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PREFACE: PUBLICATION AND POSTER PRESENTATIONS 
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and Marcus Groettrup. Footnotes were included to indicate the respective parts and the publication is 
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Oliveri F, Basler M, Rao TN, Fehling HJ, Groettrup M. Immunoproteasome Inhibition Reduces the T 

Helper 2 Response in Mouse Models of Allergic Airway Inflammation. Front Immunol (2022) 13: 

doi:10.3389/fimmu.2022.870720 

 

Parts of the data shown in chapter 4.6 and figures 27 and 29 were presented at poster sessions at: 

¶ II Joint Meeting of the German Society for Immunology (DGfl) and the Italian Society of 

Immunology, Clinical Immunology and Allergology (SIICA), 10ς13 September 2019, Munich 

¶ 20th International Summer School on Immunology - Immune System: Genes, Receptors and 

Regulation, 21 - 28 September 2019, Hvar, Croatia. 
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SUMMARY 

The immunoproteasome is a variant of the 26S proteasome in which the catalytically active standard 

-̡subunits (̡ мcΣ ʲнc ŀƴŘ ʲрc) are replaced by low molecular mass ǇƻƭȅǇŜǇǘƛŘŜ ό[atύн όʲмƛύΣ 

multicatalytic endopeptidase complex-like (MECL)-м όʲнƛύ ŀƴŘ [atт όʲрƛύΦ Besides its role in antigen 

presentation, many studies have shown that the immunoproteasome is important in activation and 

differentiation of T helper (Th) cells, cytokine secretion and development of autoimmune disorders, 

making it an interesting therapeutic target for T cell-mediated diseases. Indeed, irreversible inhibition 

of the immunoproteasome subunits LMP2/LMP7 by ONX 0914 has shown great effects in ameliorating 

disease symptoms in various mouse models of inflammatory diseases and in reducing the frequency 

of IFN-ʴ+ Th1 and IL-17+ Th17 cells. In contrast, little is known about the role of the immunoproteasome 

in the development of allergic Th2-mediated inflammation. 

Allergic asthma is induced by inhalation of environmental allergens which trigger an excessive immune 

response, resulting in high levels of inflammatory cytokines like IL-4, IL-5 and IL-13, eosinophilic 

infiltration and increased immunoglobulin E (IgE) production by B cells. Antigen-specific Th2 cells are 

central mediators of this allergic reaction. Even though most patients benefit from the standard 

corticosteroid treatment, a large proportion of patients develops corticosteroid-resistant asthma, 

leading to a great need of novel therapeutics. 

The first part of this study aimed to investigate the role of the immunoproteasome in CD4+ Th cells. In 

the first set of experiments, the focus was Th2 cells and the therapeutic potential of 

immunoproteasome inhibition on Th2 cells in allergic airway inflammation. First, it was shown that in 

vitro polarized Th cell subsets (Th1, Th2, Th17, and Treg) express high levels of immunoproteasome. 

For in vivo analyses allergic airway inflammation was induced in mice of the novel GATA-3-reporter 

strain GATIR which are useful for easy identification of Th2 cells. ONX 0914 was applied during the 

challenge phase to investigate the influence on the acute Th2 response. Furthermore, the 

development of Th2 cells was analyzed under the influence of ONX 0914 which was applied 

continuously starting from the first sensitization. 

When ONX 0914 was applied during the challenge phase, a reduction of the Th2 response was detected 

in two different models, using ovalbumin or house dust mite (HDM) extract as allergens. Furthermore, 

T cell activation and antigen-specific cytokine secretion was impaired and a reduced infiltration of 

eosinophils and professional antigen presenting cells into the lung and the bronchoalveolar space was 

observed in the ovalbumin model. In contrast, there was no difference in the Th2 response or airway 

inflammation, when ONX 0914 was applied starting from the first sensitization. Moreover, the 

development of ovalbumin-induced airway inflammation was similar in wildtype and LMP7-deficient 

mice. In both cases this coincided with increased expression of the standard subunit ̡5c, suggesting a 

compensatory mechanism. Taken together, it could be shown that primed Th2 cells are sensitive to 
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immunoproteasome inhibition and that allergic airway inflammation could be reduced but early ONX 

0914 treatment or genetic deficiency of LMP7 could not prevent disease development.   

Even though many studies have demonstrated that Th17 cells are diminished upon 

immunoproteasome inhibition, it is still unclear if differentiation or survival of these cells is affected. 

In a second line of experiments, dextran sodium sulfate (DSS) was therefore used to induce colitis in 

mice and to investigate the effect of immunoproteasome inhibition on Th17 cells at different time 

points, i.e. during differentiation and later on established Th17 cells. In the same manner, Tregs were 

examined as previous studies yielded opposing data about the immunoproteasome in Tregs.  

In line with previous studies, the frequency of Th17 cells in the lamina propria of the colon was almost 

abolished when ONX 0914 was applied continuously during DSS colitis. In contrast, ONX 0914 did not 

decrease already induced Th17 cells at a later time point. In both settings, Tregs in the lamina propria 

were not affected by ONX 0914 treatment.  

In conclusion, different Th cell subsets require immunoproteasome function at distinct time points and 

respond differently to ONX 0914. In our setup, Th2 cells could develop independently of 

immunoproteasome function but Th17 cells required it. In contrast, primed Th2 cells but not 

established Th17 cells were affected by immunoproteasome inhibition. 

Comparative studies of degradation characteristics of the standard- and immunoproteasome are often 

performed with isolated proteasomes in vitro. Since this might not reflect the real physiologic situation 

in cellulo, the aim of the second part of this thesis was to establish a stable cell line for inducible 

immunoproteasome expression. To our knowledge, the only currently available comparable cell line is 

a tetracycline-inducible murine fibroblast line. Since fibroblasts normally do not express 

immunoproteasomes, the aim was to establish a line based on cells usually expressing almost 

exclusively immunoproteasomes. To this end, the immortalized B cell line LCL721.174, lacking the 

genomic region where the genes encoding for LMP2 and LMP7 are located, was used as a basis for a 

tamoxifen-inducible system. Three stable clones with robust expression after 7 days of tamoxifen 

treatment were established. This cell line was then used for proteomics analysis (SILAC - stable isotope 

labeling with amino acids in cell culture) to identify potential substrates specific for one of the two 

proteasome types. The best hit was a reduction of nuclear factor NF- Bˁ in immunoproteasome 

samples. Cycloheximide chase experiments were performed to confirm this but no differences could 

be detected. Furthermore, this cell line was used to investigate the degradation of poly-ubiquitinated 

proteins and the susceptibility to oxidative stress, but no differences were detected between the two 

samples.  

