 

b-Aktin AC-15, mouse mAb Sigma-Aldrich (St. Louis, USA) 
hIL-33 Nessy-1, mouse mAb Enzo life sciences 
hIL-33 goat pAb R&D Systems (Minneapolis, USA) 
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4.1.2.3.Kits 

Kits were stored and used according to the manufacturer’s protocols (Table 3).  

 
Table 3: Kits 

Kit Manufacturer 
DuoSet ELISA for human IL-33, 
sST2, IFNg 

R&D Systems (Minneapolis, USA) 

EasySepTM CD8+ T cell negative 
selection Kit 

Stemcell Technologies (Köln, Germany) 

FoxP3 Staining Buffer Set Miltenyi Biotec (Bergisch Gladbach, Germany) 
ISOLATE II RNA Micro Kit Bioline (Memphis, USA) 
Monolith NT Protein Labeling Kit                
RED-NHS 

Nanotemper Technologies  
(München, Germany) 

MTT assay Roche Life Science (Basel, Switzerland) 
peqGOLD Total RNA Kit PEQLAB (Erlangen, Germany) 
PureLinkTM HiPure Maxiprep Kit Thermo Fisher (Waltham, USA) 

 

4.1.2.4. TaqMan assays 

5’FAM marked TaqMan probes specific for the target genes (Table 4) were stored 

at -20°C and used in a final concentration of 250 nM in a complete reaction mixture using 

iTaq Universal Probes Supermix (BioRad, Hercules, USA).  

Table 4: Taqman assay probes for qRT-PCR 

Gene Catalog# Manufacturer 
BLIMP-1 Hs00153357_m1 Applied biosystems (Waltham, USA) 
FOXP3 Hs00203958_m1 Applied biosystems (Waltham, USA) 
GAPDH Hs02758991_g1 Applied biosystems (Waltham, USA) 
GATA3 Hs00231122_m1 Applied biosystems (Waltham, USA) 
KLF2 Hs00360439_g1 Applied biosystems (Waltham, USA) 
PIK3AP1 Hs00381030_m1 Applied biosystems (Waltham, USA) 
RPL13A Hs01578912_m1 Applied biosystems (Waltham, USA) 
S1P1 Hs00173499_m1 Applied biosystems (Waltham, USA) 
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S1P3 Hs01019574_m1 Applied biosystems (Waltham, USA) 
S1P4 Hs02330084_s1 Applied biosystems (Waltham, USA) 
S1P5 Hs00924881_m1 Applied biosystems (Waltham, USA) 
SOCS1 Hs00705164_s1 Applied biosystems (Waltham, USA) 
SOCS3 Hs02330328_s1 Applied biosystems (Waltham, USA) 
SST2 Hs01073297_m1 Applied biosystems (Waltham, USA) 
ST2L Hs00249389_m1 Applied biosystems (Waltham, USA) 
TBX21 Hs00203436_m1 Applied biosystems (Waltham, USA) 

 

4.1.2.5. Plasmids 

For the generation of recombinant human IL-33 isoforms, a plasmid encoding the 

full-length sequence for human IL-33 (amino acid 1-270) was kindly provided by Michael 

U. Martin (Justus-Liebig-University, Gießen, Germany) (Figure 6A). The plasmid was 

stored at a concentration of 1 mg/ml at -20°C in A. bidest. Recombinant IL-33 proteins 

were generated according to full-length IL-33 consensus sequences (NM_033439). 

Sequences encoding truncated IL-33 isoforms (amino acid 95-270 or 179-270) were sub-

cloned into bacterial expression plasmids before transformation of Escherichia coli 

(Figure 6B, C). Expression and purification of the recombinant IL-33 isoforms in E. coli 

was performed by collaboration partners Andreas Ernst and Mateusz Putyrski (Fraunhofer 

Institute for Molecular Biology and Applied Ecology IME, Frankfurt am Main) (Table 5).  

Table 5: Properties of plasmids used for the generation of recombinant human IL-33 isoforms 

Plasmid pMyc-hIL-33-
PreFl 

pET(+)-Ub-IL-33 
aa95-270 

pET(+)-Ub-IL-33 
aa179-270 

Insert Full length IL-33  

(Met1-Thr270) 

Truncated IL-33  

(Ala95-Thr270) 

Truncated IL-33  

(Gly179-Thr270)  

Total Vector size 5573 bp 6070 bp 5818 bp 

Insert size 819 bp 531 bp 279 bp 

Resistance Amp Km Km 

Promotor Eukaryotic, CMV Bacterial, T7 Bacterial, T7 

Molecular weight  35 kDa 19.8 kDa 10.4 kDa 
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Figure 6: Plasmids for (A) eukaryotic expression of full-length human IL-33 and bacterial 
expression of (B) isoform IL-3395-270 or (C) isoform IL-33179-270. 

C 
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4.1.2.6. Media and Buffer 

Cell culture media were stored at 4°C and used for up to six weeks (Table 6). 

Buffers were stored at room temperature or at 4°C if required (Table 7).  

 
Table 6: List of cell culture media used for cell lines and primary human immune cells.  

Cells Medium Supplements Manufacturer 
HEK293 DMEM 10% FCS Biochrom AG (Berlin, Germany) 

HEK293-
blue IL-33/ 
IL-1b  
(HEK293-
ST2L) 

DMEM 

100 µg/ml streptomycin Thermo Fisher (Waltham, USA) 
100 IU/ml penicillin Thermo Fisher (Waltham, USA) 
30 µg/ml blasticidin Invivogen (Toulouse, France) 
200 µg/ml hygromycin 
B gold 

Invivogen (Toulouse, France) 

100 µg/ml zeocin Invivogen (Toulouse, France) 
10% FCS Biochrom AG (Berlin, Germany) 

PBMC/ 
CD8+ T cells 

RPMI 
1640 +  
Glutamax 

50 mM b-ME Thermo Fisher (Waltham, USA) 
1 mM sodium pyruvate Thermo Fisher (Waltham, USA) 
100 µg/ml streptomycin Thermo Fisher (Waltham, USA) 
100 IU/ml penicillin Thermo Fisher (Waltham, USA) 
25 mM HEPES Sigma-Aldrich (St. Louis, USA) 
1% human AB serum Sigma-Aldrich (St. Louis, USA) 

 

 

Table 7: List of buffers. Abbreviations: PBS = phosphate buffered saline, TBS = Tris-buffered 
saline. 

Buffer Supplements Manufacturer 

CD8 lysis buffer 

with supplements 

50 mM Tris/ HCl pH 7.4 Applichem (Darmstadt, Germany) 

150 mM NaCl Sigma-Aldrich (St. Louis, USA) 

10% Glycerol Sigma-Aldrich (St. Louis, USA) 

 2 mM EDTA Applichem (Darmstadt, Germany) 

2 mM EGTA Applichem (Darmstadt, Germany) 

2 mM DTT Sigma-Aldrich (St. Louis, USA) 
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 1% Triton X 100 Carl Roth (Karlsruhe, Germany) 

 10 mM b-glycerophosphate Sigma-Aldrich (St. Louis, USA) 

1x Phosphatase-Inhibitor 

Cocktail 2 

Sigma-Aldrich (St. Louis, USA) 

EasySepTM buffer 1x PBS Thermo Fisher (Waltham, USA) 

 2% BSA Sigma-Aldrich (St. Louis, USA) 

 2 mM EDTA Applichem (Darmstadt, Germany) 

FACS buffer 1x PBS Thermo Fisher (Waltham, USA) 

 1% FCS Biochrom AG (Berlin, Germany) 

 0.1% NaN3 Applichem (Darmstadt, Germany) 

FACS fixation 1x PBS Thermo Fisher (Waltham, USA) 

 1% FCS Biochrom AG (Berlin, Germany) 

 0.1% NaN3 Applichem (Darmstadt, Germany) 

 1% paraformaldehyde Applichem (Darmstadt, Germany) 

4x Laemmli buffer 1.5 M Tris pH 6.8 Applichem (Darmstadt, Germany) 

   

 50% Glycerol Sigma-Aldrich (St. Louis, USA) 

 20% SDS Merck (Darmstadt, Germany) 

 0.5% Bromophenol Blue Applichem (Darmstadt, Germany) 

 10% b-ME Thermo Fisher (Waltham, USA) 

10x PBS 4.3 mM Na2HPO4 x 7 H2O Sigma-Aldrich (St. Louis, USA) 

 1.4 mM KH2PO Applichem (Darmstadt, Germany) 

 137 mM NaCl Sigma-Aldrich (St. Louis, USA) 

 2.7 mM KCl, pH 7.3 Sigma-Aldrich (St. Louis, USA) 

10x SDS buffer 35 mM SDS Merck (Darmstadt, Germany) 

 250 mM Tris Applichem (Darmstadt, Germany) 

 1.92 M Glycerol Sigma-Aldrich (St. Louis, USA) 

10x TBS 150 mM NaCl Sigma-Aldrich (St. Louis, USA) 

 10 mM Tris, pH 7.5 Applichem (Darmstadt, Germany) 



Material and Methods 

 35 

TBST 1x TBS  

 0.05% Tween 20 Applichem (Darmstadt, Germany) 

Thermophoresis 

Buffer 

1x PBS Thermo Fisher (Waltham, USA) 

0.1% Tween 20 Applichem (Darmstadt, Germany) 

Western Blot 

Buffer A 

300 mM Tris Applichem (Darmstadt, Germany) 

20% Methanol Fisher Scientific (NH, USA) 

pH 10.4  

Western Blot 

Buffer B 

25 mM Tris Applichem (Darmstadt, Germany) 

20% Methanol Fisher Scientific (NH, USA) 

pH 10.4  

Western Blot 

Buffer C 

25 mM Tris Applichem (Darmstadt, Germany) 

0.04 M e-amino-n 

-caprone acid 

Sigma-Aldrich (St. Louis, USA) 

20% Methanol Fisher Scientific (NH, USA) 

pH 9.4  

 

4.1.2.7. Chemicals 

All chemicals were stored at room temperature or 4°C according to the manufacturer’s 

instructions indicated in the respective safety data sheets (Table 8). 
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Table 8: List of chemicals 

Substance Manufacturer 

Acrylamide/ Bis-Acrylamide Applichem (Darmstadt, Germany) 

Dimethyl sulfoxide (DMSO) Applichem (Darmstadt, Germany) 

Ethanol Sigma-Aldrich (St. Louis, USA) 

HistopaqueÒ-1077 Sigma-Aldrich (St. Louis, USA) 

Monensin A Sigma-Aldrich (St. Louis, USA) 

Polyethylenimine (PEI) Sigma-Aldrich (St. Louis, USA) 

QUANTI-blue Invivogen (Toulouse, France) 

Sodium thiosulfate Sigma-Aldrich (St. Louis, USA) 

Silver nitrate Riedel-de Haen (Seelze, Germany) 

Trypan blue Sigma-Aldrich (St. Louis, USA) 

Trypsin/ EDTA Thermo Fisher (Waltham, USA) 

 

4.1.2.8. Equipment and Software 

Equipment (Table 9) and software (Table 10) were provided by and used within 

the pharmazentrum Frankfurt.  

 
Table 9: Laboratory equipment 

Description Equipment Manufacturer 

Centrifuges 

Heraeus Rico 17 Heraeus Instruments (Hanau, Germany) 

Biofugefresco Hermle Labortechnik (Wehingen, Germany) 

Z513K Kern&Sohn GmbH (Balingen, Germany) 

Cell counter TC10 Bio-Rad (München, Germany) 

Flow cytometer FACS Canto II BD Biosciences (Heidelberg, Germany 

Microscope Axio Vert 25 Zeiss (Jena, Germany) 

Nanotemper Monolith NT.115 Nanotemper Tech (München, Germany) 

PCR thermocycler Tpersonal Biometra (Göttingen, Germany) 
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Photometer SpektraMax M5e Molecular Devices (Sunnyvale, USA) 

qPCR system 7500 Fast System Applied Biosystems (Darmstadt, Germany) 

Spectrophotometer ND-1000 UV/Vis NanoDrop Technologies (Wilmington, USA) 

Vortex mixer Reax top Heidolph (Schwabach, Germany) 

 

Table 10: Software 

Software Manufacturer 
7500 Fast System 2.0.6 Applied Biosystems (Darmstadt, Germany) 

FACS Diva 6.1.3 BD Biosciences (Heidelberg, Germany) 

FlowJo 7.6.5 Tree Star (Ashland, USA) 

GraphPad Prism 6 GraphPad Software, Inc. (La Jolla, USA) 

ImageJ Wayne Rasband (Wisconsin, USA) 

Mendeley 1.19.3 Elsevier (Amsterdam, Netherlands) 

Microsoft Office 2016 Microsoft (Unterschleißheim, Germany) 

MO.Affinity Analysis NanoDrop Technologies (Wilmington, USA) 

NanoDrop 3.1.0 NanoDrop Technologies (Wilmington, USA) 

SnapGene Viewer GSL Biotech, LLC (Chicago, USA) 

Soft Max Pro 5 Molecular Devices (Sunnyvale, USA) 
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4.2. Methods 

4.2.1. Cell culture 

4.2.1.1. Cultivation of the HEK293-ST2L Reporter Cell Line 

HEK293-blue IL-33/ IL-1b are referred to as HEK293-ST2L in the following. 

HEK293-ST2L were cultured in their respective media in a humidified incubator at 37°C 

and 5% CO2. For subcultivation, HEK293-ST2L were passaged at 90% confluency. The 

monolayer was carefully washed with sterile PBS and harvested upon incubation with 5 

ml of Trypsin/ EDTA for 5 minutes. The reaction was stopped by addition of 15 ml of cell 

culture medium containing FCS before centrifugation. The pelleted HEK293-ST2L cells 

were resuspended in full cell culture medium, seeded in a concentration of 2.5 x 105 cells/ 

ml and passaged 72h later by seeding out in a concentration of 1.0 x 105 cells/ml. The cells 

were then cultivated for 96h prior further subcultivation. In order to maintain expression 

of ST2L, IL-1R1 and IL-1RAcP, HEK293-ST2L were cultivated with the selection 

antibiotics blasticidin, hygromycin B gold and zeocin. 

 

4.2.1.2. Determination of Unknown Concentrations of Bioactive IL-33 

IL-33 bioactivity was assessed using HEK293-ST2L cells according to the 

manufacturer’s protocol and as described in the doctoral thesis of Florian Ottenlinger132. 

5x104 HEK293-ST2L cells were resuspended in 180 µl of medium and supplemented with 

20 µl of sample containing IL-33. To minimize variations, the assay was performed in 

duplicates in a 96-well plate. The cells were stimulated for 22h at 37°C, 5% CO2. The 

substrate for secreted alkaline phosphatase (SEAP) QUANTI-blue was prepared by 

reconstitution in aqua bidest. 40 µl of supernatant from treated HEK293-ST2L cells were 

transferred per well of a 96-well plate and 160 µl of QUANTI-blue were added bubble-

free using a multichannel pipette. Activity of SEAP was indirectly determined by 

photometrical measurement of converted substrate at 635 nm every minute for 2h at 37°C.
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Cell viability of the remaining cells was assessed by MTT assay in a remaining volume of 

100 µl to detect cytotoxic effects occurring upon stimulation. 

 

4.2.1.3. Long-term Storage of Cell Lines 

For long-term storage in liquid nitrogen, cell lines were resuspended in 90% of FCS 

and 10% of DMSO. The cells were stored in a freezing container (Mr FrostyTM, Thermo 

Fisher, Waltham, USA) for 24h and stored in the vapor phase above liquid nitrogen. For 

re-cultivation, the frozen cells were thawed using a 37°C water bath and rapidly transferred 

into FCS. The cells were resuspended in their respective cell culture medium after 

centrifugation (400 x g, 5 min.) and were cultivated for 7 days before experimentation. All 

cell lines were routinely tested for mycoplasma infection using VenorGeM Classic Kit 

(Minervera Biolabs, Berlin, Germany).  

4.2.2. Cultivation of Primary Human Leukocytes 

4.2.2.1. Ethical Approvement for the Use of Healthy PBMC 

PBMC were isolated from buffy coats obtained from anonymous healthy donors 

(DRK-Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin 

und Immunhämatologie Frankfurt am Main, Frankfurt, Germany). All participants gave 

written informed consent prior blood sampling. According to the conventions of the 

institutional ethics committee of the Goethe University Hospital, Frankfurt, Germany and 

the local legislation, the need for a consent concerning the here presented experiments with 

samples obtained from healthy donors has been waived. In order to respect this convention, 

besides gender and age, no other data was collected.  

 

4.2.2.2. Ethical Approvement for Patient Samples 

Whole blood samples from RRMS patients receiving Natalizumab were obtained 

from the Biomaterialbank of the Center of Neurology and Neurosurgery (University Clinic 

Frankfurt/ Main, Germany). The Biomaterialbank received permission by the ethical board
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with the ethical vote #110-11 granted on the 9th of May 2011. All patients received written 

and personal information before voluntarily signing a declaration of consent. The samples 

were pseudo-anonymized at the Center of Neurology and Neurosurgery according to the 

handbook of the Biomaterialbank. The use of the samples for further analysis was 

permitted by the ethical board with the ethic vote #429/14 on the 15th of January 2015 and 

an amendment on 7th of May 2016. 

 

4.2.2.3. Inclusion and Exclusion Criteria for RRMS Samples 

RRMS patient samples were chosen according to the inclusion and exclusion 

criteria listed in Table 11. 

 
Table 11: Inclusion and exclusion criteria for the selection of RRMS patients. 

Inclusion criteria Exclusion criteria 

• Diagnosed RRMS 
• Age: 18-60 years 
• Minimum of three months of 

natalizumab medication 

• Acute infection 
• Atopic and allergic diseases 
• Tumor 
• Liver- or kidney insufficiency 
• Immunosuppressive treatment 

(mitoxantron, metotrexat, 
cyclophosphamide within the last 
year) 

• Other medical treatments 
• Pregnancy 

 

4.2.2.4. Isolation of Human Primary Immune Cells from Buffy Coats 

The steps for isolation of immune cells from buffy coats were performed at room 

temperature. 12 ml of blood were gently diluted with 20 ml of PBS. 12 ml of Histopaque 

were placed at the bottom of a 50 ml reaction tube and overlaid with the total volume of 

diluted blood without disturbing the surface plane. Density gradient cell separation was 

performed at 750 x g for 35 minutes with brakes off. The plasma phase was removed 

carefully, and the layer of mononuclear cells was collected avoiding aspiration of 

Histopaque. PBMC were washed at least twice at 400 x g for 10 minutes with PBS. After
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the final wash, cells were resuspended in 20 ml of PBS to determine the cell number. 

PBMC were either cultivated in a cell density of 1x106 cells/ml in a T75 cell culture flask 

or were directly used for isolation of CD8+ T cells. 

 

4.2.2.5. Isolation of CD8+ T cells from PBMC 

CD8+ T cells were prepared from freshly isolated PBMC following the instructions 

for the usage of EasySepTM Human CD8+ T Cell negative isolation kit. In brief, PBMC 

were resuspended in EasySepTM isolation buffer, transferred into a polystyrene tube (12 x 

75 mm) and incubated with CD8+ T cell isolation cocktail in order to eliminate all CD3-

CD8+ and CD3-CD8- populations. The tube containing all cells was placed into the 

EasySepTM Magnet (Stemcell Technologies, Köln, Germany) for 10 minutes. The CD8+ T 

cells were obtained by inverting the magnet and transfer of unbound cells into a new 

collection tube. The procedure was repeated in order to assure a high purity grade. The 

purity was determined by flow cytometry, in average representing at least 96%.  

 

4.2.2.6. Stimulation of PBMC and CD8+ T cells 

CD8+ T cells isolated from PBMC were seeded in a density of 0.5 x 106/ ml and left 

untreated or, if indicated, cultivated with human AB serum in T cell medium for 20h prior 

further analysis. For inhibition of mTOR, cells were treated with 100 nM of rapamycin in 

T cell medium containing human serum. In order to exclude the cytotoxic effects of DMSO 

used as a diluent for rapamycin, an appropriate control containing the final concentration 

of 0.1% DMSO during stimulation was included. CD8+ T cells were cultivated under serum 

withdrawal (starvation) for 20h to induce expression of ST2L and were then stimulated 

with 20 ng/ml IL-33, 5 ng/ml IL-12 or both. For TCR activation, the cells were equally 

cultivated in serum-free medium for 20h before stimulation with IL-33 and/ or IL-12 and/ 

or 25 µl of T Cell Activator aCD3/CD28/CD2 (aCD). For Western Blot analysis, CD8+ T 

cells were stimulated with aCD for 5h before lysis. PBMC were stimulated in serum-free 

T cell medium with 25 µl/ml of aCD beads or 1 µg/ml of LPS. All primary human immune 

cells were stimulated for a time period of 20h prior further analysis. 
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4.2.3. Molecular Biological Methods 

4.2.3.1. Cell lysis and Protein Isolation 

At least 2x106 cells CD8+ T cells per stimulation were used for generation of sufficient 

amounts of protein isolates. The cells were harvested through careful scraping, transferred 

to reaction tubes and centrifuged for 5 minutes at 600 x g. The pelleted CD8+ T cells were 

then resuspended in 30 µl of complete CD8 lysis buffer. Nuclei were opened by six to eight 

freeze-thaw cycles in liquid nitrogen and on a heat-block preheated to 37°C. Nuclei and 

debris were pelleted by centrifugation at 13000 rpm for 20 min. at 4°C, the supernatants 

containing cytosolic proteins were stored at -20°C until further analyzes. 

 

 

4.2.3.2. Polyacrylamide Gel Electrophoresis 

Recombinantly generated proteins or proteins from cell lysates were separated 

according to their electrophoretic mobilities by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Acrylamide was used in a concentration of 7.5% or 12.5% 

for the separating gel and in a concentration of 5% for the stacking gel (Table 12).  

 

Table 12: Composition of a separating and stacking gel for SDS-PAGE.  

Separating gel (12.5%)  

A. dest. 1.28 ml 

1.5 M Tris/ HCl pH 8.8 1.38 ml 

1% SDS 0.55 ml 

30% Acrylamide/ 0.8% Bis-acrylamide 2.29 ml 

TEMED 8 µl 

40% Ammoniumperoxodisulfate (APS) 8 µl 
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Stacking gel  

A. dest 1.22 ml 

1M Tris/ HCl pH 6.8 0.25 ml 

1% SDS 0.2 ml 

30% Acrylamide/ 0.8% Bis-acrylamide 0.33 ml 

TEMED 8 µl 

40% Ammoniumperoxodisulfate (APS) 8 µl 

 

The samples were resuspended in Laemmli buffer supplemented with the reducing agent 

b-mercaptoethanol for cleavage of disulfide bridges. For disruption of secondary and 

tertiary structures, the samples were then heated to 95°C for 5 minutes. After cooling to 

room temperature, all samples were loaded onto the acrylamide gel. Migration of the 

proteins was achieved by application of voltage (120 V) for approximately 1.5h. 

 

 

4.2.3.3. Silver Staining 

The purity of recombinantly generated IL-33 proteins was assessed by silver 

staining upon protein separation by SDS-PAGE. The gel was transferred to a denaturing 

and precipitating fixative solution containing 10% acidic acid and 30% ethanol, in order to 

limit protein diffusion. After extensive washing in A. dest. (20-60 minutes), the gel was 

incubated in 0.02% sodium thiosulfate and washed twice for one minute in A. dest. The gel 

was then incubated in 0.1% silver nitrate solution for 30 minutes to allow silver ions to 

bind to negatively charged chains of the proteins. To gel was repeatedly washed in water 

and treated with development solution containing 0.04% formaldehyde and 2% Na2CO3. 

Finally, the gel was incubated in 1% acidic acid to stop the reduction of the silver ions to 

elemental silver by the development solution and was extensively washed in A. dest. For 

prolonged storage, the membrane was treated with Gel-DryTM Drying Solution. 
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4.2.3.4. Western Blot 

Proteins separated by SDS-PAGE were transferred to a polyvinylidene difluoride 

(PVDF) or nitrocellulose membrane by electroblotting. The technique involves an electric 

current leading to the transfer of negatively charged proteins from the gel to a membrane. 

For semi-dry blotting, the membrane was placed between western blot filters humidified 

with buffers A, B and C (Table 13) and electroblotting was performed for 90 minutes and 

an electric current of 0.08-0.12 A.  

 
Table 13: Organization of the apparatus for electroblotting of proteins 

Top Cathode (-) 

 9 filters humidified in buffer C 

Acrylamide gel 

PVDF membrane 

3 filters humidified in buffer B 

6 filters humidified in buffer A 

Bottom Anode (+) 

 

The membrane was then washed for 15 min. in 0.1% TBST and unspecific protein binding 

sites were blocked by incubation in 5% non-fat dry milk in TBST for PVDF or 5% BSA/ 

TBST for nitrocellulose membranes for 60 min. For specific identification of the target 

proteins, the washed membrane was incubated in the respective primary antibody diluted 

in 1% non-fat dry milk/ TBST or 5% BSA/ TBST at 4°C overnight. After the incubation 

period, the membrane was washed in TBST 3x 15 min. to wash off unbound primary 

antibodies. The membrane was then incubated with a secondary antibody linked to 

horseradish peroxidase diluted in 1% non-fat dry milk/ TBST or 5% BSA/ TBST at room 

temperature for 60 min. and washed 3x 15 min. in TBST. The ECL Western Blotting 

substrate of horseradish peroxidase, was prepared according to the manufacturer’s 

instructions and added to the membrane for detection using a medical X-ray film.
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4.2.3.5. Analysis of Cell Surface and Intracellular Markers by Flow Cytometry 

Fluorescence activated cell sorting (FACS) was used to detect the physical 

characteristics of cell populations. As ideally one cell at a time flows through a capillary 

with a laser beam, information on the size (FSC, forward scatter) and granularity (SSC, 

sideward scatter) of the cell can be drawn. The constitutive or changes in the expression of 

intracellular or cell surface markers is analyzed using specific antibodies labeled with 

fluorochromes. The fluorochromes are excited by the laser beam, and light emitted in a 

band of wavelengths is detected. For flow cytometry analysis, the cells were first washed 

in FACS buffer. In order to avoid unspecific antibody binding, all cells were blocked for 

15 min. at room temperature with FACS buffer containing human Fc Block (aCD16/ 

aCD32) in a dilution of 1:200. For detection of cell surface markers, the cells were stained 

in 100 µl of FACS buffer containing antibodies specific for the markers of interest for 30 

minutes at 4°C in the dark. The cells were washed twice and either stored in fixation buffer 

until further analysis or prepared for intracellular staining. Intracellular staining was 

performed according to the manufacturer’s recommendations for the FoxP3 Staining 

Buffer Set. In brief, the cell surface staining was fixed and the cells were permeabilized. 

Intracellular target proteins were then stained with specific antibodies for 30 min. at 4°C 

in the dark, were extensively washed in the following and stored in FACS fixation buffer 

at 4°C until measurement. CD107a also known as Lamp-1 (lysosomal-associated 

membrane protein 1) expressed on lymphocytes is a reliable indicator of degranulation, as 

it is translocated from the lysosome to the cell membrane during lysosomal fusion needed 

for release of cytotoxic granules. For the cytotoxicity assay involving measurement of cell 

surface CD107a, T cells were plated in 12-well plates and cultivated in serum-free medium 

for 20h. Following the cultivation period, the cells were left untreated or stimulated with 

20 ng/ml IL-33 and/ or 5 ng/ml of IL-12 and/ or 25 µl/ml of aCD T cell activator. 

Antibodies directed against CD107a were added at the starting point of the treatment to 

detect CD107a translocation to the extracellular membrane. Re-internalization of CD107a 

by the Golgi network was blocked by addition of monensin A 60 minutes after beginning 

in a final concentration of 1 µM. The cells were stimulated for a total of 5h before 

additional staining of cell surface proteins for detection in flow cytometry.
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4.2.3.6. RNA Isolation 

Total RNA was isolated from PBMC using the peqGold Total RNA Kit, while RNA 

from CD8+ T cells was extracted using the Isolate II RNA Isolation Kit for low amounts of 

RNA. RNA extraction was performed according to the manufacturers’ instructions. The 

isolation is based on a reversible binding of RNA to silica columns and elution in 10-35 µl 

of RNAse-free water. To eliminate chromatin- or double- and single-stranded 

deoxyribonucleic acid (DNA), RNA extracted from CD8+ T cells was additionally treated 

with DNAse.  

 

4.2.3.7. Reverse Transcription of RNA for the Generation of cDNA 

Concentrations of isolated RNA were determined using a spectrophotometer. For 

each sample, equal amounts of RNA (200 - 300 ng) were transcribed into cDNA using the 

High capacity cDNA RT kit for a reaction mixture (Table 14). 

 
Table 14: Reaction mixture for the synthesis of cDNA 

Component Volume per sample [µl] 

Aqua dest 4.2 

10x Reverse Transcriptase Buffer 2 

Random primers 2 

dNTPs, 10 mM 0.8 

Reverse Transcriptase 1 

RNA 200 – 300 ng 

Aqua dest Ad to 20 
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The reverse transcriptase was performed with the following program in a thermocycler 

(Table 15). 

 
Table 15: RT-program for the synthesis of cDNA. 

Step Temperature [°C] Time [min] 

1 25 10 

2 37 120 

3 85 5 

4 4 On hold 

 

4.2.3.8. Quantitative real-time PCR 

In order to quantify the mRNA expression of different target genes, specific 5’ 

carboxyfluorescein (FAM) marked probes were used. Quantitative real-time PCR 

(qRT-PCR) was performed in duplicates in 96-well plates (Biozym Scientific, Vienna, 

Austria) for every sample. The reaction was performed with 1 µl of cDNA and 9 µl of 

reaction mix. The composition of the reaction mixture is listed below (Table 16). For 

detection, a 7500 Fast Realtime PCR System was used applying a defined program (Table 

17). 

 

Table 16: Reaction mixture for qRT-PCR 

Component Volume per sample [µl] 

Aqua dest 3.5 

Precision FAST Mastermix 5 

Taqman probe 0.5 

cDNA 1 



Material and Methods 

 48 

Table 17: qRT-PCR program 

Step Temperature [°C] Time [min] Cycles 

1 94 2 1 

2 94 1 

27-33 3 60 1 

4 72 1 

5 72 10 1 

6 4 On hold 1 

 

The results were evaluated by the DCt method. The expression levels of the target genes 

were compared to the expression levels of the non-regulated housekeeping genes GAPDH 

and RPL13A. The relative gene expression was calculated as indicated in the following: 

 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑔𝑒𝑛𝑒	𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 21234 

4.2.4. Measurement of Protein-Protein Interactions by Microscale 

Thermophoresis 

4.2.4.1. Microscale Thermophoresis 

Microscale thermophoresis (MST) is a method for the analysis of biophysical 

interactions between proteins. The principle is based on the detection of temperature-

induced changes in the fluorescence of a target protein, which is affected by the 

complexation by a binding partner. During the analysis, not only the change in fluorescence 

is detected, but also the directed movement of particles in a temperature gradient. The 

temperature gradient is generated by an infrared laser, which is directed on a capillary 

containing the probe. The binding affinity is obtained by a serial dilution of a ligand and a 

constant concentration of a fluorochrome-labeled binding molecule. Denoting the 

normalized fluorescence of the unbound molecule Fnorm(A), the normalized fluorescence 

of the bound complex Fnorm(AT) and the fraction of molecules bound to the target x, the 

changing fluorescence signal Fnorm is calculated by:
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𝐹6789 = (1 − 𝑥)𝐹6789(𝐴) + 𝑥𝐹6789(𝐴𝑇) 

 

Fnorm is plotted against the logarithm of the different concentrations of the serial dilutions, 

providing a sigmoidal curve. Fitting the sigmoidal curve to the nonlinear solution of the 

law of mass action, dissociation constant KD is obtained, describing the strength of the 

binding affinity between the two partners133,134. 

 

4.2.4.2. Labeling and Purification of sST2 for MST 

For interaction studies of IL-33 isoforms to sST2, recombinant sST2-His was labeled 

based on the instructions for the Monolith NT Protein Labeling Kit RED-NHS. The dye 

contains a reactive N-Hydroxy-Succinimidyl (NHS)-ester group that modifies primary 

amines, e.g. lysine residues, by covalent binding. sST2 was labeled in a concentration of 

250 µg/ml, representing 6.85 µM, in a total volume of 100 µl.  

The molarity was calculated by: 

 

𝑐(𝑠𝑆𝑇2)[𝑀𝑜𝑙 𝑙] = 𝑐(𝑠𝑆𝑇2) [𝑚𝑔 𝑚𝑙]	⁄ 	𝑀𝑊(𝑠𝑆𝑇2)	[𝐷𝑎]⁄⁄  

 

c	=	concentration	
MW	=	molecular	weight	
 

For labeling of sST2, the dye was reconstituted in DMSO at a concentration three-fold of 

sST2 (20.55 µM) and a total volume of 100 µl. sST2 and the dye were co-incubated for 30 

minutes at room temperature in the dark in a ratio of 1:1. Labeled sST2 protein was 

subsequently purified using purification columns and by elution of fractions by gravity. 

The quality control of the sST2 labeling was performed by measurement of the fractions’ 

fluorescence in the thermophoresis instrument Monolith NT.115. The fractions used in the 

following experiments were selected depending on the fluorescence. The optimal 

fluorescence was between 200 and 1500 fluorescence counts measured at 20% of LED/ 

excitation power. Labeled sST2 was stored at -80°C. 
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4.2.4.3. Affinity Measurements of IL-33 Isoforms and sST2 

The affinities of sST2 to IL-33 isoforms were determined by MST. Recombinant 

IL-33112-270 was diluted in MST buffer in a serial dilution of 1.5:1, with a maximum 

concentration of 600 nM. IL-3395-270 and IL-33179-270 were diluted 2:1 in a serial dilution, 

with a maximum concentration of 3037.5 nM. 10 µl of labeled sST2 fraction were added 

to 10 µl of ligand dilution. The samples were transferred into capillaries. Unspecific 

adsorption or aggregation were excluded by using optimized MST buffer. The samples 

were measured at an LED power of 20% to minimize the effects of bleaching. The KD was 

calculated using the MO.Affinity Analysis software. 

4.2.5. Statistics 

All data are presented as mean ± SD (standard deviation). Appropriate statistical tests for 

multiple comparisons (RM one-way ANOVA and Friedman test for matched data, one-way 

ANOVA, Kruskal-Wallis for data not matched) or Wilcoxon matched-pairs signed rank 

test for matched t-test were used upon statistical testing of normal distribution with ns for 

p > 0.05, */# for p £ 0.05, **/## for p < 0.01, ***/### for p < 0.001 and ****/#### for  

p < 0.0001. Asterisks (*) show comparisons as indicated, hashtags (#) to controls. 

4.3. Copyright statement 

Parts of the present work have been published in Frontiers in Immunology (Dreis et al., 

2019. Front. Immunol. 10:1698. doi: 10.3389/fimmu.2019.01698). Based on a Creative 

Commons CC-BY license (Attribution 4.0 International), the copyright in the text of 

individual articles is not property of Frontiers, and its ownership is not affected by its 

submission to or publication in Frontiers (as of 25th May, 2018). All graphs and data of the 

publication are licensed to be shared and adapted for any purpose. The following figures 

are part of the publication and have been adapted for facilitated understanding: Figure 10, 

Figure 11, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, 

Figure 21.  
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V. Results 

5.1. Bioactivity of IL-33 in Blood 

Bioactivity of intra- and extracellular IL-33 is highly controlled in order to limit the 

range and duration of IL-33-induced inflammation. Although IL-33 has been suggested as 

a clinical prognostic marker detectable in blood samples and is secreted from necrotic 

plaques in MS135,80,136, 83, so far little is known about bioactivity of IL-33 in blood or its 

systemic function. Based on the current knowledge, IL-33 bioactivity is controlled by 

proteolytic processing or oxidation resulting in conformational changes and disruption of 

the receptor binding sites within the IL-1 like cytokine domain87,137,99. In this chapter, 

bioactivity of IL-33 isoforms in blood, as well as the capacity of decoy receptor sST2 in 

blocking IL-33 bioactivity, have been analyzed to investigate if IL-33 exerts a systemic 

function. 

5.1.1. Generation of Recombinant IL-33 Isoforms 

Proteolytic processing of extracellular IL-33 in vivo produces isoforms with 

different biological activity88,138. Recombinant isoforms of IL-33 have been generated to 

characterize their biological activities in blood. Isoforms IL-3395-270 and IL-33179-270 were 

generated in a cooperative project with Mateusz Putyrski and Andreas Ernst (Department 

of Biochemistry II, University Clinic Frankfurt/ Main). For the generation of the isoforms, 

fragments encoding the aa sequences from positions 95 to 270 or from 179 to 270 within 

the full-length IL-33 molecule were sub-cloned from the eukaryotic plasmid pMyc-hIL-

33-PreFl into bacterial vectors (Figure 6).  

pMyc-hIL-33-PreFl was kindly provided by Prof. Michael U. Martin (Justus-Liebig 

University, Giessen, Germany).



Results 

 52 

 
Figure 7: Quality control of recombinant IL-3395-270 and IL-33179-270. Purity of recombinant 
isoforms IL-3395-270 (19.8 kDa) and IL-33179-270 (10.4 kDa) was assessed by (A) silver staining of 
recombinant proteins loaded on an SDS-PAGE or (B) detection by a polyclonal, IL-33 specific 
antibody in Western Blot. Commercially available IL-33112-270 (17.9 kDa) was used as a control. To 
assess the biological activity of the isoforms, HEK293-ST2L cells were treated with (C, D) 1 ng/ml 
of recombinant human IL-33112-270 or self-generated IL-3395-270 and IL-33179-270 for 22h. (C) SEAP 
activity was assessed by photometrical measurement of the converted substrate QUANTI-Blue at 
635 nm for 120 minutes. Representative data of n=3 independent experiments. (D) The substrate 
conversion in relative Units corresponds to the respective bioactivity of IL-33112-270, IL-3395-270 and 
IL-33179-270. ** for p < 0.01, **** for p < 0.0001 using one-way ANOVA with Tukey’s posttest. Data 
are shown as mean ± SD of n=3 independently performed experiments. 