 

 



 

IV 

GRAPHICAL ABSTRACT 

 

 

  



 

V 

ZUSAMMENFASSUNG 

Das Immunproteasom ist eine Form des 26S Proteasoms in welchem die katalytischen -̡

Untereinheiten (̡ 1c, 2̡c und ̡ 5c) durch molecular mass polypeptide (LMP)2 (̡1i), multicatalytic 

endopeptidase complex-like (MECL)-1 (̡ 2i) und LMP7 (̡5i) ausgetauscht sind. Neben seiner Rolle in 

der Antigenpräsentation haben viele Studien die Wichtigkeit des Immunproteasoms in der Aktivierung 

und Differenzierung von T Helferzellen (Th), Zytokinsekretion und der Entwicklung von Autoimmun-

erkrankungen gezeigt. Daher ist das Immunproteasom ein interessantes therapeutisches Zielmolekül 

für die Behandlung von T Zell-vermittelten Krankheiten. Irreversible Inhibition der Immunproteasom-

untereinheiten LMP2 und LMP7 durch ONX 0914 zeigte große Effekte in der Verbesserung von Krank-

heitsymptomen in diversen Mausmodellen für inflammatorische Erkrankungen und in der Reduktion 

von IFN-ʴ+ Th1 und IL-17+ Th17 Zellen. Im Gegensatz dazu ist bisher nur sehr wenig über die Rolle des 

Immunproteasoms in der Entwicklung von allergischen Th2-vermittelten Entzündungen bekannt.  

Allergisches Asthma wird durch das Einatmen von Umweltallergenen induziert, die eine übermäßige 

Immunantwort auslösen, welche sich durch hohe Mengen an inflammatorischen Zytokinen wie IL-4, 

IL-5 und IL-13, eosinophile Infiltration und erhöhte IgE-Produktion von B Zellen auszeichnet. Antigen-

spezifische Th2 Zellen sind dabei die zentralen Mediatoren dieser allergischen Reaktion. Obwohl viele 

Patienten gut auf die Standardbehandlung mit Kortikosteroiden ansprechen, entwickelt ein großer Teil 

der Patienten kortikosteroidresistentes Asthma. Daher werden neue Behandlungsstrategien für diese 

Patienten dringend gebraucht. 

Diese Studie hatte zum Ziel, die Rolle des Immunproteasoms in CD4+ T Helferzellen zu untersuchen. In 

der ersten Reihe von Experimenten standen Th2 Zellen und das therapeutische Potenzial der Immun-

proteasominhibition auf Th2 Zellen in allergischen Atemwegsentzündungen im Fokus. Zunächst konnte 

gezeigt werden, dass in vitro polarisierte T Helferzellsubtypen (Th1, Th2, Th17 und Tregs) hohe Mengen 

an Immunproteasom exprimieren. Für anschließende in-vivo-Analysen wurde die neue GATA-3-

Reportermauslinie GATIR für die einfache Identifikation von Th2 Zellen genutzt und allergische 

Atemwegsinflammation induziert. ONX 0914 wurde während der Reexposition όα/ƘŀƭƭŜƴƎŜάύ mit dem 

Allergen verabreicht um den therapeutischen Effekt auf die akute Th2 Antwort zu analysieren und auch 

die Entwicklung der Th2 Antwort bei kontinuierlicher Immunproteasominhibition wurde untersucht.  

Wenn ONX 0914 während der Challenge-Phase appliziert wurde, konnte eine Reduktion der Th2 

Antwort in zwei verschiedenen Modellen beobachtet werden. Diese wurden mit dem Modellallergen 

Ovalbumin oder durch Extrakt von Hausstaubmilben induziert. Außerdem war die Aktivierung von T 

Zellen und Antigen-spezifische Zytokinsekretion beeinträchtigt und eine verringerte Infiltration von 

eosinophilen Granulozyten und professionellen Antigen-präsentierenden Zellen wurde im Ovalbumin-

Modell beobachtet. Im Gegensatz dazu wurden keine Unterschiede in der Th2 Antwort oder der 

Atemwegsinflammation festgestellt, wenn ONX 0914 den gesamten Versuchsverlauf über verabreicht 
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wurde. Gleichzeitig konnte eine erhöhte Expression der Standarduntereinheit 5̡c nachgewiesen 

werden, was eine Art Kompensationsmechanismus suggeriert. Zusammengefasst konnte gezeigt 

werden, dass geprimte T Zellen sensitiv für Immunproteasominhibition sind und die allergische 

Atemwegsinflammation durch Applikation von ONX 0914 während der Challenge verringert werden 

kann, aber frühzeitige ONX 0914-Gabe kann die Entwicklung der Erkrankung nicht verhindern. 

Obwohl bereits viele Studien zeigten, dass Th17 Zellen durch Immunproteasominhibition verringert 

werden, ist bisher nicht klar, ob die Differenzierung oder das Überleben der Zellen beeinträchtigt ist. 

In der zweiten Versuchsreihe wurde daher Dextransulfat Natriumsalz (DSS) verwendet um Kolitis in 

Mäusen zu induzieren und der Einfluss von ONX 0914 auf Th17 Zellen zu unterschiedlichen Zeitpunkten 

wurde untersucht. Genauso wurden auch regulatorische T Zellen (Tregs) analysiert, da bisherige Daten 

dazu nicht eindeutig sind. 

In Übereinstimmung mit bisherigen Daten war die Frequenz von Th17 Zellen in der Lamina propria 

stark reduziert, wenn die Mäuse konstant mit ONX 0914 behandelt wurden. Im Gegensatz dazu gab es 

keinen Unterschied, wenn die Tiere erst nach der Induktion der Th17 Zellen behandelt wurden und 

auch die Frequenz der Tregs war durch die Immunproteasominhibition wenig verändert. 

Abschließend kann man sagen, dass verschiedene T Helferzelltypen die Funktion des 

Immunproteasoms zu unterschiedlichen Zeiten benötigen und vermutlich daher verschieden auf die 

Inhibition reagieren. In unserer Studie konnten sich Th2 Zellen, aber nicht Th17 Zellen unabhängig von 

der Immunproteasomfunktion entwickeln. Im Gegensatz dazu waren geprimte Th2 Zellen, aber nicht 

reife Th17 Zellen, beeinträchtigt durch ONX 0914.  