First, the generated isoforms IL-3395-270 and IL-33179-270 underwent quality controls 

involving assessment of purity, detection by specific anti-hIL-33 antibodies in western blot 

and bioactivity (Figure 7). Purity was determined by separation of the products containing 

either isoform IL-3395-270 or IL-33179-270 in an SDS-PAGE and silver staining (Figure 7A). 

In both cases, comparison of the molecular weight of the dominantly appearing bands to 

the protein standard corresponded to the expected molecular weights of 19.8 kDa for IL-

3395-270 or 10.2 kDa for IL-33179-270. 
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The produced isoforms were analyzed by western blotting and compared to commercially 

available IL-33112-270 to specifically identify the proteins as IL-33 isoforms (Figure 7B). 

Bioactivity of IL-33 was assessed using a commercially available reporter cell system as 

described in chapter 4.2.1.2. The positive control IL-33112-270 and self-generated IL-3395-

270, but not IL-33179-270, induced dose- and time-dependent increases in SEAP activity 

related to IL-33/ ST2L-stimulated NF-kB activity (Figure 7C). Calculation of the substrate 

conversion in relative units revealed significant differences between the bioactivities of all 

three isoforms, with IL-3395-270 most potently inducing a significantly higher SEAP activity 

compared to IL-33112-270 (p < 0.01) and IL-33179-270 (p < 0.0001). With this and as described 

in literature, IL-33179-270 was proven to exhibit no biological activity (Figure 7D). After 

this initial experimental validation, the generated isoforms were used for the subsequent 

experiments on the detectability and regulation of IL-33 bioactivity in blood. 

5.1.2. IL-33 Inactivated by Cleavage or Bound by sST2 is not Detectable by 

ELISA 

Having previously confirmed that generated IL-3395-270 was bioactive and IL-33179-270 was 

inactive, serial dilutions of both isoforms ranging from 1 ng/ml at the highest to 0.01 ng/ml 

at the lowest concentration were used for detection in an IL-33-specific commonly used 

ELISA (Figure 8). The aim of the experiment was to confirm the hypothesis that bioactive 

IL-33, but not IL-33 inactivated by proteases, is detectable by antibody-based techniques 

due to loss of epitopes occurring during proteolytic processing. 
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Figure 8: Bioactive IL-3395-270, but not inactive IL-33179-270, is detectable by ELISA. Total 
protein concentrations of self-generated, purified IL-33 isoforms were determined by Bradford 
protein assay. A serial dilution of either (A) IL-3395-270 or (B) IL-33179-270 ranging from 0.01 to 1 
ng/ml was then applied in a commercially available ELISA and compared to the standard consisting 
of IL-33112-270. The experiment has been performed n=1.  

IL-3395-270 was detectable by ELISA (Figure 8A). Although protein concentrations of the 

produced isoforms had been determined before using a Bradford assay, concentrations 

determined by Bradford and ELISA through comparison to IL-33112-270 as a standard 

strongly differed. Accordingly, 1 ng/ml of IL-3395-270 corresponded to approximately  

2 ng/ml of IL-33112-270. Moreover IL-33179-270 was not detectable by ELISA (Figure 8B), 

disclosing possible limitations in the precise determination of total IL-33 concentrations in 

blood due to limited detectability of different isoforms. It was next asked if IL-33112-270 

complexed by sST2 was detectable by ELISA (Figure 9). 

 

 
Figure 9: IL-33 complexed by sST2 is not detectable by ELISA. Recombinant IL-33112-270 and 
1x, 10x or 100x of sST2 were co-incubated for 30 minutes before application in a commercially 
available ELISA specific for either human (A) IL-33 or (B) sST2. Data are shown as mean ± SD 
of n=3 independently performed experiments. # for p ≤ 0.05, ** for p < 0.01, ### for p < 0.001 using 
one-way ANOVA with Tukey’s posttest. Hashtags (#) indicate comparisons to IL-33 without sST2.
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Addition of sST2 to IL-33 in equal molar concentrations failed to reduce the amount of IL-

33 detected by ELISA compared to the control. However, addition of a tenfold molar 

excess of sST2 to 600 pg/ml of IL-33 resulted in a significant reduction  

(p ≤ 0.05) and a hundredfold excess almost completely abrogated detection of IL-33  

(p < 0.0001) (Figure 9A). In contrast, co-incubation of sST2 with IL-33 did not interfere 

in the detection of sST2 using an sST2-specific ELISA (Figure 9B). In summary, these 

findings implicate that IL-33 complexed by sST2 is not detectable, whereas sST2 bound to 

IL-33 remains detectable in ELISA.  

5.1.3. IL-33 in Blood is Biologically Inactive 

In vivo bioactivity of IL-33 is highly limited. In contrast to ELISA, determination 

of the bioactivity of IL-33 in patient samples might represent a more conclusive tool for 

understanding the function of IL-33 in disease. Exemplary, IL-33 concentrations of 30 

blood samples were first assessed by ELISA. Subsequently, HEK293-ST2L reporter cells 

were used for detection of bioactive IL-33 in the same samples (Figure 10).  

 

 
Figure 10: IL-33 detected in serum is not biologically active. (A) Determined IL-33 
concentrations in serum samples of 30 healthy blood donors by ELISA. (B) Validation of the 
HEK293-ST2L reporter system with known concentrations of recombinant IL-33112-270 before (C) 
measurement of bioactive IL-33 in serum. 1 relative (rel.) unit is equal to 1 pg/ml. (D) Soluble ST2 
(sST2) concentrations were determined in the same serum samples by ELISA. Data are shown as 
mean ± SD of n = 30 serum samples for (A, C, D) or n=3 independently performed experiments 
with recombinant IL-33 for (B). * for p ≤ 0.05, **** for p < 0.0001 using RM one-way ANOVA 
with Tukey’s posttest. LLOQ = lowest level of quantification. 
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IL-33 concentrations of sera from 30 blood donors (mean age 56.4 years, range 28-

72) were assessed by ELISA (Figure 10A). IL-33 was detectable in a total of 18 samples 

and concentrations ranged from 23 to 64 pg/ml in twelve and 1870 to 7440 pg/ml in six 

samples. In twelve samples, no IL-33 was detected (lowest limit of quantification  

23 pg/ml). The HEK293-ST2L reporter cell system was validated using known 

concentrations of recombinant IL-33112-270 (Figure 10B). IL-33112-270 dose-dependently 

induced NF-kB activation indirectly determined by SEAP-dependent substrate conversion 

indicated in relative (rel.) Units. 100 pg/ml IL-33 induced 121.7 ± 23.2 rel. Units, 500 

pg/ml 600.9 ± 49.1 and 1000 pg/ml 969.4 ± 37.86 rel. Units. After validation of the reporter 

system, the same serum samples used for ELISA were then applied to stimulate HEK293-

ST2L reporter cells to investigate whether IL-33 detected by ELISA was bioactive (Figure 

10C). IL-33 detected by ELISA was biologically inactive. Moreover, high concentrations 

of sST2 (11.27 ± 3.9 ng/ml) were detected in the samples (Figure 10D), but as described 

previously IL-33 complexed by sST2 is not detectable by ELISA. The experiment was 

performed in collaboration with Florian Ottenlinger and is fundamental for the ensuing 

experiments checking for the biological activity of IL-33 in blood132. 

Herein it was suggested that IL-33 is detectable by ELISA if the IL-1 receptor like domain 

is accessible, which was the case for isoforms that were not bound by sST2 or - at least in 

the above presented experiments – were not shorter than IL-3395-270. However, high 

concentrations of IL-33 determined by ELISA in serum appeared to consist of biologically 

inactive IL-33 isoforms. For this reason, it was investigated if bioactivity of IL-33 in blood 

was reduced due to proteolytic processing or oxidation. As HEK293-ST2L also express 

membrane-bound receptor IL-1R1, IL-1b represented a suitable control to identify specific 

effects of serum on the regulation of IL-33 bioactivity (Figure 11). 
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Figure 11: IL-33 bioactivity is reduced in blood. HEK293-ST2L reporter cells were either 
cultured in medium (control) or in human plasma obtained from healthy blood donors. The 
HEK293-ST2L cells were stimulated with 0.1, 0.5 or 1.0 ng/ml of (A) IL-33112-270, (B) IL-3395-270, 
(C) oxidation resistant mutant C208S/C232S or (D) IL-1b as control. Human plasma was added 
natively or supplemented with protease inhibitors. Viability of cells was examined by MTT 
viability assay, revealing no cytotoxic effects of plasma samples (data not shown). (A-D) Data are 
presented as mean ± SD of n = 3-10 different plasma samples with at least n=3 independently 
performed experiments. * for p ≤ 0.05, *** for p < 0.001 and **** for p < 0.0001 using one-way 
ANOVA with Tukey’s posttest. 

HEK293-ST2L cells were stimulated with 0.1, 0.5 or 1 ng/ml of the bioactive isoforms IL-

33112-270 (Figure 11A) or IL-3395-270 (Figure 11B). To investigate if blood generally affects 

bioactivity of IL-33, stimulated HEK293-ST2L cells were co-incubated with human 

plasma. Compared to medium controls, SEAP-dependent substrate conversion was 

significantly reduced upon addition of plasma when treated with 0.5 ng/ml (p < 0.0001) 

and 1.0 ng/ml of IL-33112-270 (p < 0.0001) or 0.1 ng/ml (p ≤ 0.05), 0.5 ng/ml (p ≤ 0.05) and 

1 ng/ml of IL-3395-270 (p < 0.0001). Addition of inhibitors specific for serine-, amino-, 

cysteine-, acid- and aspartic proteases failed to reverse the observed downregulation of 

bioactivity. Oxidation abrogates IL-33 bioactivity through formation of disulfide bridges 

within the ST2L binding site99. Therefore, IL-33 mutant C208S/C232S resistant to 

oxidation was used to stimulate HEK293-ST2L cells (Figure 11C). Addition of plasma
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led to a similar reduction in the bioactivity of mutated IL-33 (p < 0.001 for 0.5 ng/ml and 

p < 0.0001 for 1.0 ng/ml for comparisons to medium controls) observed for the non-

mutated IL-33 isoforms, therefore excluding oxidation as a cause for reduced bioactivity. 

Importantly, plasma did not impede bioactivity of IL-1b, implicating a specific modulation 

of IL-33 bioactivity (Figure 11D). To exclude cytotoxic effects of plasma on the HEK293-

ST2L cells, cell viability was determined through assessment of the cellular metabolic 

activity using an MTT assay. Viability of HEK293-ST2L cells was not affected by 

incubation with plasma and/ or stimulation with IL-33 or IL-1b compared to medium 

controls (data not shown). 

5.1.4. Limited Blockade of IL-33 by Decoy Receptor sST2 

sST2 is constitutively and abundantly expressed in sera of healthy individuals. The 

soluble isoform of membrane-bound IL-33 receptor ST2L, namely sST2, is a suggested 

decoy receptor of IL-33 circulating in blood139,140, although an additional function of sST2 

as a reservoir for IL-33 has been postulated103. It was questioned if high concentrations of 

circulating sST2 were able to efficiently block exogenously added IL-33, which would 

explain the above observed decrease in bioactivity. First, binding affinities of recombinant 

sST2 to bioactive IL-33112-270 and IL-3395-270, as well as to IL-33179-270 were determined by 

MicroScale Thermophoresis (Figure 12). 
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Figure 12: Affinity measurements of IL-33 isoforms with sST2. Affinities of (A) IL-33112-270, 
(B) IL-3395-270 and (C) IL-33179-270 (negative control) to sST2 were determined by MicroScale 
Thermophoresis to assess dissociation constant KD and the half maximal effective concentration 
(EC50). Data are shown as mean ± SD of n=3-5 independently performed experiments. 

Affinity measurements disclosed high affinity interactions of sST2 with the bioactive 

isoforms of IL-33, namely IL-33112-270 and IL-3395-270. Calculations of the dissociation 

constant revealed a KD of 2.2 ± 1.1 nM for the interaction of sST2 to IL-33112-270 (Figure 

12A) and a KD of 13.5 ± 2.9 nM for the interaction of sST2 to IL-3395-270 (Figure 12B). In 

line with the expectations, sST2 did not bind to the N-terminally truncated isoform 

IL-33179-270 (Figure 12C). 

IL-1RAcP contributes to the stabilization of the complex leading to high affinity binding 

of IL-33 to ST2L141. As a naturally occurring soluble isoform of IL-1RAcP is to date not 

known, the following experiments asked to what extent IL-33 bioactivity is blocked by 

sST2 in the presence of ST2L and IL-1RAcP. Therefore, a competitive assay using the 

HEK293-ST2L reporter cells was conducted. Beforehand, molarities of recombinant 

IL-33112-270, IL-3395-270, sST2 and supposedly neutralizing anti-IL-33-immunoglobulin G 

(IgG) antibodies (nAb) were calculated based on their respective molecular weights  

(Table 18). 
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Table 18: Molecular weights and molarities of IL-33 isoforms and antagonists. 

Protein Molecular weight [kDa] pM at 1 ng/ml 

IL-33112-270 17.9 55.9 

IL-3395-270 19.8 50.4 

sST2 36.5 27.4 

Anti-IL-33-IgG 150 6.7 

 

For co-incubation experiments with IL-33112-270 and IL-3395-270, binding partners sST2 and 

nAb were in molar ratios of 1:1, 1:10 and 1:100 (ratio of IL-33 : sST2/ nAb). For example, 

for a molar ratio of 1:10, sST2 was added in a concentration of 15.9 ng/ml to 0.5 ng/ml of 

IL-33112-270 (Table 19). 

 
Table 19: Concentrations sST2 and anti-IL-33-IgG (nAb) used for co-incubation experiments with 
IL-33 isoforms in molar ratios of 1:1, 1:10 and 1:100. 

Antagonist Ratio 

Concentration [ng/ml] for  

0.5 ng/ml of IL-33112-270 

Concentration [ng/ml] for  

0.5 ng/ml of IL-3395-270 

sST2 

1:1 (1x) 1.6 1.4 

1:10 (10x) 15.9 14.4 

1:100 (100x) 159.2 143.7 

nAb 

1:1 (1x) 4.2 3.8 

1:10 (10x) 41.9 37.8 

1:100 (100x) 419.0 378.2 

 

HEK293-ST2L cells were treated for 22h with IL-3395-270 or IL-33112-270 together with 

either sST2 or nAb using concentrations for the molar ratios 1:1, 1:10 and 1:100 before 

measurement of IL-33 bioactivity (Figure 13).  
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Figure 13: Limited blockade of IL-33 bioactivity by sST2 and neutralizing antibodies. The 
blocking capacity of 1x, 10x and 100x excess of sST2 (shaded bars) and neutralizing antibodies 
(nAb, grey bars) towards recombinant (A, B) IL-33112-270 and (C, D) IL-3395-270 was assessed within 
the HEK293-ST2L bioactivity assay. Bioactivity of IL-33 within the HEK293-ST2L reporter 
system was indirectly determined by a dose-dependent increase of a converted substrate by a 
secreted alkaline phosphatase (SEAP). Data are shown as mean ± SD of n = 5 independently 
performed experiments. * for p ≤ 0.05 ##/ ** for p < 0.01, *** for p < 0.001 using RM one-way 
ANOVA with Tukey’s posttest. rel. = relative. Hashtags (#) indicate comparisons to the IL-33 treated 
control, asterisks (*) indicate comparisons as indicated. 

In the competitive assay sST2 failed to significantly downregulate IL-33112-270 bioactivity 

upon co-incubation in equal molar amounts, but also in tenfold or hundredfold molar 

excess of sST2 (Figure 13A). Addition of nAb in equal or tenfold excess significantly 

increased bioactivity of IL-33 (p < 0.01 each). This effect was not observed when the 

HEK293-ST2L cells were treated with IL-33112-270 and a hundredfold surplus of nAb 

(Figure 13B). Bioactivity of IL-3395-270 was weakly but significantly reduced if sST2 was 

added in a hundredfold excess (p ≤ 0.05 compared to tenfold sST2) (Figure 13C). In 

contrast to IL-33112-270, bioactivity of IL-3395-270 was not increased by co-incubation with 

nAb, but nAb reduced bioactivity if added in a hundredfold of surplus (p < 0.01 compared
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to the untreated control) (Figure 13D).  

In these experiments, sST2 exerted a low blocking capacity in the presence of ST2L and 

IL-1RAcP on HEK293-ST2L reporter cells, but in the absence of the signaling receptor, 

sST2 selectively bound to bioactive IL-33 with high affinity. In consequence, high 

concentrations of sST2, as observed in the sera of healthy volunteers (Figure 10D), would 

be required to noteworthy block IL-33 bioactivity in the presence of ST2L+ circulating 

immune cells in blood. It was further asked if sST2 expression is an inducible mechanism 

in response to pro-inflammatory stimulation, which would point to the mechanism of a 

negative or positive feedback loop, depending on the function of sST2 as only a decoy 

receptor or a reservoir for IL-33. For this purpose, transcription of ST2L and SST2 mRNA 

in response to stimulation of the adaptive (aCD) or innate immunity (LPS) in total PBMC 

was assessed (Figure 14). 

 

 
Figure 14: TCR activation of human PBMC induces transcriptional expression of SST2. qRT-
PCR of human PBMC isolated and treated for 20h with aCD2/3/28 (aCD) or with LPS. Total RNA 
was isolated and (A) basal ST2L and SST2 mRNA expression was determined in untreated cells by 
comparison to the housekeeping genes GAPDH and RPL13A (2-DCt). Relative expression of ST2L 
mRNA and SST2 mRNA compared to untreated control after stimulation with (B) aCD or (C) LPS 
was determined by comparison of 2-DCt to the untreated control (2-DDCt). Data are shown as mean ± 
SD of (A) n=7, (B) n=6 and (C) n=5 different human RNA samples with at least n=3 independently 
performed experiments. * for p ≤ 0.05 using paired t-test.  

Untreated PBMC constitutively expressed basal, equal levels of both ST2L and SST2 

mRNA (Figure 14A). Stimulation with aCD for specific activation of T cells increased 

expression of SST2 mRNA, which significantly exceeded the induction of ST2L expression  

(p ≤ 0.05) (Figure 14B). In contrast, treatment of PBMC with LPS increased the overall 

expression of ST2L and SST2 mRNA, but resulted in no significant differences in the
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expression levels of ST2L and SST2 mRNA (Figure 14C). This experiment showed that 

upon activation of the adaptive immune system, SST2 mRNA expression was strongly 

induced and exceeding the mRNA expression levels of ST2L. 

In the end, the cause for the downregulation of bioactivity of exogenous IL-33 was not 

clearly determined, but the experiments emphasized that IL-33 bioactivity in general is 

highly regulated in blood. The arising suggestion using circulating IL-33 as a prognostic 

biomarker has to be re-considered, as the data strongly implicate that IL-33 most likely 

exerts no systemic functions.  
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5.2. Differentiation of CD8+ T cells during Nutrient Deprivation 

Although the role of IL-33 in TH2 immunity and atopic diseases has been widely 

proven, evidence arising in latest publications implicate a function of IL-33 in the 

modulation of TH1 immunity and effector cell cytotoxicity. Controversially, IL-33 was 

described to induce differentiation of Treg97, a functionally important T cell subset required 

for limiting the activity of autoreactive cytotoxic T cells, for example. T cell programming, 

differentiation and memory generation is strictly dependent on T cell metabolism, which 

is in turn orchestrated by mTOR, a sensor for nutrient deprivation52,11. This chapter focuses 

on the complex interplay between nutrient deprivation and the IL-33-dependent 

differentiation of CD8+ T cells. 

5.2.1. Starvation Mediates Expression of ST2L and Emergence of CD8low 

and CD8high T cells 

To date, the role of IL-33 in the modulation of the CD8-dependent cytotoxicity 

remains unclear and conflictive findings either report regulatory or inflammatory 

properties of IL-3394,97,142,143. Based on the findings presented in the previous chapter 

implicating that IL-33 is inactivated in blood, it was assumed that the cytokine mainly 

exerts its effects on immune cells nearby its source and most likely, directly in tissue. In a 

hypothetical setting, tumor infiltrating cytotoxic CD8+ T cells would encounter 

immunosuppressive mediators, gradients of nutrients and oxygen, but also bioactive IL-33 

released from necrotic tumor cells. In this context, nutrient deprivation leading to 

alterations in the regulation of the immunometabolism constitutes an important factor 

influencing fitness and differentiation of CD8+ T cells. Furthermore, treatment with 

rapamycin is strongly associated to an enhanced generation of Treg53,144. It was therefore 

asked whether the promiscuity of IL-33, which has been described to be involved in the 

generation of TH1, TH2 and opposing Treg subsets, is rendered possible through mutual 

modulation between mTOR and IL-33. To begin with, it was investigated if nutrient 

deprivation affects the responsiveness of human CD8+ T cells to IL-33 (Figure 15).
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Figure 15: Serum withdrawal mediates emergence of ST2L+ and CD8low T cells. (A) 
Expression of ST2L on CD8+ T cells determined directly after isolation, 20h of cultivation with 1% 
human serum or under serum withdrawal (starvation). mTOR inhibition by addition of rapamycin 
to serum with DMSO in serum as control (DMSO). (B) Exemplary histograms of CD8+ T cells 
after isolation (0h) or cultured with different conditions for 20h. (C) Turnover of intracellular 
autophagy marker light chain 3 beta (LC3B) assessed by flow cytometry in treated CD8+ T cells. 
(D) Exemplary histograms showing the gating strategy for discrimination of CD8high and CD8low T 
cells and percentage of CD8low of total CD8+ T cells. (E) Representative data for expression of 
ST2L on CD8low and CD8high. Data are shown as mean ± SD of (A, D) 0h n=6, starvation n=10, 
serum n=7, rapamycin n=4, DMSO n=4 or (C) n=3 per treatment from different donors and at least 
n=3 independently performed experiments. * for p ≤ 0.05, ## for p < 0.01 and ### for p < 0.001 using 
Kruskal-Wallis test with Dunn’s posttest for (A) and (D) or one-sample t test for (C). Hashtags (#) 
indicate comparisons to the 0h time point, asterisks (*) for comparisons as indicated.  

Expression of ST2L and CD8 on the cell surface of isolated human CD8+ T cells was either 

analyzed directly (0h) or after cultivation with human AB serum, under serum deprived 

conditions (starvation) or with serum supplemented with rapamycin to pharmacologically 

imitate starvation through inhibition of mTOR18. Detection by flow cytometry revealed 

that ST2L expression was significantly induced by starvation and rapamycin compared to 

the 0h control (both p < 0.01) or to cultivation in 1% serum (both p < 0.01) (Figure 15A, 

B). Degradation of microtubule-associated protein 1 light chain 3 beta (LC3B) indicates 

induction of autophagy resulting from inhibition of mTOR. Turnover of LC3B was 

significantly increased upon treatment with rapamycin compared to the respective DMSO
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control (p ≤ 0.05) (Figure 15C). Also, downregulation of CD8 expression was observed 

upon starvation (Figure 15D). Suspecting changes not only in the phenotype but also in 

their functions, CD8+ T cells with diminished CD8 expression were named CD8low, while 

T cells with CD8 expression levels comparable to freshly isolated cells were denominated 

CD8high. The percentage of CD8low in the total CD8+ T cell population significantly 

increased upon starvation compared to the 0h control (p < 0.01) or compared to cells 

cultivated in serum (p ≤ 0.05), resulting from downregulation of CD8 expression. 

Correspondingly, CD8+ T cells treated with rapamycin in serum exhibited a phenotype 

similar to starved T cells, showing that the changes in the expression of both ST2L and 

CD8 were associated to inhibition of mTOR. As CD8low were identified as the main 

population expressing ST2L (Figure 15E), both CD8high and CD8low were further 

phenotypically characterized (Figure 16). 

 

 
Figure 16: ST2L+ CD8low are transitional CD45RA+RO+ and ST2L+ CD8high are CD45RA+RO- 
naïve T cells. Distribution of naïve (CD45RA+RO-), transitional (Trans., CD45RA+RO+) and 
memory type (Mem., CD45RA-RO+) subpopulations of (A) CD8high and (B) CD8low T cells 
determined by flow cytometry. (C) Representative data for the gating strategy of naïve, transitional 
and memory type CD8high and CD8low. Percentage of ST2L expressing naïve, transitional or 
memory type (D) CD8high and (E) CD8low. (F) Representative histograms of ST2L expression of 
transitional CD8high and naïve CD8low. Data are shown as mean ± SD of (A-F) n=9 with at least n=3 
independently performed experiments. ** for p < 0.01, **** for p < 0.0001 using (A, B) Kruskal-
Wallis test with Dunn’s posttest or (D, E) Friedman test with Dunn’s posttest.  
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The characteristics of CD8high and CD8low T cells were further examined to understand why 

nutrient deprivation promotes responsiveness to IL-33 and which are the consequences for 

the pro- or anti-inflammatory activity of CD8+ T cells. As starvation had been associated 

to inhibition of mTOR (Figure 16) and rapamycin has been reported to be involved in the 

generation of memory and regulatory T cells145, expression of naïve T cell marker 

CD45RA and regulatory and memory T cell marker CD45RO were assessed by flow 

cytometry. Populations with the expression pattern CD45RA+RO- were hence defined as 

naïve, CD45RA-RO+ as classical memory and CD45RA+RO+ were defined as T cells in a 

transitional differentiation phase. CD8high T cells were constituted mostly by naïve cells 

(48.0 ± 16.9%), as shown by comparison to the percentages of transitional (29.4 ± 9.1%) 

or memory type T cells (21.0 ± 8.8%, p < 0.01) (Figure 16A, C). In contrast, CD8low T 

cells were significantly dominated by the transitional type subpopulation (45.0 ± 9.8%) 

compared to the percentages of naïve (24.1 ± 7.9%, p < 0.01) or memory T cells (23.6 ± 

9.5%, p < 0.01) (Figure 16B, C). Those results were proportional to the expression patterns 

of ST2L. The percentage of ST2L+ naïve CD8high (52.2 ± 23.2%) significantly exceeded 

the percentage of ST2L+ CD8high exhibiting a memory phenotype (23.6 ± 24.0, p < 0.0001) 

(Figure 16D, F). Furthermore, naïve (59.4 ± 23%) and transitional CD8low (64.3 ± 21.2%) 

were identified as the main populations expressing ST2L compared to the population 

characterized as memory T cells (41.2 ± 30.0%, both p < 0.01) (Figure 16E, F).  

Since generation of memory T cells would classically require antigen encounter, it was 

suggested that the transitional CD45RA+RO+ phenotype of CD8low T cells might rather be 

associated to a reduced sensitivity towards TCR stimulation due to downregulation of CD8, 

rather than to generation of memory T cells. To assess possible differences between 

CD8high and CD8low concerning the TCR-dependent activation, the ratios of CD8high to 

CD8low upon treatment with IL-33 and aCD or IL-12 activation were determined  

(Figure 17). 
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Figure 17: Stimulation dependent shift in the ratio of CD8high to CD8low T cells. Starved CD8+ 
T cells were (A) activated TCR dependently (aCD) ± IL-33 or treated with (B) IL-33 ± IL-12 for 
20h. Ratios were calculated from the percentages of CD8high and CD8low T cells determined by flow 
cytometry. Mean ± SD of n=5 different donors with at least n=3 independently performed 
experiments. * for p ≤ 0.05 using RM one-way ANOVA with Bonferroni’s posttest.  

The ratio of CD8high to CD8low T cells was first assessed after treatment with TCR activators 

(aCD) with and without IL-33 stimulation (Figure 17A). The ratio of CD8high to CD8low 

was significantly increased by co-stimulation of the TCR and IL-33 compared to the 

untreated control (p ≤ 0.05), implicating a predominance of CD8high T cells. However, 

TCR-independent co-stimulation of starved CD8+ T cells with IL-33 and IL-12 led to a 

significant reduction in the ratio of CD8high to CD8low T cells (p ≤ 0.05) (Figure 17B). 

 

 

5.2.2. IL-33 TCR-dependently Induces T-bet-mediated Effector Functions 

CD8high T cells resembling naïve “non-starved” T cells were expected to be able to 

exert effector functions. This assumption was based on the observation that CD8high 

predominated the population of CD8low after stimulation with IL-33 and activation of the 

TCR, implicating proliferation. In the following it was therefore investigated whether IL-

33 also supports cytotoxic effector functions in human CD8+ T cells during TCR activation 

and IL-12 stimulation (Figure 18). 
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Figure 18: IL-33 supports TCR-dependent TH1 effector functions. (A) Mean fluorescence 
intensity (MFI) of T-bet in CD8high and CD8low with representative histogram. (B) Ratio of CD8high 
to CD8low T cells and (C) MFI of CD69 on ST2L+ CD8high during starvation without or with TCR-
specific aCD2/CD3/CD28 (aCD) stimulation ± IL-33. qRT-PCR relative mRNA expression  
(2-DCt) of (D) GATA3 or (E) TBX21 (T-bet). (F) Concentrations of secreted IFNg by CD8+ T cells 
treated with aCD ± IL-33 ± IL-12 for 20h. The expression levels were normalized to the 
housekeeping genes GAPDH and RPL13A. Mean ± SD of n=5 different donors with at least n=3 
independently performed experiments. #/* for p ≤ 0.05, ** for p < 0.01, ###/*** for p < 0.001 or #### 
for p < 0.0001 using RM one-way ANOVA with Bonferroni’s posttest. Hashtags (#) indicate 
significance compared to the untreated control, asterisks (*) indicate comparisons as indicated. 

CD8high and CD8low T cells showed significant differences in the protein expression of TH1-

specific transcription factor T-bet (p < 0.01). CD8high expressed high levels (MFI 286.8 ± 

30.8), CD8low expressed low levels of T-bet (MFI 115.6 ± 13.2) (Figure 18A). In line with 

these results, expression of activation marker CD69 on ST2L+ CD8high was induced by 

TCR activation (p < 0.001) and in comparison further significantly increased by co-

stimulation with IL-33 (p ≤ 0.05) (Figure 18B). Expression of mRNA encoding TH2 

transcription factor GATA3 was not regulated by activation with the different stimuli 

(Figure 18C). However, T-bet mRNA TBX21 was significantly increased by TCR/ IL-12 

activation (p ≤ 0.05 to untreated control) and by co-stimulation of the TCR with IL-12 and 

IL-33 (p < 0.001) (Figure 18D). T-bet is a key transcription factor driving IFNg production
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in T cells. Amounts of secreted IFNg protein measured in the supernatants of the stimulated 

CD8+ T cells were comparable to the expression levels of TBX21 mRNA detected in the 

same cells (Figure 18E). The TCR/ IL-12-induced secretion of IFNg (361.3 ± 199.3 pg/ml) 

was further significantly increased by addition of IL-33 (1051 ± 216.3 pg/ml, p < 0.001). 

To additionally confirm an effector function mediated by CD8high, stimulation-dependent 

degranulation occurring during cell-mediated cytotoxicity was assessed (Figure 19).  

 

 
Figure 19: Co-stimulation of the TCR, IL-12 and IL-33 promotes degranulation of CD8+ T 
cells. CD8+ T cells were treated with aCD stimulus, IL-12 and IL-33 for 5h and co-incubated with 
an anti-CD107a antibody to detect (A) the percentage of CD107a+ degranulating CD8+ T cells. (B) 
Respective representative flow cytometry data and (C) assessment of the mean fluorescence 
intensity (MFI) of CD107a in CD8high and CD8low. Mean ± SD of n=4 different donors. ## for p < 
0.01 using Friedman test with Dunn’s posttest. Hashtag (#) indicates significance compared to the 
untreated control. 

It was found that expression of the degranulation marker CD107a on the cell surface was 

significantly increased compared to the untreated control (p < 0.01) if the CD8+ T cells 

were activated TCR-dependently and co-stimulated with IL-33 and IL-12 (Figure 19A, B). 

In this context, CD8high expressed high levels, CD8low expressed low levels of CD107a 

(Figure 19C). Based on these findings, it was suggested that the pro-inflammatory effect 

of IL-33 was dependent on expression of transcription factor T-bet and TCR-dependent 

activation of CD8high.
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5.2.3. IL-33 and IL-12 Induce a Treg-like Phenotype in CD8low 

The CD8a chain is required for stabilization of the MHC-class I/ TCR complex146. 

CD8high were characterized to exert effector functions after TCR activation, while CD8low 

did not perform cytotoxicity. It was postulated that downregulation of CD8 led to 

desensitization towards antigen-dependent stimulation. It was asked, which impact the 

TCR-independent IL-33 signaling on the activity or differentiation on CD8low might exert. 

To clarify this question, expression of granzyme B (GrzmB) was determined in starved 

CD8+ T cells exhibiting the CD8low phenotype and stimulated with IL-12 without or with 

IL-33 (Figure 20). 

 

 
Figure 20: IL-33 inhibits the IL-12-induced expression of granzyme B during nutrient 
deprivation. (A) Starved CD8+ T cells were treated with 20 ng/ml of IL-33 before determination 
of the percentage of ST2L+ CD8low by flow cytometry. Representative histograms for ST2L 
expression of untreated and stimulated CD8low. (B) Percentage of CD8+ T cells expressing 
intracellular granzyme B (GrzmB) after stimulation with IL-33 ± IL-12. (C) Representative data 
showing the modulation of GrzmB. Mean ± SD of (A) n=7, (B) n=4 of different donors with at 
least n=4 independently performed experiments. */# for p ≤ 0.05 using (A) Wilcoxon matched pairs 
signed rank test, (B) Friedman test with Dunn’s posttest. Hashtags (#) indicate significance 
compared to the untreated control, asterisks (*) indicate significance as indicated. 
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To assess whether CD8low T cells were responsive to IL-33, expression of ST2L on 

CD8low T cells was examined upon stimulation with IL-33 for 20h by flow cytometry. 

Expression of ST2L was significantly reduced by stimulation (untreated 75.9 ± 19.4%, 

stimulated 37.5 ± 16.4%, p ≤ 0.05), indicating receptor internalization (Figure 20A). 

Determination of intracellular GrzmB expression revealed a significant reduction of IL-12-

induced GrzmB expression (35.8 ± 3.2%) by co-stimulation with IL-12 and IL-33 (20.7 ± 

4.6%, p ≤ 0.05) (Figure 20B, C). It was questioned if CD8low T cells IL-33-dependently 

acquire an anti-inflammatory phenotype. Therefore expression of hallmark transcription 

factors for TH1 (TBX21), effector memory (BLIMP-1), TH2 (GATA3) and Treg (FOXP3) 

subsets were determined in IL-33 and/ or IL-12 stimulated CD8low T cells (Figure 21). 

 

  
Figure 21: IL-33 and IL-12 co-induce an anti-inflammatory, regulatory differentiation profile 
in starved CD8+ T cells. CD8+ T cells cultured without serum were left untreated for 20h before 
stimulation with IL-33 and/ or IL-12 for 20h. qRT-PCR relative mRNA expression (2-DCt) of (A) 
TBX21 (T-bet), (B) BLIMP-1, (C) GATA3 and (D) FOXP3. The expression levels were normalized
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to the housekeeping genes GAPDH and RPL13A. Intracellular expression of transcription factors 
(E) GATA3 and (F) FoxP3 protein was additionally assessed by flow cytometry. Mean ± SD of (A, 
B, E) n=4 and (C, D) n=3 from different donors. #/* for p ≤ 0.05, ** for p < 0.01 and ### for p < 
0.001 using (A-D) RM one-way ANOVA with Bonferroni’s posttest or (E, F) using Friedman test 
with Dunn’s posttest. Hashtags (#) indicate significance compared to the untreated control, asterisks 
(*) indicate significance as indicated. 

Starved CD8+ T cells were stimulated with IL-33 with or without IL-12 for 20h prior 

isolation of total RNA. mRNA Expression of transcription factors T-bet (TBX21), 

BLIMP-1, GATA3 and FoxP3 conducted by qRT-PCR analysis revealed no regulation of 

TBX21 mRNA (Figure 21A) or BLIMP-1 mRNA (Figure 21B), but significant induction 

of GATA3 and FOXP3 mRNA upon co-stimulation with IL-33 and IL-12 (Figure 21C, D). 

Those results were confirmed on protein levels by flow cytometry analysis, proving 

significant IL-33- and IL-12-dependent increases in the intracellular expression of both 

GATA3 (p £ 0.05 compared to IL-33 stimulation alone; Figure 21E) and FoxP3 protein 

(p £ 0.05 to untreated control; Figure 21F). These results supported the hypothesis, that in 

the absence of TCR activation, IL-33 and IL-12 induced an anti-inflammatory phenotype 

in CD8low T cells.  

 

5.2.4. IL-33 does not re-activate mTORC1 or enhance mTORC2 Activity 

Recently, Deason and colleagues revealed that the adaptor protein PIK3AP1 links 

the IL-1R signaling to the PI3K-mTOR pathway71. Although not yet described, it was 

suggested here that induction of IL-33 responsiveness on nutrient deprived CD8+ T cells 

might enable IL-33 to modulate the PI3K-mTOR-Akt pathway through PIK3AP1. To 

begin with, it was investigated whether IL-33 with and without TCR stimulation influences 

expression of PIK3AP1 mRNA in nutrient deprived CD8+ T cells. (Figure 22).  
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Figure 22: IL-33/ IL-12 co-stimulation induces expression of PIK3AP1 mRNA. PIK3AP1 
mRNA expression was determined by qRT-PCR in CD8+ T cells cultured for (A) 0h, 20h or 40h 
under serum-free conditions, (B) activated TCR-dependently with and without IL-33 or (C) were 
treated with IL-33 and/ or IL-12 after 20h of starvation and additional 20h of stimulation. Data are 
shown as mean ± SD of at least n=3 independently performed experiments. *p ≤ 0.05 using one-
way ANOVA with Tukey’s posttest. 

PIK3AP1 mRNA expression levels in CD8+ T cells directly before, after 20h or 40h of 

starvation were not significantly different (Figure 22A). TCR activation without or with 

IL-33 did not mediate any differences in the transcriptional expression of PIK3AP1 mRNA 

under nutrient withdrawal (Figure 22B). However, TCR-independent co-stimulation with 

IL-33 and IL-12 led to a significant increase in the expression of PIK3AP1 mRNA 

compared to CD8+ T cells stimulated with IL-12 alone (p £ 0.05) (Figure 22C).  

 

IL-33 has been described to induce mTOR activation through activation of the PI3K 

subunit p110d in murine TH2 cells128. It was examined whether similarly to the IL-1R 

signaling, expression of PIK3AP1 links the IL-33/ ST2L signaling to the mTOR pathway. 