Vergleichsstudien für die Abbaueigenschaften von Standard- vs. Immunproteasom werden vor allem 

mit isoliertem Proteasom durchgeführt. Da dies aber nur bedingt die reale, physiologische Situation in 

Zellen darstellt, war das Ziel des dritten Projekts die Etablierung einer stabilen Zelllinie mit 

induzierbarer Immunproteasomexpression. Unseres Wissens nach gibt es bisher nur eine verfügbare 

vergleichbare Zelllinie welche auf murinen Fibroblasten basiert. Da Fibroblasten normalerweise kein 

Immunproteasom exprimieren, sollte nun eine B-Zell-basierte Linie hergestellt werden. Dafür wurde 

als Grundlage für ein Tamoxifen-induzierbares System die immortalisierte B Zelllinie LCL721.174 

verwendet, der der Genomteil fehlt, wo LMP2 und LMP7 codiert sind. Drei stabile Zellklone wurden 

generiert, die robuste Immunproteasomexpression nach siebentägiger Stimulation zeigten. Diese 

Zelllinien wurden dann für Proteomanalysen verwendet (SILAC - stable isotope labeling with amino 

acids in cell culture), um potentielle Substrate von einem der beiden Proteasomsubtypen zu 

identifizieren. Der beste Treffer war eine Verringerung von NF- Bˁ in Immunproteasomproben, aber 

dies konnte in Cycloheximidexperimenten nicht bestätigt werden. Außerdem wurde die Zelllinie 

genutzt, um den Abbau von poly-ubiquitinierten Proteinen und die Anfälligkeit für oxidativen Stress zu 

vergleichen. Es konnten jedoch keine Unterschiede festgestellt werden.  
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1. INTRODUCTION 

1.1.  Basic characteristics of the proteasome 

Maintenance of protein homeostasis is of critical importance to cells and controlled protein 

degradation is involved in a wide range of cellular processes such as cell cycle progression, signal 

transduction, transcriptional regulation and immunologic processes (1,2). The proteasome is the 

primary non-lysosomal degradation system in eukaryotes and one major degradation pathway is the 

ubiquitin-proteasome system (UPS). This pathway facilitates post-translational modification of 

proteins with the small protein ubiquitin to target them for degradation (1,3). These proteins are 

recognized and degraded by the 26S proteasome, a multi-subunit catalytic complex, which consists of 

the catalytically active 20S core and the 19S regulator (4). 

1.1.1. The ubiquitin-proteasome system  

The UPS is the main cytosolic and nuclear degradation machinery which mediates degradation of short-

lived regulatory, and damaged or misfolded soluble proteins (5,6). Ubiquitination of target proteins 

requires an ATP-dependent cascade of three enzymes (7), starting with a ubiquitin-activating enzyme 

(E1). The E1 enzyme primes ubiquitin by covalent binding of the C-terminal glycine residue, resulting 

in the formation of a reactive thioester bond. In the next step, ubiquitin is transferred to a ubiquitin-

conjugating enzyme (E2) from which it is relocated to the target protein with an E3 ligase (3). Many 

different E3 ligases exist which convey substrate specificity and which exhibit different modes of 

action. RING (really interesting new gene) E3 ligases mediate the transfer of ubiquitin to the substrate 

directly whereas HECT (homologous to E6AP carboxyl terminus) ligases require an additional 

intermediate thioester conjugation to the ligase (8). In both cases, ubiquitin is bound to a lysine residue 

of the target protein via an isopeptide bond, typically Ǿƛŀ ǘƘŜ ŎŀǊōƻȄȅƭ ƎǊƻǳǇ ƻŦ ǳōƛǉǳƛǘƛƴΩǎ ǘŜǊƳƛƴŀƭ 

glycine (G76) and the ʁ-amino group of a lysine within the substrate. This ubiquitination is then further 

elongated by the attachment of other ubiquitin moieties mainly via the lysine residue 48 (K48) of 

ubiquitin. Formation of this poly-ubiquitin chain with a minimum of four residues is the main signal for 

recognition and degradation by the 26S proteasome (9). Nevertheless, linkage to the other lysine 

residues of ubiquitin (K6, K11, K27, K29, K33 and K63) or the N-terminus can also be found and has 

been reported to mediate many different cellular functions also independently of proteasomal 

degradation (10,11). Besides this pathway, proteins can also be degraded ubiquitin-independently via 

the 20S proteasome as it was described for example for oxidized or intrinsically disordered proteins 

(12ς16). 

 



Introduction 

2 

1.1.2. Structure of the proteasome 

The proteasome is a multi-subunit catalytic complex composed of the 20S core alone or in combination 

with regulatory structures. The barrel-shaped 20S core structure is conserved among eukaryotic 

organisms and is composed of four rings with seven subunits each (17ς20). The two identical outer 

rings consist of -hǎǳōǳƴƛǘǎ ǿƘŜǊŜŀǎ ʲ-subunits form the two inner rings (Figure 1A). Due to the ring-

like structure, three interconnected cavities are formed in between, namely two antechambers and 

one central catalytic chamber (Figure 1B) (17,21). The latter is formed by the two ̡ -rings of which the 

three subunits ̡ мΣ ʲн ŀƴŘ ʲр (one each per ring) are catalytically active (18,19,21,22). Unfolding of the 

protein targeted for degradation is required to penetrate the gate of the -hrings and to enter this 

catalytic chamber which prevents unspecific degradation of surrounding proteins (17,18,22,23).  

As part of the UPS, the 19S regulatory cap (also named PA700, (24)) binds to ƻƴŜ ƻǊ ōƻǘƘ ʰ-rings of the 

20S core (Figure 1B), forming the 26S or 30S proteasome, respectively. Its main function is to mediate 

the degradation of poly-ubiquitinated proteins (4,25). The 19S regulator consists of approximately 20 

subunits of two classes, namely Rpt (regulatory particle triple-ATPase) and Rpn (regulatory particle 

non-ATPase) and comprises a base and a lid (Figure 1B). The main function of the lid is the 

deubiquitination (Rpn11 and proteasome-interacting proteins Ubp6/Ubp14) of the protein targeted 

for degradation whereas the base is important for ubiquitin recognition (Rpn1, Rpn10 and Rpn13), 

promotion of substrate unfolding, ƎŀǘŜ ƻǇŜƴƛƴƎ ƻŦ ǘƘŜ ʰ-ring and substrate translocation (Rpt1-6) (25ς

27).  