To address this question, activation of mTORC1 was indirectly assessed through detection 

of the phosphorylated p70 subunit of S6K at the aa position threonine (Thr) 389. In contrast 

to mTORC1, activity of mTORC2 is usually not directly affected by nutrient deprivation 

but is able to indirectly activate mTORC1 through activating Akt, which blocks the activity 

of the mTORC1 by inhibiting the TSC complex. mTORC2 potently enhances activity of 

Akt through phosphorylation at the aa serine (Ser) on position 473 (Figure 23). 
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Figure 23: TCR-independent IL-33/ ST2L signaling does not alter phosphorylation of 
p70S6K or Akt. CD8+ T cells were cultivated under nutrient deprivation and stimulated with IL-
33 and IL-12 to induce a regulatory phenotype before western blot analysis of (A) phosphorylated 
p70S6K (P-S6K) at threonine 389 (Thr389) or (B) phosphorylated Akt (P-Akt) at serine 473. As a 
positive control for P-S6K, CD8+ T cells were activated TCR-dependently using aCD2/3/28 
antibodies (aCD). b-Actin as internal loading control. Representative data of n=3 independently 
performed experiments. 

CD8+ T cells were starved before differentiation with IL-33 and IL-12 to induce the 

previously observed regulatory phenotype. Subsequently, phosphorylation of p70S6K (P-

S6K) at Thr389 and Akt (P-Akt) at Ser473 were determined. As a positive control for P-

S6K, the CD8+ T cells were additionally activated TCR dependently for five hours prior 

cell lysis. Western blot analysis revealed no phosphorylation of p70S6K at Thr389 

associated to IL-33 and/ or IL-12 stimulation, implicating that mTORC1 was not 

reactivated (Figure 23A). Similarly, IL-33 and/ or IL-12 stimulation did not result in an 

enhanced phosphorylation of Akt (Ser473), which would be relatable to an amplified 

activity of mTORC2 (Figure 23B). 
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5.3. Contribution of IL-33 to CD8+ T Cell Trafficking 

Peripheral T lymphocyte trafficking is in vivo an essential process for the 

distribution of effector und regulatory T cells and the transmigration of lymphocytes into 

tissue. This process is centrally regulated by mTOR. In the previous chapter it has been 

discovered that during nutrient withdrawal, IL-33 was able to either induce a cytotoxic or 

Treg-like phenotype in CD8+ T cells. Lately arising evidence implicates that IL-33 might 

be involved in processes requiring strict coordination of signals promoting T cell homing, 

egress and retention in tissue41,130,131. It was therefore investigated in the following if IL-33 

might contribute to alterations in the migratory behavior of CD8+ T cells during starvation. 

 

5.3.1. Starvation induces CCR7 but reduces S1P Receptor Expression 

Receptors for chemokines and S1P receptors are essential regulators of migration 

and immune cell trafficking. While interaction of homing receptor CCR7 with its ligands 

mediates immigration into lymph nodes, tissue residency marker CD69 promotes retention 

through inhibition of S1P1, and activation of S1P1 itself triggers extravasation into 

blood37,147,39. To investigate if nutrient deprivation alters the migratory potential of CD8+ 

T cells to migrate to and stay in LN, expression of CCR7 and CD69 was assessed on starved 

CD8high and CD8low T cells (Figure 24). 
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Figure 24: Starvation promotes expression of homing receptor CCR7 but not tissue residency 
marker CD69. Detection of (A, B) SLO homing receptor CCR7 and (C, D) tissue residency marker 
CD69 on the cell surface of ST2L+ CD8high and ST2L+ CD8low T cells. The mean fluorescence 
intensity (MFI) was determined by flow cytometry after 20h or 40h of cultivation under starvation 
without any stimulation (A, C). Representative flow cytometry histograms for (B) CCR7 and (D) 
CD69 on ST2L+ CD8high and CD8low T cells. Data are shown as mean ± SD of at least n=3 
independently performed experiments. * for p ≤ 0.05, ** for p < 0.01, **** for p < 0.0001 using 
one-way ANOVA with Tukey’s posttest.  

CD8low T cells expressed significantly higher levels of lymph node homing receptor CCR7 

compared to CD8high after 20h of starvation (p £ 0.05) (Figure 24A, B). The expression 

levels were further increased until 40h of nutrient deprivation, suggesting starvation 

dependent regulation of CCR7 expression on CD8low. However, expression of the retention 

marker CD69 was detected neither on CD8high, nor on CD8low T cells (Figure 24C, D). 

Activation of T cells reportedly induces dramatic shifts in the expression patterns of 

proteins involved in T cell trafficking27. Therefore, cell surface expression of CCR7 and 

CD69 was analyzed upon stimulation with IL-33 with and without TCR activation of 

CD8high and CD8low T cells. (Figure 25). 
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Figure 25: IL-33 enhances the TCR mediated expression of tissue residency marker CD69 on 
CD8low, but not of lymph node homing receptor CCR7. Mean fluorescence intensities (MFI) of 
(A) CCR7 and (B) CD69 on CD8high (black bars) and of (C) CCR7 and (D) CD69 on CD8low (white 
bars) upon treatment with 20 ng/ml IL-33 or aCD2/3/28 (aCD) for 20h under starvation. Data are 
shown as mean ± SD of at least n=3 independently performed experiments. #/* for p ≤ 0.05, ##/** 
for p < 0.01, ###/*** for p < 0.001 ####/**** for p < 0.0001 using one-way ANOVA with Tukey’s 
posttest. Hashtags (#) indicate comparisons to the untreated control, asterisks (*) indicate 
comparisons as indicated.  

Starved CD8+ T cells were treated with IL-33 ± aCD TCR activators for additional 20h 

before analysis of CCR7 and CD69 cell surface expression on CD8high and CD8low T cells. 

TCR activation conferred a significantly higher expression of CCR7 (p < 0.01 to untreated) 

(Figure 25A) and induction of CD69 on CD8high T cells (p < 0.01 to untreated)  

(Figure 25B). However, no synergistic effects of IL-33 and TCR activation were observed 

for expression of either cell surface marker on CD8high T cells. In contrast to CD8high, both 

TCR activation and IL-33 stimulation failed to further increase expression of CCR7 on 

CD8low T cells (Figure 25C) but TCR activation mediated a significant induction of CD69 

(p £ 0.05 to untreated), an effect that was further enhanced by IL-33 (p < 0.01)  

(Figure 25D).  
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Observing that starvation promoted expression of CCR7 on CD8low T cells, it was expected 

that the ability of CD8+ T cells to circulate was reduced during nutrient deprivation. As 

reliable antibodies for the detection of S1P receptors are currently not available, expression 

levels of S1P1, S1P3, S1P4 and S1P5 were determined on mRNA levels (Figure 26). 

 

 
Figure 26: Expression of S1P1 and S1P4 mRNA is downregulated in starved CD8+ T cells. 
Isolated CD8+ T cells were cultivated under serum-free conditions for 0h, 20h or 40h prior cell lysis 
and isolation of RNA. qRT-PCR for analysis of mRNA expression of (A) S1P1, (B) S1P3, (C) 
S1P4 and (D) S1P5. The expression levels were normalized to those of the housekeeping genes 
GAPDH and RPL13A (2-DCt). Data are presented as mean ± SD representative of n=3 independent 
experiments. ##p < 0.01 using one-way ANOVA with Tukey’s posttest. Hashtags (#) indicate 
comparisons to the 0h control. 

S1P1 mRNA was highly expressed in freshly isolated CD8+ T cells and significantly 

declined during prolonged starvation (p < 0.01 for both 20h vs. 0h and 40h vs. 0h)  

(Figure 26A). Concurrently S1P4 mRNA expression levels significantly decreased during 

nutrient deprivation (p < 0.01 for both 20h vs. 0h and 40h vs. 0h) (Figure 26C). Neither 

S1P3 nor S1P5 mRNA were expressed or induced by starvation (Figure 26B, D). As S1P1 

and S1P4 mRNA expression levels appeared to be modulated during nutrient deprivation, 

it was asked whether IL-33, was directly involved in the modulation of S1P receptor 

expression upon TCR-dependent and -independent activation. 
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5.3.2. IL-33 Modulates S1P1 mRNA and KLF2 mRNA Expression 

KLF2 is the transcription factor for both the S1P1 and the CCR7 gene41,148, although 

conditions favoring KLF2-dependent expression of either gene remain to be resolved. As 

it had been observed that CCR7 protein expression was increased, while S1P1 mRNA 

expression was decreased during starvation it was suggested that starvation influences the 

transcriptional activity of KLF2 on the CCR7 gene. In the following, it was first 

investigated whether starvation influences KLF2 mRNA expression levels (Figure 27). 

 

 
Figure 27: Starvation drives mRNA expression of S1P1 transcription factor KLF2. Isolated 
CD8+ T cells were cultivated under serum-free conditions for 0h, 20h or 40h prior cell lysis and 
isolation of RNA. qRT-PCR for analysis of mRNA expression of KLF2. The expression levels 
were normalized to the housekeeping genes GAPDH and RPL13A (2-DCt). Data are presented as 
mean ± SD representative of n=3 independent experiments. **/ ##p < 0.01 using one-way ANOVA 
with Tukey’s posttest. Hashtags (#) indicate comparisons to the 0h control, asterisks (*) as indicated. 

KLF2 mRNA expression levels were determined for CD8+ T cells cultivated for 20h or 40h 

under nutrient withdrawal. Determination of KLF2 mRNA levels revealed a significant 

increase of expression after 40h of starvation compared to mRNA levels determined at 0h 

(p < 0.01) or 20h of cultivation (p < 0.01) (Figure 27).  

In the following, CD8+ T cells were stimulated with a combination of IL-33 and IL-12 and 

activated TCR-dependently in order to induce the previously described effector phenotype, 

Alternatively, they were stimulated TCR-independently to induce differentiation of the 

Treg-like phenotype. The mRNA expression levels for S1P1 and transcription factor KLF2 

were subsequently assessed (Figure 28). 
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Figure 28: IL-33 regulates gene expression of KLF2 and S1P1 TCR-independently. Isolated 
CD8+ T cells were cultivated under serum-free conditions for 20h before co-stimulation (A, B) with 
or (C, D) without TCR activation cocktail (aCD), IL-33, IL-12 or a combination of the stimuli for 
additional 20h. qRT-PCR for analysis of the mRNA expression of (A, C) S1P1 and (B, D) KLF2. 
The expression levels were normalized to the untreated control set to 100% (white bars). Data are 
shown as mean ± SD of at least n=3 independently performed experiments. #p ≤ 0.05, ##p < 0.01, 
***p < 0.001 and ****/####p < 0.0001 using one-way ANOVA with Tukey’s post-test. Hashtags (#) 
indicate comparisons to the untreated control, asterisks (*) for comparisons as indicated. 

TCR activation of CD8+ T cells significantly reduced the relative expression of KLF2 

mRNA (p < 0.01) (Figure 28A) and S1P1 mRNA (p £ 0.05) (Figure 28B) compared to 

untreated cells. Addition of IL-33 and/ or IL-12 did not significantly further decrease KLF2 

or S1P1 mRNA expression. Interestingly, in the absence of TCR activation, IL-33 alone 

significantly stimulated KLF2 mRNA expression (p £ 0.05) (Figure 28C), resulting in an 

increased gene expression of S1P1 (p < 0.01 compared to untreated) (Figure 28D). IL-33 

and IL-12 co-stimulation abrogated KLF2 mRNA expression, leading to an S1P1 mRNA 

expression that remained unchanged compared to untreated cells. This finding raised the 

question how transcriptional expression of KLF2 is modulated. The KLF2 gene is a target 

of transcription factor FoxO1, a member of the forkhead box proteins essentially required 

for the generation of FoxP3+ Treg149. Unphosphorylated FoxO1 is an active transcription 

factor located in the nucleus, while acetylation affects its DNA binding capacity and 

phosphorylation by Akt promotes its exclusion from the nucleus150,151. 
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To assess whether IL-33 modulates FoxO1 and thus indirectly regulates KLF2 mRNA 

expression, expression and phosphorylation of FoxO1 at aa Ser256 (P-FoxO1) was 

determined in starved CD8+ T cells stimulated with IL-33 and IL-12 (Figure 29). 

 

 
Figure 29: IL-33 modulates expression of FoxO1. (A) CD8+ T cells were cultivated with human 
serum (HSA) or activated TCR-dependently (aCD) as positive controls. Expression of FoxO1 and 
phosphorylated FoxO1 (P-FoxO1) at serine 256 (Ser256) was assessed by western blotting. Besides 
P-FoxO1, phosphorylated FoxO3 (P-FoxO4) was detected by the polyclonal antibody. b-Actin was 
used as an internal loading control. (B) Densitometric measurement for quantification of FoxO1 
expression. Densities of detected FoxO1 bands were normalized to the densities of b-Actin and 
indicated in percent (%) compared to the untreated control. Data are shown as mean ± SD of at 
n=3-4 independently performed experiments. #p ≤ 0.05 using one-sample t-test. Hashtags (#) 
indicate comparisons to the untreated control. 

CD8+ T cells were starved for 20h and were differentiated for additional 20h with IL-33 in 

the absence of IL-12 in order to obtain the previously described Treg-like phenotype. As 

FoxO1 is reportedly phosphorylated upon TCR stimulation (aCD) and is constitutively 

expressed under nutrient-rich conditions, CD8+ T cells were activated TCR-dependently 

or cultivated in human serum for positive controls. Western blot analysis revealed a 

decrease in FoxO1 protein expression resulting from IL-33 stimulation, but no stimulation-

dependent phosphorylation of Ser256 in the absence of TCR activation (Figure 29A). For 

quantification, the densities of FoxO1 bands were assessed and normalized to the 

respective b-Actin controls. The relative FoxO1 protein expression was significantly 

downregulated compared to untreated cells if the starved CD8+ T cells were stimulated 

with IL-33 (p ≤ 0.05) or co-stimulated with IL-33 and IL-12 (p < 0.01) (Figure 29B). The 

analysis revealed a discrepancy between expression of unphosphorylated FoxO1 protein
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and expression of KLF2 mRNA. Although KLF2 mRNA expression was significantly 

induced by IL-33, expression of FoxO1 was significantly downregulated. However, a 

decrease in FoxO1 expression resulting from co-stimulation with IL-33 and IL-12 

corresponded to the abrogated KLF2 mRNA expression.  

 

5.3.3. IL-33 maintains Expression of S1P4 mRNA during Treg-like 

Differentiation 

S1P4 mRNA expression levels were found to be significantly reduced during starvation. 

S1P4 has been attributed important functions in the differentiation of effector TH17 cells 

and Treg74. It was therefore asked if IL-33 regulates S1P4 mRNA expression during 

differentiation of Treg-like CD8+ T cells (Figure 30). 

 

 
Figure 30: IL-33 re-induces S1P4 gene expression. Starved CD8+ T cells were stimulated with 
IL-33, IL-12 and (A) with or (B) without TCR activation (aCD) prior qRT-PCR analysis of S1P4 
mRNA expression. The expression levels were normalized to the untreated control (white bars). 
Data are shown as mean ± SD of at least n=3 independently performed experiments. */#p ≤ 0.05 
and ##p < 0.01 using one-way ANOVA with Tukey’s post-test. Hashtags (#) indicate comparisons to 
the untreated control. 

Compared to untreated CD8+ T cells, TCR activation led to a significant decrease in the 

relative expression of S1P4 mRNA (p £ 0.05), as similarly observed for S1P1 mRNA 

expression. Addition of IL-33 and/ or IL-12 did not further decrease the S1P4 gene 

expression levels compared to TCR activated CD8+ T cells (Figure 30A). In the absence 

of TCR activation, stimulation with IL-12 significantly reduced basal S1P4 mRNA 

expression (p £ 0.05). Addition of IL-33 reversed the IL-12 effect and significantly 
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increased S1P4 mRNA expression (p £ 0.05 for IL-12 vs. IL-33/ IL-12 co-stimulated T 

cells (Figure 30B). The regulation of S1P4 expression is to date poorly investigated but 

described to be impeded by pro-inflammatory signals. For the first time it was shown here 

that the signaling of IL-33 interferes in the IL-12-mediated downregulation of S1P4 mRNA 

expression. Suppressor of cytokine signaling (SOCS) proteins 1 and 3 block IL-12-induced 

STAT4 activation152. It was therefore investigated whether IL-33 interferes in the IL-12 

signaling through induction of SOCS1 or SOCS3 (Figure 31). 

 

 
Figure 31: IL-33 induces SOCS3 mRNA expression during co-stimulation with IL-12. Starved 
CD8+ T cells co-stimulated with IL-33 and IL-12 prior qRT-PCR analysis of (A) SOCS1 and (B) 
SOCS3 mRNA expression. The expression levels were normalized to the untreated control set to 
100% (white bars). Data are shown as mean ± SD of at least n=3 independently performed 
experiments. */#p ≤ 0.05 and ##p < 0.01 using one-way ANOVA with Tukey’s post-test. Hashtags (#) 
indicate comparisons to the untreated control. 

Co-stimulation of starved CD8+ T cells with IL-33 and IL-12 did not affect SOCS1 mRNA 

expression levels (Figure 31A) but significantly induced expression of SOCS3 mRNA 

compared to CD8+ T cells treated with IL-12 (p £ 0.05) (Figure 31B). 
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5.4. Investigations on the Role of IL-33 in Multiple Sclerosis 

A central aspect of MS is the transmigration of autoreactive CD8+ T cells through 

the blood brain barrier, which demyelinate the neuronal axons of the CNS153. Moreover, 

the disease is aggravated by a failure of the central and peripheral tolerance to re-induce 

the self-tolerance state, leading to persisting autoimmunity153. Although its role largely 

remains unexplored, elevated levels of IL-33 released from MS plaques have been detected 

in serum and cerebrospinal fluid of patients154,155. Based on the above presented findings, 

it was suggested that IL-33 affects the activity of autoreactive CD8+ T cells or is involved 

in the differentiation of Treg-like CD8+ T cells in MS. IL-33-dependent differentiation of 

Treg-like CD8+ T cells required inhibition of mTORC1, and mTORC1 inhibitor rapamycin 

has been described to ameliorate disease progression55,56. It was thus tempting to 

investigate in a small group of RRMS patients treated with natalizumab, an inhibitor for 

transmigration of autoreactive T cells into the CNS, whether IL-33 might make a target of 

interest for research on the restoration of the effector T cell and Treg balance in MS. 

5.4.1. Demographic Details of Relapsing-Remitting MS Patients  

Blood samples were collected at the Center for Neurology and Neurosurgery at the 

University Clinic Frankfurt/ Main, Germany, between 2017 and 2018 during the routine 

checkup (Dr. Robert Brunkhorst and others). RRMS was diagnosed by specialists from the 

department of neurology  and patients were chosen respecting the exclusion and inclusion 

criteria (chapters 4.2.2.2 and 4.2.2.3). Blood samples from healthy controls were obtained 

from anonymous donors of the blood donation center (chapter 4.2.2.1). The demographic 

details of RRMS patients are listed in Table 20. 



Results 

 86 

Table 20: Demographic details of RRMS patients.  