 

Figure 1 Structure of the eukaryotic proteasome. (A) Schematic drawing of the barrel-shaped 20S core which is 
composed of two h-rings and two -̡ǊƛƴƎǎ ǿƛǘƘ ǎŜǾŜƴ ǎǳōǳƴƛǘǎ ŜŀŎƘΦ ¢ƘŜ ŎŀǘŀƭȅǘƛŎŀƭƭȅ ŀŎǘƛǾŜ ǎǳōǳƴƛǘǎ ʲмΣ ʲн ŀƴŘ 
ʲр ŀǊŜ ƳŀǊƪŜŘ ƛƴ ƎǊŜŜƴΣ ƻǊŀƴƎŜ ŀƴŘ ȅŜƭƭƻǿΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ (B) Representation of the 26S proteasome as a cross 
section showing how the substrate enters through the 19S regulator and is then degraded in the catalytic 
chamber of the 20S core. The catalytically active subunits are marked as in (A). The 19S regulator is composed of 
two complexes, the base and the lid. The base contains the subunits Rpn1, Rpn2, Rpn10, Rpn13 and the motor 
subunits Rpt1-Rpt6 (dark purple). The lid is composed of Rpn3, Rpn5-Rpn9, Rpn11, Rpn12, Rpn15 (light purple) 
(28,29).  
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Moreover, the proteasome activators PA28h ,̡ PA28ɹ and PA200 can build complexes with the 20S 

core, also in combination with the 19S regulator (27,30ς33). They activate the proteasome by opening 

the channel of the 20S core but do not exhibit ATPase activity or ubiquitin-recognition capacity 

(26,27,34). PAнуʰʲ ƛǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘǊŜŜ t!нуʰ ŀƴŘ ŦƻǳǊ t!нуʲ ǎǳōǳƴƛǘǎ ǿƘƛŎƘ ŦƻǊƳ ŀ ƘŜǘŜǊƻ-

heptameric ring that binds to the 20S proteasome (32,35,36). PA28h  ̡is IFN- -ɹinducible and mediates 

the degradation of short peptides but not regularly folded, full-length proteins (29,37). It was shown 

to be involved in major histocompatibility complex (MHC) class I antigen processing and to influence 

cleavage specificity, increase substrate affinity and enhance the formation of hybrid proteasomes (19S-

20S-t!нуʰʲύ (38ς42). The third member of the PA28 family is the structurally homologous PA28ɹ  that 

forms homopolymeric complexes (43). It is not IFN- -ɹinducible, mainly found in the nucleus and, in 

contrast to t!нуʰʲ, can markedly enhance the degradation rate by the 20S proteasome (44,45). 

PA200 is a 200kDa nuclear protein which acts as a monomeric activator of the 20S proteasome by 

ƛƴǘŜǊŀŎǘƛƴƎ ǿƛǘƘ ǘƘŜ ʰ-ǎǳōǳƴƛǘǎ ʰм-6 and thus rearranging them to open the proteasome gate (33,46). 

It was suggested to be involved in DNA repair, spermatogenesis and to stimulate degradation of 

specific substrates but its main function remains controversial (39,47,48).   

1.1.3. Catalytic activity of the proteasome 

The catalytic activity of the 20S proteasome is carried out by the two inner -̡rings. Each ring is 

composed of the same seven subunits of which the three subunits ̡ мΣ ʲн ŀƴŘ ʲр are catalytically active 

and form a catalytic chamber (Figure 1) (18,19,21,22). Mammalian cells encode for seven standaǊŘ ʲ-

subunits and four additional ones, which replace the catalytic subunits in certain cell types and 

conditions (described in detail in 1.1.4 and 1.1.5). The standard catalytic subunits are referred to as 

ʲмŎ όt{a.6 or LMPY)Σ ʲнc (PSMB7 or Z) ŀƴŘ ʲрc (PSMB5 or LMPX) (18,29). 20S proteasomes, which 

contain only these subunits but none of the alternative ones, are called standard proteasomes (Figure 

2) (SPs). Each subunit confers a different catalytic activity and substrate specificities, which depends 

on the surface properties of the S1 substrate-binding pocket where the active threonine residue Thr1 

is located (see 1.1.6). Every catalytic subunits contains this binding pocket which interacts with the 

amino acid of the substrate upstream of the cleavage site named P1 (29). Structural analyses revealed 

that mŀǘǳǊŜ ʲмŎ Ŏƻƴǘŀƛƴǎ a positively charged arginine at the bottom of the pocket at position 45 which 

mediates the caspase-like activity to cleave after negatively charged, acidic residues (19,20,49). At the 

bottom of the S1 pocket of bovine and murine ̡ нc is a glycine at position 45 and a negatively charged 

aspartate at position 53 which convey the trypsin-like activity to cleave after positively charged, basic 

residues (18,19). Lƴ ŎƻƴǘǊŀǎǘΣ ŀ ƘȅŘǊƻǇƘƻōƛŎ ƳŜǘƘƛƻƴƛƴŜ ƛǎ ŦƻǳƴŘ ŀǘ Ǉƻǎƛǘƛƻƴ пр ƛƴ ʲрc, mediating the 

chymotrypsin-like activity for cleaving after hydrophobic residues (18,19,49). !ŘŘƛǘƛƻƴŀƭƭȅΣ ʲрc is 
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reported to preferentially cleave branched as well as small neutral amino acids (50). Differences of the 

cleŀǾŀƎŜ ǎǇŜŎƛŦƛŎƛǘƛŜǎ ƻŦ ǘƘŜ ŀƭǘŜǊƴŀǘƛǾŜ ʲ-subunits are detailed in 1.1.4 and 1.1.5.  

All subunits use the N-terminal Thr1 for hydrolysis of the peptide bond. The nucleophilic attack of the 

hydroxyl group of Thr1 onto the carbon of the peptide bond leads to the formation of a tetrahedral 

intermediate while the N-terminus of Thr1 acts as a proton acceptor. Upon decomposition of this 

intermediate, the N-terminal peptide fragment is released and an acyl-enzyme intermediate is formed 

with an ester bond. Finally, the hydrolysis of the ester bond leads to the release of the C-terminal 

peptide fragment and restoration of the active site of the proteasome subunit (17,50ς52). The 

resulting peptide fragments have a size of 3 to 22 amino acids (53) and are mainly further degraded by 

cytosolic peptidases or used for antigen presentation.  

1.1.4. Structure and function of the immunoproteasome 

In addition to the seven standard-Σ ŀƭǎƻ ŎŀƭƭŜŘ άŎƻƴǎǘƛǘǳǘƛǾŜέΣ ʲ-subunits, four additional ̡-subunits 

exist. These are alternative forms of the catalytic subunits, which replace the standard subunits in 

certain tissues and conditions. Three of them are regularly expressed in cells of the immune system 

and can be induced by stimulation with pro-inflammatory cytokines such as tumor necrosis factor 

(TNF), interferon (IFN)-ʴ in other cells and are thus named immuno- or inducible subunits. The three 

subunits are low molecular mass polypeptide (LMP) 2 (ʲмƛ; PSMB9), multicatalytic endopeptidase 

complex-like (MECL)-м όʲнƛ; PSMB10) ŀƴŘ [atт όʲрƛ; PSMB8) (54ς63). A 20S proteasome containing 

only these immunosubunits is called immunoproteasome (IP) (Figure 2) which has specific functions 

and properties compared to SP. Due to the important role of the proteasome in the generation of 

peptides for MHC-I presentation and the location of the genes encoding for LMP2 and LMP7 in the 

MHC-II region (58,59), many studies investigated its role in antigen presentation (64ς66). It was 

reported to change the produced peptide repertoire and thus alter antigen presentation. This is due 

to the different cleavage activities of the immuno- compared to the standard subunits (67ς69). 

Whereas LMP7 and MECL-1 have very similar specificities to ǘƘŜƛǊ ǎǘŀƴŘŀǊŘ ŎƻǳƴǘŜǊǇŀǊǘǎ ʲрŎ ŀƴŘ ʲнŎΣ 

LMP2 exhibits a chymotrypsin-like activity due to changes in the S1 binding pocket. The substitutions 

T20V, T31F, R45L and T52A result in a reduced size of the pocket and a shift from positive to neutral 

polarity (19). This aids the binding of branched or small hydrophobic residues instead of acidic ones. 

Furthermore, the pocket of LMP7 is enlarged due to the substitution of serine with glutamine at 

position 53 leading to conformational changes of Met45. This enables the binding of larger 

hydrophobic residues and thus enhances the chymotrypsin-like activity (19). Therefore, the caspase-

like activity to cleave after acidic residues is almost absent in the IP while the chymotrypsin- and 

trypsin-like activities are enhanced (67ς69). This leads to the production of peptides better fit for 
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binding to MHC-I molecules by generating more hydrophobic and basic C-terminal anchor residues 

(70ς72). Therefore, altered cleavage specificity of IPs shapes the adaptive immune response (65,66). 

 

Figure 2 Variants of the 20S proteasome containing alternative subunits. Starting from left: the standard 
proteasome contains the catalytically active subunits ʲмŎΣ ʲнŎ ŀƴŘ ʲрŎ ǿƘŜǊŜŀǎ ǘƘŜ ƛƳƳǳƴƻǇǊƻǘŜŀǎƻƳŜ Ŏƻƴǘŀƛƴǎ 
LMP2, MECL-1 and LMP7 instead. There are also intermediate proteasomes containing either one (LMP7) or two 
(LMP2 and LMP7) IP-subunits instead of the standard ones. The thymoproteasome is only expressed in the 
ǘƘȅƳǳǎ ŀƴŘ Ŏƻƴǘŀƛƴǎ ʲрǘ ƛƴǎǘŜŀŘ ƻŦ ʲрŎΦ ¢ƘŜ ǎǇŜǊƳŀǘƻǇǊƻǘŜŀǎƻƳŜ Ŏƻƴǘŀƛƴǎ ŀƭƭ ǎǘŀƴŘŀǊŘ ʲ-subunits but the 
ŀƭǘŜǊƴŀǘƛǾŜ ǎǳōǳƴƛǘ ʰпǎ ǿƘƛŎƘ ƛǎ ŜȄǇǊŜǎǎŜŘ ƛƴ ǘƘŜ ǘŜǎǘŜǎΦ This figure was modified based on (29).  

Besides this role in antigen presentation, the IP was reported to be required in many other functions 

of the immune system, especially T and B cell biology (further detailed in 1.2.5). In line with this, 

immune cells express high levels of IP (73). Previous studies showed strong constitutive IP expression 

in T and B cells, monocytes, medullary thymic epithelial cells (mTECs) as well as professional antigen 

presenting cells (APCs) such as dendritic cells (DCs) and macrophages (summarized in (74)). 

Consequently, IP levels are high in all lymphoid tissues including thymus, spleen, lymph nodes (LNs) 

and the bone marrow (75). Besides this, IP expression was reported in the lung, liver and intestine 

under steady state conditions (75,76) and is strongly enhanced upon viral or fungal infection (77,78). 

The constant expression of IP-subunits is likely regulated by continuous activation of intracellular 

signaling mechanisms such as IRF-1 (interferon regulatory factor 1) and STAT1 (signal transducer and 

activator of transcription 1) which build a transcription factor complex supporting constant LMP2 

expression in hematopoietic cells (79). Furthermore, IP expression can be induced in various cells types 

by pro-inflammatory cytokines such as TNF, IFN-ʴ (67,80) and type I IFNs, e.g. in the case of viral 

infection (81). The promotors of all three subunits contain binding sites for IRF-1 (79,82,83) and nuclear 

ŦŀŎǘƻǊ ˁ. όbC-ˁ.ύ ǿƘƛŎƘ ŎƻƴŦŜǊ ǘƘŜ ǊŜǎǇƻƴǎƛǾŜƴŜǎǎ ǘƻ LCb-  ɹand TNF (84), respectively. Moreover, IP 

expression can be induced by the nitric oxide pathway (85) and in cellular stress conditions (86). Even 

though upregulation of all three subunits was reported during oxidative stress, Nrf2 (nuclear factor 

erythroid-derived 2-like 2) can only be partly mediating this since only the promotor of LMP7 contains 

an antioxidant response element (ARE) element (see also 1.1.88) (87). 
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1.1.5. Further proteasome variants: thymoproteasome and spermatoproteasome 

Besides the standard- όʲŎύ ŀƴŘ ƛƳƳǳƴƻǎǳōǳƴƛǘǎ όʲƛύΣ ŀƴƻǘƘŜǊ ŀƭǘŜǊƴŀǘƛǾŜ ʲр-subunit was identified 

which is exclusively expressed iƴ ŎƻǊǘƛŎŀƭ ǘƘȅƳƛŎ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ όŎ¢9/ǎύ ŀƴŘ ƛǎ ǘƘǳǎ ƴŀƳŜŘ ʲрǘ (PSMB11) 

(Figure 2) (88,89)Φ Lǘ ƛǎ ƘƻƳƻƭƻƎƻǳǎ ǘƻ ǘƘŜ ƻǘƘŜǊ ǘǿƻ ʲр-subunits and is incorporated together with the 

immunosubunits LMP2 and MECL-1. ʲрǘ Ŏƻƴǘŀƛƴǎ Ƴŀƴȅ ƘȅŘǊƻǇƘƛƭƛŎ ǊŜǎƛŘǳŜǎ ƛƴ ǘƘŜ ōƛƴŘƛƴƎ ǇƻŎƪŜǘ, 

leading to a strong reduction of the chymotrypsin-like activity compared to the SP and IP (88). 