 RRMS patients 

n =  9 

sex [m/f] 1 / 8 

Age [mean] 37.7 

Age [range] 28.8 – 47.2 

Treatment Natalizumab; integrin-a4 inhibitor 

Disease duration [years, mean] 10.3 

Disease duration [years, range] 2.3 – 19.6 

EDSS [mean] 3.1 

EDSS [range] 2 – 4 

Disease progression [yes/ no; n] 4 / 5 

Relapse free last 12 months [yes/ no; n] 3 / 6 

Recent relapse [months, mean] 4.7 

Recent relapse [months, range] 1 - 10 

Abbreviation: EDSS; expanded disability status scale 

5.4.2. Disbalances in the Frequencies of CD8high and CD8low in RRMS 

PBMC of healthy donors or isolated from patients suffering from RRMS were 

examined by flow cytometry. The cells were cultured for 20h under serum deprived 

conditions before analysis of CD8 expression on the cell surface to determine the 

percentages of CD8high and CD8low of all CD8+ cells (Figure 32). 
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Figure 32: Differences in the frequencies of CD8high and CD8low in PBMC of healthy controls 
and RRMS patients. PBMC of healthy volunteers (white) or RRMS patients (black, gray) were 
cultivated for 24h under serum-free conditions before (A) analysis of CD8 expression by flow 
cytometry. Percentages of (B) CD8high and (C) CD8low of total CD8+ cells were assessed for 
calculation of the (D) ratio of CD8high to CD8low. Data are shown as mean ± SD of n=9 healthy and 
RRMS samples, respectively. *p ≤ 0.05 and **p < 0.01 using unpaired t-test. 

CD8 expression was examined on total PBMC of healthy controls and RRMS patients, 

discriminating between high and low expression (Figure 32A). Determination of the 

frequencies of CD8high and CD8low revealed a significantly altered distribution in 

comparison to the healthy control group. While in healthy controls, a mean percentage of 

49.3 ± 14.6% of CD8high was assessed, a significantly higher percentage of CD8high was 

detected in samples of RRMS patients (66.7 ± 11.4%; p ≤ 0.05) (Figure 32B). 

Consequently, the percentage of CD8low was significantly decreased in RRMS compared 

to the healthy control group (RRMS 33.3 ± 11.4%; healthy 50.2 ± 14.7%; p ≤ 0.05) (Figure 

32C). Healthy samples revealed an equal ratio of CD8high to CD8low (1.1 ± 0.5), while a 

significant shift in the ratio of CD8high to CD8low was observed for PBMC isolated from 

RRMS patients (2.3 ± 1.0) (Figure 32D).  

Having observed that the balance of CD8high to CD8low cells was significantly altered in 

RRMS samples, it was next investigated if this disruption could be similarly observed for 

expression of ST2L on both CD8 subsets. 
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Therefore, expression of ST2L on CD8high and CD8low was assessed by flow cytometry 

(Figure 33).  

 

 
Figure 33: Expression of ST2L on CD8high and CD8low in PBMC of RRMS patients. PBMC of 
healthy volunteers (white) or RRMS patients (black, gray) were cultivated for 24h under serum-
free conditions before flow cytometry analysis of ST2L expression on untreated (A) CD8high and 
(B) percentages of ST2L+ CD8high upon TCR activation (aCD). (C) ST2L expression on untreated 
CD8low and (D) percentages of ST2L+ CD8low after aCD stimulation. Data are shown as mean ± 
SD of n=9 healthy and RRMS samples, respectively. ##p < 0.01, ###p < 0.001 and ****p < 0.0001 
using unpaired t-test for comparisons between healthy controls and RRMS samples (*) and paired 
t-test for comparisons to the respective untreated control (#; ctrl.). 

ST2L expression was examined by flow cytometry on CD8high and CD8low of 

healthy and RRMS PBMC. Herein, no significant differences in the percentages of ST2L+ 

CD8high from either untreated control subjects (3.1 ± 2.2%) or RRMS patients (1.5 ± 0.7%) 

were detected (Figure 33A, B). TCR activation conferred an equal increase in the amount 

of ST2L+ CD8high. On the other hand, a significantly reduced percentage of ST2L+ CD8low 

was determined in the untreated RRMS samples (10.6 ± 4.6%) compared to the healthy 

control (25.0 ± 4.8%; p < 0.0001) (Figure 33C, D). TCR stimulation significantly 

increased the percentages of ST2L+ CD8low in both healthy and RRMS samples, revealing 

no further differences related to TCR stimulation. 
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To determine possible imbalances in the proliferation of effector T cells, the ratio of ST2L+ 

CD8high to ST2L+ CD8low after TCR stimulation was determined (Figure 33E). Herein, the 

ratio of ST2L+ CD8high to ST2L+ CD8low was significantly higher in PBMC isolated from 

RRMS patients compared to samples of healthy controls (p ≤ 0.05). 

This first evidence from this pilot study with a small number of RRMS patients strongly 

suggests further investigations focusing on the role of IL-33 as a possible object of interest 

for further research on the restoration of anti-inflammatory immunity in the autoimmune 

disease of MS. 
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VI. Discussion 

Since the discovery of IL-33 more than a decade ago, efforts have been made to 

understand its function in the modulation of immune responses. While the cytokine has 

been associated with adaptive type 2 immune responses in the first reports, more recent 

studies showed that IL-33 also contributes to the activity of cytotoxic CD8+ T cells, the 

TH1 activity of CD4+ T cells and to the anti-inflammatory function of Treg156,157,96.  

An important aspect for the function of IL-33 is whether the cytokine re-activates 

circulating T lymphocytes or acts as a local mediator. Despite numerous patient studies 

associating high serum levels of IL-33 to disease severity79,126,158,159, little is known about 

the systemic function of IL-33. Therefore, the first part of this thesis aimed to clarify a 

potential role for systemic IL-33 in the activation, differentiation and effector function of 

T lymphocytes. However, to date, the precise conditions guiding the IL-33 mediated 

induction of differentiation pathways in different T cell subsets remain unknown. Hence in 

the second and third part of this thesis, it was investigated how inhibition of mTOR during 

nutrient withdrawal, TCR activation and stimulation with co-factor IL-12 affect the IL-33-

dependent initiation of distinct differentiation programs in CD8+ T cells. As a central aspect 

for the functionality of effector and regulatory T cells, it was furthermore asked if IL-33 

alters expression patterns involved in the peripheral trafficking of CD8+ T cells. For 

example, CCR7-mediated homing to SLO, CD69-dependent tissue retention and S1P 

receptor mediated recirculation.  

MS is a condition in which autoreactive CD8+ T cells are re-activated, transmigrate 

into the CNS and destroy the neuronal myelin sheath153. Reportedly, IL-33 is secreted in 

large amounts from cerebral MS plaques83. In the last chapter, the potential role of IL-33 

in MS was addressed in a translational pilot study. Based on the findings concerning the 

local function of IL-33 in T cell differentiation and migration, the aim was to investigate 

whether IL-33 might be clinically relevant in MS and a possible object of interest for future 

investigations in a large cohort patient study. 
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6.1. IL-33 is a Local Regulator of Adaptive Immunity 

Although high concentrations of IL-33 are detectable in the blood of patients with 

atopic, autoimmune or cancer diseases79,126,158,159, little is known about the ability of 

systemic IL-33 to modulate inflammation. The reason why the systemic function of IL-33 

is poorly described is that IL-33 concentrations are determined by ELISA, an antibody-

based detection technique. Bioactivity of IL-33 is however controlled by proteolytic 

processing, by receptor binding or oxidation99,102. These might lead to disruption of the 

epitope, a specific amino acid sequence recognized by monoclonal antibodies. It was 

therefore first investigated in this chapter whether IL-33 is biologically active in blood and 

in the following if the soluble decoy receptor sST2 efficiently blocks IL-33 bioactivity. 

 

6.1.1. IL-33 detected in Serum by ELISA is Inactive 

To investigate the potential systemic function of IL-33, it was first investigated 

whether IL-33 detected by ELISA is bioactive. It was hypothesized that due to 

modifications of the IL-33 molecule after release, the binding sites for monoclonal 

antibodies, the epitopes, might be inaccessible. The disadvantage of detecting IL-33 in 

blood by ELISA might thus be that no conclusions on the systemic function of the cytokine 

can be drawn from the elaborate, published patient studies. To begin with, a recombinant 

bioactive and inactive isoform of IL-33 was generated.  

While inflammation drives proteolytic maturation of extracellular IL-33, apoptotic 

signaling cascades result in activation of caspase-3 that cleaves human intracellular IL-33 

at an aspartic acid on position 178, generating the inactive isoform IL-33179-270 87,88. 

IL-33179-270 and IL-3395-270 produced in vivo by chymases3 were recombinantly generated. 

IL-33-induced TH1 inflammation is associated to NF-kB activation110. Therefore, a 

commercially available NF-kB-dependent reporter gene detection system for bioactive 

IL-33 was used to validate the bioactivities of the recombinant IL-33 isoforms generated
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in vitro. Fulfilling the expectations, IL-3395-270 induced a time- and dose-dependent 

substrate conversion by NF-kB-inducible SEAP (Figure 7C), whereas recombinant IL-

33179-270 was not bioactive and subsequently served as a negative control for the following 

experiments (Figure 7D). 

Monoclonal capture antibodies are specific for unique epitopes within an antigen. 

Disruption of the epitope consequently results in loss of the antibody binding. It was 

suspected here that measurement of different IL-33 isoforms by antigen-based detection 

systems such as ELISA is technically limited, resulting in assessment of concentrations 

that most likely differ from the actual in vivo situation. This assumption was based on the 

knowledge that the IL-33 cytokine structure is modified by cleavage, oxidation or binding 

to its soluble receptor, eventually leading to conformational changes and inaccessibility or 

loss of epitopes for antibody binding. Therefore, not surprisingly, the bioactive isoform 

IL-3395-270, but not inactive IL-33179-270, was detectable by ELISA (Figure 8). The soluble 

IL-33 receptor sST2 represents a proposed control mechanism for the bioactivity of 

extracellular IL-33 at the level of receptor binding102. IL-33 complexed by sST2 was not 

detectable, whereas sST2 bound to IL-33 was still recognized by specific ELISA  

(Figure 9). The circumstance that IL-33 inactivated by cleavage or bound by sST2 

remained invisible to the ELISA used here, probably causes a discrepancy in the 

determined concentrations of the cytokine and the actual amount of IL-33 in blood as the 

amount of IL-33 that is cleaved and free or bound by sST2 remains unknown. However it 

is clear that more investigations on the functions of sST2 for the bioactivity of IL-33 are to 

be done.  

To investigate if IL-33 detected in blood samples by ELISA is biologically active, 

30 samples from healthy volunteers were analyzed. Although declared as healthy, varying, 

high concentrations of IL-33 ranging from 23 to 7440 pg/ml were detected in the sera of 

18 of 30 healthy volunteers (Figure 10). A likely cause for these varying concentrations is 

the high prevalence of allergic diseases in the western world. Importantly, allergic persons 

are not excluded from blood donation. IL-33 is strongly involved in the activation of type-2 

inflammation and in the pathogenesis of atopic diseases157,79. High concentrations of IL-33 

correlating with disease severity have indeed been detected in the sera of patients suffering 

from asthma160 and allergic rhinitis157,161. In 2016, almost 20% of the German population
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aged between 18 and 79 years suffered from at least one type of allergy162. In the present 

experiment, 6 of 30 serum samples showed unusually high amounts of IL-33 in serum 

(1870 – 7440 pg/ml), representing 20% of the donors. As the anonymous donors were not 

tested for the allergy marker IgE, allergic and non-allergic persons had not been 

distinguished. Besides allergic diseases, high expression of IL-33 has also been linked to 

obesity, another widespread disease in western civilization163,164. Still, the high 

concentrations of IL-33 in blood were surprising, because IL-1 family cytokines are usually 

described to induce potent inflammatory signals already at low concentrations in 

circulation102. In contrast to the high concentrations of IL-33 detected in the serum samples, 

those same samples exerted no biological effects on the HEK293-ST2L reporter cells 

(LLOQ corresponding to 75 pg/ml), indicating total inactivity of circulating IL-33 at least 

in a healthy state (Figure 10). Further investigations focusing on the mechanisms 

promoting inactivation of IL-33 in blood would involve immunoprecipitation of IL-33 in 

order to determine whether the cytokine is inactive due to proteolytic processing or 

oxidized. As IL-33 reportedly functions as an alarmin, it was asked whether its bioactivity 

is generally limited in blood to avoid systemic inflammation. 

 

6.1.2. Bioactivity of Exogenous IL-33 is Reduced in Blood 

Assuming that bioactivity of IL-33 is generally reduced in blood would consequently mean 

that IL-33 exerts its effects mainly in tissue during a short time frame after release. 

Interestingly and in support, bioactivities of both exogenous IL-33112-270 and IL-3395-270 

were significantly reduced in human plasma (Figure 11). Although oxidation of IL-33 has 

been reported to promote conformational changes and disruption of the ST2L binding 

sites99, oxidation, but also proteolytic inactivation were excluded as reasons for the 

reduction. Measurement of the cellular metabolic activity of the HEK293 cells using an 

MTT assay revealed no cytotoxic effects of the plasma samples used in the experiment 

(data not shown). sST2 is constitutively expressed and released by immune cells like mast 

cells, that are assigned to TH2 immunity. Therefore, and because sST2 concentrations were 

shown to be high in the samples of the healthy individuals used here (Figure 10), it was
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asked if the decrease in bioactivity of exogenously added recombinant IL-33 resulted from 

binding to the naturally occurring sST2. Using microscale thermophoresis, binding 

affinities of sST2 to isoforms IL-33112-270, IL-3395-270 and IL-33179-270 were determined 

(Figure 12). In this experiment, IL-33112-270 and sST2 bound with a dissociation constant 

(KD) of 2.2 ± 1.1, and IL-3395-270 and sST2 with a KD of 13.5 ± 2.9 nM. Comparable to this 

observation, Lingel and colleagues determined a KD of 4 nM for the complex of IL-33112-

270 to sST2 and an affinity of 76 nM for the binding of the IL-33/ sST2 complex to 

extracellular region of IL-1RAcP in a 1:1:1 stochiometry165. Based on the high binding 

affinities of sST2 towards IL-3395-270 and IL-33112-270 it was expected that the decoy 

receptor traps IL-33 and prevents the cytokine from binding to ST2L. Recombinant sST2 

however failed to inhibit IL-33 bioactivity completely. For a 50% inhibition, a 100-fold 

molar excess of sST2 was required. Interestingly, addition of supposedly neutralizing 

antibodies achieved similar results and surprisingly rather increased bioactivity of 

IL-33112-270 at low concentrations (Figure 13). Within this experiment, sST2 and ST2L 

with its co-receptor IL-1RAcP had been set in competition for binding to IL-33. 

Recruitment of the co-receptor is described not only to be essential for the IL-33 signaling, 

but moreover to stabilize the interaction between ST2L and its ligand86. Interestingly, 

Palmer and colleagues generated a recombinant soluble form of IL-1RAcP, which 

associated to the sST2/ IL-33 complex and increased the inhibitory capacity of sST2141. As 

to date no naturally occurring soluble isoforms of IL-1RAcP have been found, it is tempting 

to speculate that the co-receptor increases the binding affinity of IL-33 towards the 

membrane-bound ST2L, exceeding the high affinity of IL-33 towards sST2 resulting in 

preferential binding to the signaling receptor.  

Previous studies addressed the hypothesis of a secondary function of sST2 as a reservoir 

for bioactive IL-33 like the sIL-6R for IL-6101, protecting the cytokine from modifications 

decreasing its bioactivity. This function would however require proximity of the sST2/ 

IL-33 complex to ST2L+ cells and a prompt delivery of the cytokine. In this context, IL-

1RAcP as an “enhancer” of the IL-33-ST2 binding affinity might facilitate the transfer of 

IL-33 from sST2 to ST2L. Yang and colleagues developed small molecules that promote 

release of IL-33 from circulating sST2103, a tool which might in the future gain importance 

to respond to the question whether sST2 prolongs the half-life of IL-33.
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6.1.3. Activation of T cells Promotes Transcriptional Expression of sST2 

It was next found that activation of the adaptive and innate immunity promoted a 

differential expression of ST2L and SST2 mRNA. In spite of large sequence homologies, 

mRNA transcripts of ST2L and SST2 can be specifically discriminated due to regions 

distinctive for the ST2 isoforms. Therefore, qRT-PCR probes spanning the ST2L specific 

exons 10 to 11, or the sST2 specific exons 1 to 2 were used for the discrimination of the 

receptor isoforms (Figure 14). TCR stimulation activates T cells, the regulatory of adaptive 

immunity. On the other hand, the bacterial cell surface component LPS is recognized by 

TLR4, a pattern recognition receptor expressed e.g. on APC and B cells. Therefore LPS 

directly activates cells of the innate immune system166. Examining the ST2 mRNA 

expression of PBMC, TCR activation, but not LPS stimulation, led to a significantly higher 

expression of SST2 mRNA compared to ST2L mRNA. Those data led to the assumption 

that SST2 mRNA expression is a direct answer to T cell activation. In line with these data, 

increased plasma sST2 levels were observed to positively correlate with CD8+ T cell count 

and activation observed during early human immunodeficiency virus, dengue virus or 

hepatitis B infection167–170. On the other hand, epithelial cells have previously been 

identified as the source of secreted sST2 upon LPS stimulation. Mildner et al. found that 

in vivo LPS stimulation in humans triggered a short-term inflammatory response, followed 

by strong enhancement of sST2 secretion primarily by cardiac myocytes and lung alveolar 

epithelial cells139. According to that, activation of the T cells as a part of the adaptive 

immune system would thus induce immune cell derived expression of sST2, whereas 

activation of the innate immune system would promote sST2 secretion from epithelial and 

mast cells, for example. Although in the end, the reasons for the observed downregulation 

of IL-33 bioactivity in blood remain to be further analyzed, the findings presented here 

support the hypothesis that systemic IL-33 is not bioactive. IL-33 released into the 

extracellular space is most likely rapidly inactivated through proteolytic processing or 

oxidation to avoid long-term systemic inflammation. Consequently, IL-33 would exert 

local functions as a regulator of adaptive immunity, an important feature for the modulation 

of tumor infiltrating or autoreactive CD8+ T cells in autoimmune diseases like MS.
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6.2. IL-33 drives Activity of CD8+ T Effector and Differentiation 

of CD8+ Treg Cells 

Activation and proliferation of CD8+ T cells is highly dependent on their 

metabolism and availability of nutrients in their environment. T cell generation, 

differentiation and development is centrally regulated by mTOR, a sensor for nutrient 

deprivation and a key regulator of innate and adaptive immunity. For this reason, 

modulation of the mTOR signaling pathway for resolution of immune mediated diseases 

and induction of anti-cancer immunity has recently gained importance11. The IL-33 

signaling, which depending on the presence of co-factors in the microenvironment, 

promiscuously promotes expansion of functionally opposing T cell populations associated 

to TH1 or cytotoxic, TH2 and TH17 immunity versus suppressive Treg.  

From the first part of this experimental thesis, it was concluded that IL-33 must be 

rapidly inactivated upon entry into blood. It was therefore reasoned that hypothetically, 

IL-33 would most likely exert its effects on CD8+ T cells in close proximity of its source, 

e.g. necrotic cells and in defective barrier sites, in tissue. In vivo, mTOR is inhibited by 

nutrient deprivation, a phenomenon occurring by irregular perfusion and uncontrolled 

growth of tumor mass, an effect influencing the activity and fitness of both cancer cells 

and infiltrating CD8+ T cells57,58. Pharmacological inhibition of mTORC1 proved to be 

beneficial for the course of autoimmune diseases by promoting expansion and 

accumulation of Treg171. It was asked in the following whether the function of IL-33 on 

CD8+ T cells is modulated or influenced by the mTOR pathway.  

Starvation is a critical state in which only proteins essential for the survival of the cell are 

synthesized. Nutrient deprivation here resulted in responsiveness of human CD8+ T cells 

to IL-33 by strong expression of ST2L (Figure 15A), suggesting that the IL-33 signaling 

pathway might play a role in the activity, differentiation or survival of CD8+ T cells during 

starvation. Induction of ST2 expression during starvation has also been observed by Kunze 

and colleagues. They found that under translation-inhibitory conditions, translation of SST2 

mRNA was initiated cap-independently, as the ST2 gene contains an internal ribosome
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entry site (IRES)172. Although investigated not further, it is tempting to speculate that 

besides sST2, ST2L expression is also induced IRES-dependently in CD8+ T cells. Besides 

induction of ST2L expression, CD8+ T cells underwent further phenotypic changes under 

nutrient withdrawal. Next to CD8+ T cells with CD8 expression levels comparable to naïve 

T cells (CD8high), surprisingly a second population emerged with a significantly reduced 

expression of CD8 (CD8low) (Figure 15D, E). Downregulation of CD8 has been 

controversially discussed to either increase effector activity during viral infection, or to 

reduce responsiveness towards TCR dependent activation173–175. An explanation arguing 

for low responsivity of CD8low towards TCR activation would be that the CD8a chain is 

required as a co-receptor for the TCR to stabilize interaction with MHC-class I146. A 

reduced expression of CD8 would therefore result in impairments in the TCR-MHC-class 

I interaction. Phenotypical characterization of both CD8high and CD8low by flow cytometry 

revealed that the population of ST2L+ CD8high T cells mostly contained naïve 

CD45RA+RO- T cells (Figure 16A, D). In contrast, ST2L+ CD8low expressed reduced 

levels of CD45RA and co-expressed CD45RO (Figure 16B, E). CD45RO is a classical 

marker for memory T cells, but is also expressed on CD25high FoxP3high activated Treg, a 

highly proliferative subset with potent suppressive activity176,177. Moreover, TCR 

activation led to a significant increase in the ratio of CD8high to CD8low, an effect possibly 

relatable to proliferation of CD8high as effector cells (Figure 17A). Concurrently, TCR-

independent stimulation significantly decreased the ratio of CD8high to CD8low, implicating 

a predominance of CD8low (Figure 17B). Based on this finding, it was conceived that 

CD8high might be able to exert effector functions, whereas a regulatory function was 

postulated for CD8low.  

Supporting this hypothesis, CD8high expressed T-bet (Figure 18A), a transcription factor 

essentially driving TH1 immunity. Interestingly, T-bet and STAT4 have previously been 

found to promote expression of ST2L on CD4+ TH1 effector cells, explicitly linking IL-33 

to TH1 immunity114. Additional studies revealed an IL-33-driven positive feedback loop, 

in which the IL-33/ ST2L signaling itself promoted T-bet and STAT4 to bind to the il1rl1 

gene locus resulting in increased expression of ST2L in TH1 cells115,116. As a part of its 

function in TH1 immunity, T-bet expression is enhanced by IL-12 and IFNg in a positive 

feedback loop, further increasing the cytotoxic function of effector T cells 178,179.
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Concurrently, TCR activation of CD8+ T cells with IL-12 and IL-33 stimulation further 

enhanced transcriptional expression of the TBX21 gene (Figure 18E). For murine CD8+ T 

cells, Yang and Ottenlinger independently demonstrated that the TCR-, IL-33- and IL-12- 

signaling synergize and enhance IFNg secretion94,95,112. The pro-inflammatory function of 

IL-33 observed before for murine CD8+ T cells was proven here respectively for human 

CD8high T cells, as TCR activation and co-stimulation with IL-33 and IL-12 analogously 

promoted secretion of IFNg protein (Figure 18F) and expression of cytotoxicity and 

marker CD107a (Figure 19) on the cell surface as a result of degranulation. With this, 

IL-33 was shown to enhance the TCR-mediated induction of effector immunity in CD8+ T 

cells, and to overcome the immunosuppressive effect of starvation. 

In contrast to CD8high, CD8low expressed only low levels of T-bet protein, suggesting 

properties of CD8low independent from T-bet (Figure 18A). T-bet expression indirectly 

prevents induction of an endogenous TH2 differentiation program during initial TH1 cell 

responses179, which might explain the differing functions of CD8low observed in the 

following compared to the above described features of CD8high. Evidence supporting the 

hypothesis that CD8low do not exhibit TH1-dependent functions was found when revealing 

that in the absence of TCR activation, IL-33 stimulation significantly inhibited the IL-12-

induced increase in intracellular Granzyme B protein levels (Figure 20B, C). Kienzle et 

al. suggested that the CD8low phenotype is an alternative differentiation pathway for naïve 

CD8+ T cells. Their assumption was based on the finding that TH2 polarization generated 

high numbers of poorly cytolytic CD8low T cells expressing low amounts of perforin and 

GrzmB180. An important finding supporting the hypothesis of Kienzle and colleagues was 

that IL-33 and IL-12 co-induced expression of Treg transcription factor FoxP3 and TH2 

transcription factor GATA3, on both transcriptional and protein levels in CD8low T cells 

(Figure 21). IL-33 was described to be essential for in vivo differentiation, accumulation 

and maintenance of ST2L+ FoxP3+ Treg in inflamed tissue, acting as a co-factor of TGFb97. 

Further data by Alvarez et al. described that expression of ST2L conferred resistance to 

losing FoxP3 expression, inhibiting transition of the Treg to a TH17 effector phenotype124.  

IL-33 here enhanced on the one hand the TCR/ IL-12-induced expression of T-bet and 

promoted cytotoxic effector functions. On the other hand, IL-33 stimulation mediated a 

GATA3+ FoxP3+ Treg-like phenotype in CD8+ T cells in the absence of TCR activation.
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It was lately postulated that IL-33 induces GATA3 and STAT5, which leads to activation 

of the p38/ MAPK pathway and subsequently to activation of mTOR, the central regulator 

of T cell differentiation96. IL-33 has already been described to directly activate mTORC1 

through activation of the PI3K subunit p110d in murine TH2 cells128. Further investigations 

revealed that pharmacological inhibition of the mTOR pathway in TH2 and ILC2 cells in 

turn blocked an IL-33-induced expression of IL-5 and IL-13156. Interestingly, Deason and 

colleagues recently provided experimental proof that adaptor protein PIK3AP1 is directly 

recruited to TIR domain containing receptors and links the IL-1 signaling to the PI3K-

mTOR pathway. This mechanism was held responsible for providing pathogenic TH17 and 

TH1 cell differentiation in EAE71. On the other hand, PIK3AP1 was described to brake 

potentially excessive TLR4-dependent immune responses181. Herein, PIK3AP1 mRNA 

was basally expressed in CD8+ T cells and was not significantly altered during starvation. 

While TCR-stimulation did not modulate PIK3AP1 mRNA expression, co-stimulation with 

IL-33 and IL-12 led to a significant increase in the mRNA expression levels of PIK3AP1 

(Figure 22).  

Based on this finding it was questioned whether ST2L expression was established during 

starvation to enable IL-33-dependent reactivation of the mTOR pathway. Activation of 

mTORC1 was indirectly assessed through phosphorylation of the S6K subunit p70, activity 

of mTORC2 through determination of the mTORC2-specific phosphorylation site Ser473 

of Akt (Figure 23). IL-33 and/ or IL-12 stimulation neither re-activated mTORC1, nor 

enhanced the activation status of mTORC2. It is tempting to speculate that starvation 

induces IL-33 responsiveness to avoid antigen-unspecific inflammation under conditions 

limiting fitness and survival of immune cells. It seems likely that re-activation of mTORC1 

would lead to an increased metabolic activity and accelerated cell death due to the absence 

of nutrients. In contrast, mTORC1 re-activation would be required to perform efficient 

effector functions upon antigen-dependent stimulation related to e.g. viral infection, 

representing an acute “life-threatening” situation. These findings are supported by an 

observation in a murine model, in which IL-33 ameliorated inflammation during 

experimental colitis by facilitating TH2/ Treg responses. Interestingly, this effect was related 

to inhibition of mTORC1, as autophagy was enhanced in macrophages182. In summary, 

IL-33 was shown to exert a dual function for CD8+ T cells. As presented here, starvation
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 leading to inhibition of mTORC1resulted in responsiveness of CD8+ T cells to IL-33. 

Although reported for TH2 and ILC2 cells, IL-33 failed to re-activate mTORC1 or to 

enhance mTORC2 activity. IL-33 induced potent cytotoxic effector functions related to 

T-bet expression and helped to overcome the immunosuppressive effects of nutrient 

deprivation in order to respond to acute inflammation. Importantly, IL-33 counteracted 

induction of energy-consuming antigen-independent inflammation and induced expression 

of GATA3 and FoxP3 related to a Treg-like CD8+ T cell phenotype (Figure 34).  

 

 
Figure 34: IL-33 promotes activation of cytotoxic effector and differentiation of Treg-like 
CD8+ T cells. CD8+ T cells become responsive to IL-33 during starvation through expression of 
ST2L on the surface. (A) The IL-33 signaling synergizes with the IL-12R and TCR leading to 
expression of T-bet-dependent in CD8high. Expression of T-bet is associated to the transcriptional 
expression and secretion of IFNg and mediates degranulation. (B) In the absence of a TCR stimulus, 
IL-33 induces expression of GATA3 and FoxP3 in CD8low T cells. The IL-33 signaling furthermore 
counteracts an IL-12-mediated increased expression of granzyme B (GrzmB). 
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Taken together, the property of IL-33 to promote differentiation of Treg-like CD8+ T cells 

involved in homeostasis during limited nutrient availability might provide positive side-

effects during the treatment of autoimmune diseases with the approved mTORC1 

inhibitory drug rapamycin. In fact, mTORC1 inhibitors like rapamycin or sirolimus are 

currently undergoing clinical trials for the treatment of diabetes mellitus (112 studies) or 

MS, autoimmune diseases in which IL-33 has been suggested to ameliorate disease 

severity123,183–186. 

 

6.3. Starvation Results in CCR7 Expression on CD8+ T cells 

Effector and regulatory T cells in vivo need to be distributed in lymphoid and non-lymphoid 

tissues to efficiently accomplish their tasks. This requires a complex interaction between 

immune cells and chemokines promoting attraction to SLO, then prolonged retention to 

assure adequate T cell activation, followed by emigration and extravasation through the 

blood vessel wall to the site of inflammation187. This highly complex process is 

orchestrated by differential expression of chemokine receptors, adhesion molecules and 

S1P receptors on T cells. Interestingly, the activation status of mTOR has been proven to 

be decisive for the modulation of T cell trafficking29,188. IL-33 has been described to 

promote egress of ILC2 from bone marrow131, to induce neutrophil migration126 or to 

induce active migration of ST2L+ CD4+ FOXP3+ Treg to tumor tissue127. In this part of the 

project, it was investigated which impact IL-33 stimulation has on the migratory behavior 

of CD8+ T cells expressing ST2L during starvation. To investigate this question, the 

dynamic expression of SLO homing receptor CCR7, of cell adhesion and LN retention 

molecule CD69 as well as of the S1P receptors mediating SLO egress, was analyzed. 

Mechanistically, binding of the ligands CCL19 and CCL21 to CCR7, which are 

constitutively expressed by HEV, induces migration of lymphocytes to SLO32,147. 

Activated effector T cells lose expression of CCR7 and with this their ability to access 

SLOs through HEV27. Starvation of untreated CD8+ T cells promoted a significant increase 

in the expression of CCR7 on Treg-like ST2L+ CD8low, and an evenly high CCR7 expression
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on effector type ST2L+ CD8high. Expression of tissue retention marker CD69 was not 

detected on either population (Figure 24). In vivo, following CCR7-dependent migration 

of T cells to SLO, the cell adhesion molecule and early activation marker CD69 mediates 

retention within lymphoid organs and peripheral tissue37. Induction of CD69 expression 

requires TCR-dependent antigen recognition and stimulation with pro-inflammatory 

cytokines like IFNa, IFNb or TNFa189. It was therefore not surprising to find that only 

TCR-dependent stimulation of the CD8+ T cells mediated expression of CD69 on CD8high, 

implicating induction of tissue retention (Figure 25B). IL-33 further significantly 

enhanced expression of CD69 on CD8low (Figure 25D). Interestingly, CD69 has strongly 

been associated to secretion of TGFb, a key cytokine involved in Treg differentiation, and 

is expressed on Treg precursors leaving the thymus37,39. As IL-33 was here associated to a 

Treg-like differentiation of CD8low, CD69 expression might be a component supporting the 

IL-33-dependent differentiation of the CD8+ Treg – a hypothesis requiring further 

investigation.  

The CD69-dependent T cell retention is mediated by formation of a complex 

between CD69 and S1P1, in consequence negatively regulating the egress function of 

S1P137,39. The S1P-dependent migration is driven by a compartment-specific distribution 

and gradients of S1P40. Concurrently, induction of S1P1 expression after T cell activation 

enables their egress from SLO into the periphery45. As during starvation, the ability of the 

CD8+ T cells to migrate CCR7-dependently to LN might be enhanced, it was expected here 

that the S1P receptor expression would be reduced. Since reliable antibodies for detection 

of S1P receptors are currently not available, expression of S1P1, S1P3, S1P4 and S1P5 was 

determined on mRNA levels (Figure 26). Although highly expressed in CD8+ T cells 

before cultivation, gene expression of S1P1 and S1P4 was significantly downregulated 

during nutrient deprivation. S1P3 and S1P5 mRNA concentrations were however below 

the limit of detection. S1P1 gene expression is transcriptionally regulated by KLF2, a 

transcription factor connecting the nutrient sensing pathways and regulation of T cell 

trafficking29,41. Besides the S1P1 gene, KLF2 transcribes the CCR7 gene and represses 

expression of pro-inflammatory CXC chemokine receptor 329,148. In spite of their common 

transcription factor, S1P1 mRNA levels were negatively associated to high CCR7 protein 

expression. The KLF2 mRNA expression levels were significantly induced upon 40h of
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cultivation under nutrient deprivation (Figure 27), implicating to date unknown 

mechanisms modulating the transcriptional activity of KLF2 favoring either expression of 

CCR7 or S1P1. Indeed, it is an open question how S1P1 signaling interacts with signaling 

through CCR7, and it remains unknown if different T cell subsets are differently dependent 

on S1P signaling40. Sinclair and colleagues showed that pharmacological inhibition of 

mTORC1 with rapamycin concurrently led to re-expression of KLF2, and the cells 

regained the ability to migrate to LN. Those changes in the migratory behavior were 

attributed to a restored expression of CCR7 in rapamycin treated T cells. Liu and colleagues 

earlier suggested that mTOR is a downstream target of the CCR7/ CCL19 signaling 

pathway190. Others supported this hypothesis by showing that the CCR7 signaling pathway 

activated the mTOR signaling in DC, resulting in a prolonged survival of the cells191. The 

possible role of CCR7 in the modulation of the immunometabolism might be an 

explanation for the preferential transcription of CCR7 in starved CD8+ T cells by KLF2, 

rather than of S1P1. The anti-inflammatory effects of rapamycin have in the past been 

partially explained by re-expression of KLF2 mediated by the drug148. Moreover, 

Pabbisetty and colleagues suggested KLF2 to be essential for the generation of antigen-

induced or peripheral CD4+ FoxP3+ Treg192. Therefore, KLF2-induced CCR7 expression 

might support induction of the Treg-like CD8low phenotype and explain the higher 

expression of CCR7 on CD8low. 

 

6.4. IL-33 Modulates mRNA Expression of S1P1 and S1P4 

S1P1 and S1P4 promote differential functions in immune cells. While S1P1 has in 

the first line been described to regulate the egress of CD8+ T cells from SLO, evidence 

arose that S1P4 contributes to the differentiation and maintenance of Treg. This chapter 

focused on the question, if IL-33 exploits the S1P/ S1P1/ S1P4 signaling to support the 

above discussed induction of a Treg-like phenotype in starved CD8+ T cells. 
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6.4.1. S1P1 mRNA Expression is suppressed during Treg-like 

Differentiation 

In line with previous reports193, TCR activation of starved CD8+ T cells resulted in 

downregulation of KLF2 mRNA, which was concurrent with a reduction in the 

transcriptional expression of S1P1 (Figure 28A, B). IL-33 did not further reduce or restore 

mRNA expression of KLF2 or S1P1 in TCR-activated CD8+ T cells. Of highest interest for 

the following experiments, IL-33 alone significantly induced expression of both KLF2 and 

S1P1 mRNA, but induction of a Treg-like phenotype with IL-33 and IL-12 conferred a 

significant abrogation of KLF2 mRNA expression in these cells and a non-significant S1P1 

mRNA expression (Figure 28C, D). Skon et al., observed that IL-33 promoted 

establishment of tissue-resident lymphocytes by inhibition of KLF2 expression in T cells 

and through synergism to the signaling of the anti-inflammatory cytokine TGFb41. This 

effect leading to a decrease in S1P1 mRNA expression was related to activation of the 

PI3K/ Akt pathway, though. However, it was shown here before that IL-33 failed to re-

activate mTORC1 or enhance Akt activation (Figure 23) in starved CD8+ T cells. Skon 

and colleagues explained that KLF2 gene expression is mechanistically dependent on the 

transcription factor FoxO141. FoxO1 plays a central role in the differentiation of FoxP3+ 

Treg149, in the regulation of the immunometabolism and also controls the development and 

functions of TH9 cells194. Blom et al. discovered that IL-33 in vitro initiates IL-9 secretion 

by human CD4+ T cells and basophils, with this indirectly connecting the IL-33/ ST2L 

signaling to FoxO1195. Unphosphorylated FoxO1 is an active transcription factor located 

in the nucleus. Acetylation of FoxO1 reduces its DNA binding capacity and promotes Akt-

mediated phosphorylation, in turn resulting in exclusion of FoxO1 from the nucleus151. 

Based on the hypothesis that IL-33 might indirectly regulate S1P1 expression through 

modulation of FoxO1, protein expression and phosphorylation of FoxO1 in starved CD8+ 

T cells stimulated with IL-33 and IL-12 was investigated by western blot analysis. 