Therefore, the amount of peptides with high affinity for MHC-I binding is reduced which was reported 

to be important for positive selection of T cell progenitors (thymocytes). During this process, self-

peptides are presented on MHC molecules to thymocytes and only thymocytes with T cell receptors 

(TCRs) efficiently recognizing these peptide-MHC complexes receive survival signals for further 

development. Since peptide generation for MHC-I presentation is an important function of the 

proteasome, a change in cleavage activity leads to alterations in this process which is important for 

the selection of T cells (90). Altered affinity for MHC binding might affect the strength of interaction of 

thymocytes and cTECs, an important criterion for the survival signal. Furthermore, a more diverse 

peptide repertoire is generated but still with considerable similarity to the one of tolerance-inducing 

mTECs expressing IP. Therefore, the thymoproteasome is important for the development of the CD8+ 

T cell repertoire necessary e.g. for anti-viral immune responses (90ς92). 

In contrast to the other proteasome variants, the spermatoproteasome is characterized by a change 

ƛƴ ǘƘŜ ʰ-ǊƛƴƎ ǿƘŜǊŜŀǎ ǘƘŜ ʲ-ring contains the standard subunits (Figure 2). Male germ cells express an 

ŀƭǘŜǊƴŀǘƛǾŜ ʰп-ǎǳōǳƴƛǘΣ ƴŀƳŜŘ ʰпǎΣ ǘƘŀǘ Ƙŀǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǎǇŜǊƳŀǘƻƎŜƴŜǎƛǎ (93). It is required 

for proteasome formation in spermatocytes where it mediates acetylation-dependent degradation of 

histones, a critical process for progression of meiosis (94ς96). 

1.1.6. Assembly of the 20S proteasome and mixed proteasomes 

Upon de novo synthesis of the different subunits, the assembly of the complex proteasome structure 

is highly regulated. First, the h -ring is assembled under the control of proteasome assembling 

chaperones (PAC) with PAC1-2 serving as a scaffold and PAC3-4 facilitating formation of a closed ring. 

Second, this h-ring is used as a scaffold for assembly of the -̡ring starting with the incorporation of 

2̡c (in the SP) which is controlled by PAC3-4 and proteasome maturation protein (POMP). Third, PAC3-

4 is released after integration of ̡ 3 and the other subunits are incorporated (̡пΣ ʲрΣ ʲсΣ ʲмΣ ʲтύ 

resulting in a half proteasome core ŎƻƴǎƛǎǘƛƴƎ ƻŦ ƻƴŜ ʲ- ŀƴŘ ƻƴŜ ʰ-ring. Finally, dimerization of half 

proteasome cores is aided by POMP and the C-ǘŜǊƳƛƴŀƭ ǘŀƛƭ ƻŦ ʲ7 (97ς100). ¢ƘŜ ʲ-subunits contain pro-

peptide sequences of 2-7 kDa όŜȄŎŜǇǘ ʲо ŀƴŘ ʲпύ, which serve as intramolecular chaperones and aid 

proteasome assembly. Upon correct assembly, autolysis of the pro-peptides between the glycine and 
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threonine residues of the catalytic subunits leads to the generation of the mature subunit and the 

reactive Thr1 in the active center (97,101ς105). 

¢ƘŜ ŀǎǎŜƳōƭȅ ƻŦ ǘƘŜ ʲ-ring containing IP-subunits differs slightly and starts with the incorporation of 

[atн όʲмƛύ which then facilitates MECL-м όʲнƛύ incorporation ŦƻƭƭƻǿŜŘ ōȅ ʲо (97,106). After integration 

ƻŦ [atт όʲрƛύ ƻǊ ʲпΣ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ʲ-subunits follow. Since POMP binds with higher affinity to the pro-

peptide of LMP7 than 5̡c (107) ŀƴŘ [atт ŀǎǎŜƳōƭȅ ƛǎ ǇǊŜŦŜǊǊŜŘ ƻǾŜǊ ʲпΣ the formation of IPs is 

promoted in the presence of all catalytic subunits (108,109). Finally, LMP7 aids cleavage of LMP2 and 

MECL-1 pro-peptides, thus facilitating the maturation of the 20S. This also demonstrates the 

interconnection of the different IP-subunits and how they promote the formation of IPs containing all 

IP-subunits. Nevertheless, also mixed proteasomes were described containing both, standard- and 

immunosubunits with several limitations (29,110ς112). It was originally reported that LMP7 is required 

for the incorporation of LMP2 and MECL-мΣ ǘƘǳǎ ƭƛƳƛǘƛƴƎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ǘƻ ǇǊƻǘŜŀǎƻƳŜǎ ōŜƛƴƎ ʲрƛ-ʲмƛ-

ʲнƛ ƻǊ ʲрƛ- ̡ мŎ- ̡ нŎ (Figure 2). Other studies now ǎǳƎƎŜǎǘ ŀǘ ƭŜŀǎǘ ǇŀǊǘƛŀƭ ŎƻƳǇŜƴǎŀǘƛƻƴ ōȅ ʲрŎ ƛƴ [atт-

knock out (KO) cells (29,109,113). Studies with LMP2- and MECL-1-KO mice argued against the mutual 

requirement of LMP2 and MECL-1 for their incorporation, resulting in various different intermediate 

proteasomes containing one or two immunosubunits (114ς116). Whether this occurs also in 

physiological settings without genetic depletion of one or more subunits, is still under debate 

(reviewed in (29,117)).  

1.1.7. Ubiquitin-dependent degradation by standard- and immunoproteasome 

As mentioned before, one main function of the proteasome is to maintain protein homeostasis. 