Surprisingly, IL-33 stimulation did not mediate inactivation of FoxO1 through 

phosphorylation but significantly decreased FoxO1 protein expression (Figure 29). This 

finding revealed a discrepancy to the KLF2 mRNA expression pattern.
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It had beforehand been postulated that the IL-33-enhanced KLF2 mRNA expression might 

be caused by an increased expression of FoxO1, but FoxO1 protein expression was 

significantly downregulated by IL-33 stimulation. It should be emphasized that in this 

experiment, activity of FoxO1 was not directly determined, although it was shown that 

FoxO1 is at least not inactivated through phosphorylation. As specific antibodies for 

acetylated FoxO1 are currently not available, it remains unclear whether IL-33 contributes 

to inactivation of FoxO1 through acetylation. The attempt to link IL-33 to an increased 

expression of the deacetylase Sirtuin1 (SIRT1) failed, as SIRT1 was revealed to not be 

expressed on protein levels in CD8+ T cells (data not shown). It is furthermore questionable 

whether the increase in KLF2 mRNA expression is a direct cause of an increased 

transcriptional expression mediated by FoxO1. Nutrient deprivation highly influences 

mRNA stability to promote gene expression of proteins supporting survival, while 

inhibiting mRNA translation of proteins involved in energy-consuming processes or 

apoptosis196. An explanation for the increase in KLF2 mRNA levels might also be a 

disbalance in the synthesis and degradation of KLF2 mRNA, leading to accumulation of 

mRNA and not an increased expression. Furthermore, under certain conditions, accessory 

and transactivating proteins required for the FoxO1-mediated gene expression of KLF2 

might be recruited IL-33-dependently. Based on these speculations, it is suggested to 

perform further experiments including reporter gene assays and specific silencing of 

FoxO1 expression using small interfering (si)RNA.  

Importantly, FoxO1 expression was even more significantly reduced if the CD8+ T cells 

were treated with both IL-33 and IL-12 (Figure 29). This finding is in line with the 

observation that KLF2 mRNA expression was abrogated by IL-33/ IL-12 co-stimulation. 

FoxO1 expression was here not expected to be completely suppressed in starved Treg-like 

CD8+ T cells as FoxO1 deficiency is described to severely curtail the development of Treg 

cells, to diminish expression of immune checkpoint CTLA-4 and confer inability of TGFb 

to suppress T-bet mediated effector functions149. Endogenous FoxO1 expression is also 

required for autophagy and promotes survival of naïve T cells during nutrient 

withdrawal197,198. Although S1P1 mRNA expression appeared to be downregulated 

through a decrease in FoxO1 or KLF2 expression, the controversially discussed role of 

S1P1 in the differentiation and activation of CD8+ Treg remains to be elucidated in
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consecutive investigations. Liu and colleagues stated that the S1P1 signaling inhibits Treg 

development and functions through activation of Akt/ mTOR, leading to antagonization of 

TGFb signaling by attenuating activity of Smad3199,200. In contrast, Radeke and colleagues 

demonstrated that S1P1 contributes to Treg development and is induced via Smad3 and 

Smad4 upon TGFb stimulation in DC201. Concurrently, the S1P/ S1P1 signaling was 

recently shown to directly activate the TGFb signaling pathway, inducing TGFb and IL-10 

secretion promoting expansion of Treg202. Importantly, deletion of S1P1 in TH17 cells 

conferred resistance to development of EAE although permanent deletion in Treg resulted 

in autoimmunity, an increased sensitivity to apoptosis and convergence to effector Treg203. 

This finding raises the question for future experiments, whether the observed IL-33/ IL-12-

dependent inhibition of S1P1 mRNA expression was permanent or transient. The findings 

presented here implicate that in the absence of antigen-specific stimulation, the 

combination of IL-33 and IL-12 might support the ability of Treg-like CD8+ T cells in vivo 

to migrate into LN CCR7-dependently through inhibition of S1P1-dependent peripheral 

trafficking. 

 

6.4.2. IL-33 Re-induces Expression of S1P4 mRNA 

Here, it was observed for the first time that a cytokine, in this case IL-33, stimulates 

re-expression of S1P4 mRNA in IL-12-stimulated CD8+ T cells. Although remaining 

mostly unexplored to date, several recent publications emphasized a possible role of S1P4 

in the activation, differentiation of Treg and trafficking of immune cells204. IL-33 alone did 

not alter S1P4 mRNA expression levels, while IL-12 significantly reduced S1P4 mRNA 

levels. Strikingly, the IL-12-dependent transcriptional downregulation of S1P4 expression 

was reversed by addition of IL-33 (Figure 30B). Hence, it was questioned if S1P4 

expression is associated with the maintenance or function of Treg-like CD8+ T cells. S1P4 

was reported to be inducible by stimulation with TGFb and to contribute to cytokine 

production promoting both TH17 and Treg immunity72,74. It was suggested here that IL-33 

either directly or indirectly interferes with the pro-inflammatory IL-12 pathway. SOCS 

proteins regulate the responses of immune cells to cytokines in a negative feedback loop
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to inhibit cytokine signal transduction205. It was observed here that IL-33 enhanced the 

expression of SOCS3 mRNA, but not SOCS1 mRNA upon co-stimulation with IL-12 

(Figure 31). SOCS3 has been attributed a function as a mediator of anti-inflammatory 

responses, although pro-inflammatory factors such as LPS and IL-6 significantly induce 

expression of SOCS3205. Mechanistically, SOCS3 blocks the STAT4 binding site in the 

IL-12R b2 subunit and with this inhibits IL-12-induced STAT4 activation206. Interestingly, 

SOCS3 is also described to be involved in the negative regulation of pro-inflammatory 

immunity mediated by the TLR- and IL-1R/ TIR signaling205. However, the data presented 

here implicate an agonistic function of SOCS3 in the IL-33 signaling, reversing the IL-12-

dependent inhibition of S1P4 mRNA expression.  

Besides the described inhibitory function of SOCS3 on the TLR and IL-1R signaling, it is 

tempting to speculate a possible mode of action in which SOCS3 supports the IL-33-

dependent anti-inflammatory function (Figure 35). To inhibit the pro-inflammatory TLR 

or IL-1R signaling, SOCS3 inhibits activation of TRAF6 and TAK1 which are recruited to 

MyD88. Both are essential for activation of NK-kB and TH1 immunity207 (Figure 35A). 

According to unpublished data from the collaboration partners of this project, Weigert and 

Olesch, next generation sequencing revealed that expression of the gene of a central 

component of the PI3K/ mTOR pathway, PIK3AP1, was significantly and highly expressed 

in S1P4(-/-) knockout mice. Although IL-33/ IL-12 did not re-activate mTORC1 here, it is 

tempting to speculate that under certain conditions, the IL-33/ ST2L signaling, possibly 

with a contribution of the adaptor protein PIK3AP1, downstream leads to SOCS3 gene 

expression (Figure 35B). The contribution of PIK3AP1 also seems likely, because Deason 

and colleagues associated the recruitment of PIK3AP1 to the IL-1R to induction of Treg and 

TH17 immunity71. The S1P4 signaling is in turn described to play a major role in the 

pathogenesis of TH17-mediated diseases204. Mechanistically, activation of the PIK3AP1/ 

mTOR pathway might result in the expression of SOCS3 protein and blockade of the 

STAT4 binding sites on the IL-12R b2 subunit. As a consequence of the interruption in the 

IL-12 signaling pathway, mechanisms inhibiting the mRNA expression of S1P4 are not 

induced. This hypothesis might be additionally supported by findings from Yamamoto et 

al., showing that transgenic expression of SOCS3 in T cells resulted in strong TH2 cell 

polarization, a process to which IL-33 has primarily been associated to after its
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discovery206. The decisive elements which promote either an anti- or pro- “IL1R family 

function” of SOCS3 remain to be elucidated. 

 

 
Figure 35: Suggested dual function of SOCS3 in the pro-inflammatory TLR/ IL-1R and anti-
inflammatory IL-33/ ST2L pathways. (A) Suppression of the TLR and IL-1R pathways by 
SOCS3. Activation of TLR4 by LPS and or the IL-1R by IL-1 leads to recruitment of the adaptor 
protein MyD88, TRAF6 and TAK1. SOCS3 inhibits the subsequent NF-kB dependent transcription 
by inhibition of the complexation of TRAF6 and TAK1. (B) Hypothetical mode of action for the 
inhibition of the IL-12 signaling pathway by SOCS3 induced by IL-33/ ST2L signaling. IL-33/ 
ST2L signaling mediates expression and recruitment of PIK3AP1. Activation of the PI3K/ mTOR 
pathway and under contribution of unidentified downstream proteins (?) might lead expression of 
SOCS3. SOCS3 protein inhibits the IL-12-dependent activation of STAT4 by blockade of the 
STAT4 binding site at the IL-12R b2 chain. Figure B modified according to Yoshimura et al.205. 

Yasukawa et al. suggested that the function of SOCS3 is highly dependent on and controls 

duration of STAT3 activation. Sustained STAT3 activation was reported to suppress LPS-

dependent inflammation, whereas transient expression promoted inflammation208,209. 

Interestingly, Lee and colleagues revealed that STAT3-induced S1P1 expression resulted
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in a feed forward loop, in which the S1P1 signaling mediated persistent STAT3 activation 

in tumors210. Concurrently, the S1P1-dependent sustained STAT3 activation promoted 

metastasis and cancer cell proliferation. This project revealed evidence for future studies, 

implicating that IL-33 modulates the transcriptional expression of the S1P1 and S1P4 genes 

in different ways, possibly to maintain an anti-inflammatory function CD8+ T cells during 

starvation. The here presented findings suggest that in the absence of antigen-specific 

stimulation, IL-33 upholds S1P4 mRNA expression by counteracting IL-12-mediated S1P4 

mRNA reduction. 

 

6.5. Potential of IL-33 as an Object of Interest in a Patient Study 

on Multiple Sclerosis 

MS is a severe autoimmune disorder characterized by demyelination of neuronal 

axons and dendrites in the CNS due to an immune response including autoreactive 

antibody-dependent reactions and CD8+ T cells. About 85% of all MS patients suffer from 

the most common disease course, the relapsing-remitting MS (RRMS). RRMS involves 

relapses followed by initially complete or later incomplete remission with periods of 

relative clinical stability211,212. One central aspect in the pathogenesis of MS is thought to 

be a functional Treg deficiency resulting in failure of maintaining a self-tolerance state153. 

Pharmacological restoration of immune homeostasis is therefore a central aim for the 

treatment of autoimmune diseases like MS. The findings presented in the previous chapters 

of this thesis implicated that IL-33 contributes to the differentiation of a Treg-like CD8low 

phenotype, a mechanism that could potentially be of interest to restore the imbalance of 

effector to regulatory T lymphocytes in MS. As recently published, IL-33 is released from 

MS plaques, raising the question whether the released cytokine promotes or dampens 

inflammation83. Also, in another investigation, the function of IL-33 for disease 

progression of MS remained highly disputed. Jiang and colleagues showed that 

administration of IL-33 ameliorated disease severity in the murine MS model, EAE123. 

Furthermore, as it was shown in this thesis, the bioactivity of IL-33 was
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significantly reduced in the systemic blood compartment (chapter 5.1.3). Therefore, it 

might be postulated that IL-33 released within the CNS is meaningful for the modulation 

of infiltrating CD8+ T cells. 

To estimate whether IL-33 might be of interest in a future patient study with a large cohort 

of MS patients, samples of nine patients suffering from RRMS were analyzed in the small 

pilot study presented here. Importantly, all of the patients included in the study had been 

treated with natalizumab and were in remission at the time of blood withdrawal (Table 20). 

Natalizumab is a monoclonal antibody directed against integrin-a4 and blocks 

transmigration of T leukocytes across the blood-brain-barrier213. Consequently, the choice 

of patients treated with natalizumab increased the chances that possible effector or Treg 

cells involved in RRMS were not located in the CNS but are more likely to be detectable 

in blood. Above, CD8high were described as effector cytotoxic T cells after TCR activation, 

while CD8low T lymphocytes seemed to differentiate to Treg-like cells by IL-33/ IL-12 co-

stimulation. Here, in blood samples of patients flow cytometric analysis revealed 

significant differences in the frequencies of CD8high and CD8low T cells compared to 

healthy controls. Interestingly, in RRMS, the percentage of CD8high T cells was 

significantly increased, and the percentage of CD8low T cells was decreased (Figure 32). 

Li et al. observed that the proportion of Treg defined by CD4+ CD25+ FoxP3+ was decreased 

in MS and suggested that this deficiency contributed to autoimmunity214. Although 

extensive studies concerning the functional suppressive activity of CD8low in RRMS will 

be required, based on the data shown in this thesis, it may be hypothesized that in addition 

to CD4+ Treg, the percentage of Treg-like CD8low are diminished in RRMS as well. 

The theory of “molecular mimicry” implies that presentation of viral peptides 

resembling components of the cerebral myelin sheath may trigger relapses by re-activation 

of effector cells215, while at the same time a dysfunctional or a diminished Treg population 

would fail to limit the cytotoxic activity of effector cells. IL-33 might exert a dual role and 

either promote pro-inflammatory responses through CD8high or anti-inflammatory 

immunity mediated by CD8low. In order to mimic antigen-dependent activation by viral 

peptides, PBMC were activated TCR dependently (Figure 33). The frequencies of ST2L+ 

CD8high and ST2L+ CD8low were significantly and equally increased in healthy or RRMS 

PBMC upon TCR activation. Remarkably, the proportion of ST2L+ CD8low remained
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significantly lower in PBMC of RRMS patients with and without TCR activation  

(Figure 33A-D). Consequently, the ratio of the assumed effector ST2L+ CD8high to Treg-

like ST2L+ CD8low was consequently significantly higher in RRMS samples (Figure 33E).  

In vivo, differentiation of ST2L+ CD8low might potentially be enhanced through 

pharmacological treatment with rapamycin. The reason is that a prerequisite for IL-33 to 

induce an anti-inflammatory phenotype in CD8+ T cells was based on the inhibition of 

rapamycin target mTORC1 during nutrient deprivation. In EAE, rapamycin has been 

described to ameliorate clinical and histological signs for disease activity when 

administered during the ongoing disease216,144,217,218. Similar beneficial effects of 

rapamycin in human MS have been reported171,219. Indeed, the positive effects of the 

mTORC1 inhibitor were discussed to rely on its characteristics to suppress T effector 

functions, as well as to increase the percentage of Treg217. Another aspect suggesting that 

clinical RRMS pathophysiology fits very well to the function of IL-33 described herein is 

supported by the cytokine’s contribution to the modulation of S1P1 expression, although 

the role of S1P1 in Treg development remains largely unclear. Fingolimod, an approved 

therapeutic drug for the treatment of RRMS, has been described to increase percentages of 

CD4+ and CD8+ Treg in non-relapsing patients, which resulted in a delayed disease 

progression67. In summary, the pilot study revealed interesting clues suggesting 

disturbances in the proportions of ST2L+ CD8high and ST2L+ CD8low. 

6.6. Concluding Remarks 

IL-33 is a cytokine with great functional diversity. Although it has been described 

for the first time more than a decade ago, mechanisms promoting either a pro- or anti-

inflammatory function of IL-33 in adaptive immunity remain mostly unclear. It is tempting 

to speculate that the potential of IL-33 to activate immune cells is limited in time and space, 

because the cytokine is most likely bioactive in tissue only. Therefore, the data presented 

above are strongly questioning whether IL-33 can be used as a prognostic biomarker when 

detected in blood. Interestingly, as revealed here, also nutrient withdrawal was a decisive 

factor promoting responsivity of CD8+ T cells to IL-33. Whether ST2L expression during
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starvation is IRES-dependently induced yet remains to be clarified yet. However, starved 

CD8+ T cells could profit from the versatility of IL-33 to either promote effector activity 

or differentiation of Treg, allowing efficient responses to infection or raising the threshold 

for antigen-independent inflammation, respectively. In the end both instances would 

promote long-term survival of the organism. Moreover in vivo, IL-33 might block S1P1-

dependent recirculation of Treg-like CD8+ T cells located in LN but might support 

expression of largely unexplored S1P4 with largely unexplored consequences so far. 

Overall, the in vitro observations revealed interesting insights into mechanisms possibly 

influencing bioactivity and functions of IL-33 in vivo.  
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VIII. Abbreviations 

aa amino acid 

Akt Protein Kinase B 

AMPK AMP-activated protein kinase 

AP-1 Activator protein 1 

APC antigen presenting cells 

CCL CC-chemokine ligand 

CCR7 CC-chemokine receptor 7 

CD Cluster of Differentiation 

CD107a Lamp-1, lysosomal-associated membrane protein 1 

CTLA-4 cytotoxic T-lymphocyte-associated protein 4 

Ctrl control 

DC dendritic cell(s) 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

EAE experimental autoimmune encephalomyelitis 

eIF4B eukaryotic translation initiation factor 4B  

ELISA enzyme-linked immunosorbent assay 

FACS fluorescence activated cell sorting 

FoxO1 forkhead box protein O1 

FoxP3 forkhead box P3 

FSC forward scatter 

GATA3 glutamyl amino transferase subunit A 

GrzmB granzyme B 
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HEV high endothelial venules 

IFNg interferon-g 

IgG/ IgE immunoglobulin G/ immunoglobulin E 

IL- interleukin- 

IL-1RAcP interleukin-1 receptor accessory protein 

ILC2 innate lymphoid cell group 2 

IRES Internal ribosome binding site 

KD dissociation constant 

KLF2 krüppel-like factor 2 

LC3B microtubule-associated protein 1 light chain 3 beta 

LPS lipopolysaccharide  

mem memory 

MFI mean fluorescence intensity 

MS multiple sclerosis 

mTOR mammalian target of rapamycin 

mTORC1/ -2 molecular target of rapamycin complex 1/ -2 

MTT 3-(4,5-dimethylthiazole-2-yl)-2,5-

diphenyltetrazolium bromide 

MyD88 myeloid differentiation primary-response gene 88 

nAb neutralizing antibodies 

NF-kB nuclear factor ‘kappa-light-chain-enhancer’ of 

activated B cells 

p70S6K p70 subunit of S6 kinase 

PBMC peripheral blood mononuclear cells 

PD-1 programmed death-1 

PDK1 protein 3-phosphoinositide-dependent  

protein kinase 1 
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PI3K Phosphoinositide 3-kinase 

PIK3AP1 Phosphoinositide-3-kinase adaptor protein 1 

PRAS40 proline rich Akt substrate of 40 kDa 

PRR5 proline rich 5 

qRT-PCR quantitative real-time PCR 

Raptor Regulatory-associated protein of mTOR 

rel. relative 

Rictor Rapamycin-insensitive companion of mTOR 

RNA ribonucleic acid 

RORgT retinoic acid receptor related receptor gamma 

RRMS Relapsing-remitting multiple sclerosis 

S1P sphingosine-1-phosphate 

S1P1,-3,-4,-5 sphingosine-1-receptors 1, 3, 4 and 5 

S6K Ribosomal protein S6 kinase beta -1 

SEAP secreted alkaline phosphatase 

sIL-6R soluble IL-6 receptor 

SLO secondary lymphoid organ 

SOCS1/ 3 suppressor of cytokine signaling 1/ 3 

SSC sideward scatter 

sST2 soluble ST2 

ST2L suppression of tumorigenicity 2 long 

STAT3/ 4 signal transducer and activator of transcription 3/ 4 

T-bet T-box transcription factor TBX21 

TAK1 TGFb-activated kinase 1 

TCR T cell receptor 

TGFb tumor growth factor beta 

TH T helper 
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TLR Toll-like receptor 

TNF tumor necrosis factor 

TRAF6 TNF-receptor-associated factor 6 

trans transitional 

Treg regulatory T cells 

TSC tuberous sclerosis complex 

aCD anti-CD2/3/28 
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