Therefore, degradation of damaged or misfolded proteins is mediated by the UPS as detailed in section 

1.1.1. Since the rate-limiting step of degradation by the 26S proteasome is substrate-unfolding and the 

activity of the 19S particle (118,119), one would not expect differences in the degradation of 

ubiquitinated substrates by SPs and IPs but this matter was discussed very controversially during the 

last years. In steady-state, mice lacking one or more IP-subunits do not accumulate poly-ubiquitinated 

proteins in various cell types (120ς122), indicating no requirement for the IP in normal protein 

turnover. There was also no difference in activated B cells (114) or in DCs and macrophages upon LPS- 

or IFN- -ɹstimulation, respectively (120,122). Moreover, a recent study investigated degradation of 

ubiquitinated p21 and c-Myc by different subtypes under non-inflammatory conditions. They found no 

ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ŦƻǳǊ ŦƻǊƳǎ ǿƘƛŎƘ ǿŜǊŜ LtΣ {t ŀƴŘ ǘǿƻ ƛƴǘŜǊƳŜŘƛŀǘŜ ŦƻǊƳǎ όʲмς̡ нς̡ рƛ ŀƴŘ 

ʲмƛς̡ нς̡ рƛύ (123).  

In inflammatory conditions, IFN-ʴ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ¢ ŀƴŘ ƴŀǘǳǊŀƭ ƪƛƭƭŜǊ όbYύ ŎŜƭƭǎ ǿƘƛŎƘ ƭŜŀŘǎ to a 

transient increase of poly-ubiquitin conjugates. Since IFN-ʴ ƛƴŘǳŎŜǎ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƻŦ LtΣ several studies 

compared the degradation of these conjugates between SP and IP. Indeed, upregulation of IP was 
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accompanied with a decline of poly-ubiquitinated proteins (124). In line with this, IP-deficiency led to 

accumulation of poly-ubiquitinated proteins in a mouse model of experimental autoimmune 

encephalomyelitis (EAE) and purified 26S IP was more efficient in degrading a ubiquitinated substrate 

(124). In contrast, Nathan et al. could not reproduce this data in a similar setup and found no 

differences in the degradation capacities. Moreover, they did not observe altered degradation in vitro 

with purified 26S proteasome (125). More recently, this was further supported by analysis of 

lymphocytic choriomeningitis virus (LCMV) infection of WT and LMP7-KO mice showing no differences 

in the accumulation of poly-ubiquitinated proteins and viral clearance, suggesting that IP expression is 

not required to maintain protein homeostasis (126). Additionally, LCMV-infection did not change the 

proteasome content or composition. Taken together, the necessity of IP upregulation to cope with 

increased protein turnover in inflammatory conditions remains controversial with currently more data 

arguing against it (recently summarized in (127)). 

1.1.8. Degradation of oxidized proteins by standard- and immunoproteasome 

Oxidative stress results from overproduction and insufficient clearance of reactive oxygen species 

(ROS) which can derive from environmental factors but also from cellular processes (128). For example, 

superoxide anions (O2
-) are by-products of mitochondrial ATP production (129). Furthermore, O2

- is 

produced upon induction of NADPH oxidase (NOX) by IFN-ʴ ŜȄǇƻǎǳǊŜ leading to increased levels of 

oxidized proteins (124,130). If the cell cannot counteract the increase of ROS, this oxidative stress leads 

to cellular damage by oxidation of proteins. In this case, the 26S proteasome is less stable and more 

free 20S proteasome is found in the cell which was reported to be important for the clearance of 

oxidized proteins (131ς134). This 19S-independent degradation is probably mediated by the altered 

(loosened) protein structure upon oxidation which allows direct entry into the proteasome, making 

ubiquitination dispensable (123,131,132,135). 

Several studies have suggested a protective role of IP expression in oxidative stress. For example, IP 

expression was induced by nitric oxide, thereby enhancing proteasome activity (85). Similarly, IP levels 

were upregulated after exposure to H2O2 (136) which was investigated to be mediated by the Nrf2 

pathway. This pathway is induced in oxidative stress conditions but also when proteasome function is 

impaired. The Nrf2-responsive ARE was only identified in the promotor region of LMP7 but none of the 

other IP-subunit genes, making the involvement of this pathway rather unlikely (136,137). Thus, the 

underlying mechanism still remains to be elucidated in the future. 

The same study that reported enhanced degradation of ubiquitinated proteins by IPs (see section 

1.1.7) also showed accumulation of oxidized proteins in LMP7-deficient fibroblasts and livers upon IFN-

ʴ ǘǊŜŀǘƳŜƴǘ ƻǊ [t{-induced liver inflammation, respectively (124). This was accompanied by elevated 

susceptibility to apoptosis, probably resulting from the oxidative stress (124). Similar observations 

were made in primary cardiomyocytes and B cell-depleted splenocytes from LMP7-KO mice upon IFN-
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ʴ ǘǊŜŀǘƳŜƴǘ or viral infection (138). In contrast, H2O2 treatment did not reveal differences between WT 

and LMP7-KO macrophages in the accumulation of poly-ubiquitinated proteins (120). More recently, 

oxidized calmodulin and hemoglobin were shown to be degraded by four different proteasome forms, 

of which IP and two LMP7-containing intermediates exhibited faster degradation rates compared to 

SP (123). In conclusion, several studies suggest an important role of the IP in the clearance of oxidized 

proteins, even though contradictory data also exists (127).  

1.2.  Role of the immunoproteasome in the immune system 

Given its constitutive expression in hematopoietic cells, encoding of LMP2 and LMP7 in the MHC-II 

region and its induction upon stimulation with pro-inflammatory cytokines, many studies have 

investigated the IP in numerous immunological processes (summarized in (139)). Depending on the 

type of infection, the source of chronic inflammation or the form of malignancy, the IP was found to 

have different functions, ranging from protective to unfavorable. 

1.2.1. Antigen presentation 

The proteasome is the main intracellular producer of peptides for MHC-I restricted antigen 

presentation, also in conjunction with other cytosolic peptidases (140,141). Self or foreign, e.g. viral, 

proteins in the cytosol are degraded by the proteasome and the resulting fragments are transported 

into the endoplasmic reticulum (ER) via the transporter associated with antigen processing (TAP) 1 and 

2 where they are loaded onto MHC-I molecules. Stabilized peptide-MHC-complexes are then 

transported to the cell membrane and presented on the cell surface. Consequently, they can be 

recognized by CD8+ cytotoxic T cells (CTLs) via the TCR (28). As described in section 1.1.4, the cleavage 

activities and structural properties of IP and SP differ, resulting in the generation of a different peptide 

repertoire (19). The IP was shown to generate a larger peptide pool better suitable for the presentation 

on MHC-I as proteomic analysis showed that the MHC-I restricted peptide pool is affected by IP-

deficiency (142). Moreover, the presence of intermediate proteasomes adds even more diversity to 

the peptide pool (110). Studies with genetically engineered mice showed that deficiency of one or 

more IP-subunits results in an altered CTL response upon viral infection (121,143ς145) or transplant 

rejection (146). The altered CTL response differed strongly between investigated viruses and epitopes, 

suggesting that all proteasome forms are involved in antigenic peptide generation (summarized in 

(28,147)). Besides the role in generation of antigenic peptides, it was shown that IP-deficiency reduces 

the expression level of MHC-I on the cell surface (121,146). 

1.2.2. Functions of the immunoproteasome in inflammatory settings 

Infectious diseases in IP-deficient mice 

Due to the described role in antigen presentation and its induction by IFNs, various studies investigated 

the role of the IP in viral and bacterial infections using IP-deficient mice (KO of one, two or all three 
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subunits). Several studies using mice with IP-deficiencies (single, double or triple KO) showed reduced 

CTL responses to epitopes which normally triggered the immunodominant response in WT mice 

(121,144,145,148ς151). These differences were explained by the reduced presentation of relevant 

epitopes on MHC-I (148ς150), changes in the CTL repertoire (148,151) or increased responses to 

subdominant epitopes (145,150). Even though differences in antigen presentation and the CTL 

response were detectable, clearance of the infection was only partly affected by IP-deficiency. 

Whereas clearance of LCMV infection was comparable between WT and LMP7-KO mice (126,152), 

intracellular parasites and bacteria could not be efficiently eliminated in IP-deficient mice (153ς156). 

It was shown that Toxoplasma gondii and Streptococcus pneumonia infections persisted in LMP7-KO 

mice (153,156) and triple-KO mice failed to clear infections with Trypanosoma cruzi (154) and Brucella 

abortus (155), a protozoan parasite and an intracellular bacterium, respectively. Furthermore, 

persisting Listeria monocytogenes infection was linked to reduced production of one particular epitope 

in LMP7-KO mice (157), thus limiting recognition of infected cells in the liver. The observed differences 

in formation of the T cell response in these studies was mainly limited to CD8+ T cells, whereas CD4+ T 

cells were not affected by changes in the proteasome composition (121,158).  

Autoimmunity and chronic inflammatory diseases 

Besides the changes in antigen presentation and the CTL response, LMP7-deficiency was shown to 

impair proliferation and survival of T cells during viral infection (159). To evaluate how these findings 

affect the development of autoimmunity, several studies investigated this matter using IP-deficient 

mice. LMP7/MECL-1-double deficient mice developed multiple autoimmune disorders such as 

dermatitis, diabetes insipidus and diabetes mellitus upon irradiation and bone marrow transfer which 

were caused by CD8+ T cells (160). Even though this study reported a connection of IP expression and 

autoimmunity, mice lacking one or more IP-subunits generally did not develop autoimmunity 

spontaneously. In contrast, induction of colitis using dextran sulfate sodium (DSS) was less pronounced 

in mice lacking any of the IP-subunits, suggesting a rather protective function of the IP (161,162). 

Contrasting results were obtained in EAE experiments with LMP2-KO mice showing no difference in 

EAE development (163) but LMP7-KO mice developing an exacerbation of EAE in the first study (124). 

Later on, two other studies could not confirm this exacerbation in mice lacking LMP7 or any of the 

other two subunits (125,164), suggesting no effect of IP-deficiency on the development of EAE.  

Great progress in this field was made with the discovery of IP-specific inhibitors, starting with the 

suppression of autoreactive responses in mouse models of arthritis and diabetes (165) which is further 

detailed in section 1.2.3. 

In humans, specific mutations in the gene sequence of LMP7 (PSMB8) were identified to cause a 

spectrum of chronic inflammatory conditions (166ς169), summarized under the term PRAAS 
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(proteasome-associated autoinflammatory syndromes) (170). These missense mutations impair 

proteasome assembly and function, resulting in accumulation of poly-ubiquitinated and oxidized 

proteins. Furthermore,  chronically elevated production of type I IFNs was reported (169), possibly 

caused by activation of the unfolded protein response (171), and recently, an overactivation of the 

CXCR3 pathway was discovered (172). Likewise, a missense point mutation in PSMB10 (encodes MECL-

1), resulting in single amino acid exchange, was identified to lead to severe combined 

immunodeficiency and systemic autoinflammation in mice. Similar to the PSMB8-mutations in PRAAS 

patients, the identified mutation of PSMB10 impaired assembly of IP and thymoproteasomes, resulting 

in severe defects of immune cells, especially T and NK cells (173). Moreover, analysis of single 

nucleotide polymorphism (SNPs) and transcriptomics linked variants of the genes encoding LMP7 and 

LMP2 to the development of type I diabetes and multiple sclerosis (summarized in (139)). Taken 

together, data from mutant mice and humans strongly implies a critical role of the IP in the 

development of autoinflammatory diseases. 

1.2.3. Pharmacological immunoproteasome inhibition 

The first proteasome inhibitors bortezomib and carfilzomib target the active sites of the 20S core 

without distinguishing between SP and IP. Even though preclinical studies showed the impact of 

proteasome inhibition on T cell activation, cytokine production, antigen presentation and 

development of (auto-) inflammatory diseases (174), the first approval of bortezomib for clinical use 

was obtained for the treatment of multiple myeloma (175). Later on, second-generation proteasome 

inhibitors such as carfilzomib were developed. Carfilzomib belongs to the group of epoxyketones which 

modify the hydroxyl group and the free N-terminus of Thr1 of the active sites, leading to irreversible 

inhibition of proteasome activity (176). The toxicity profile limited the chronic use of these inhibitors 

in non-life-threatening diseases and thus, researchers focused on neoplastic malignancies with high 

protein turnover such as B cell malignancies (175,177). Increasing insight into the role of the IP in 

immune cells prompted researchers to develop IP-specific inhibitors, resulting in the discovery of ONX 

0914 (previously called PR-957) (178). ONX 0914 is a tripeptide analog of the tetrapeptide epoxyketone 

inhibitor carfilzomib with at least 10-fold selectivity for LMP7 over ̡ 5c which contains a tyrosine 

residue at position P1. Structural analysis could demonstrate that this bulky residue conveyed 

selectivity of ONX 0914 to LMP7 over 5̡c, as the S1 binding pocket of 5̡c is smaller (19). Additionally, 

ONX 0914 was reported to inhibit LMP2 at higher concentrations which was found to be critical for the 

therapeutic effect in autoimmunity (179). Most importantly, ONX 0914 was shown to have a better 

safety profile and good tolerability in animals after subcutaneous dosing, making it suitable for chronic 

treatment (165).  
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After this discovery and the great therapeutic effects obtained with ONX 0914, numerous other 

inhibitors were developed with specificities for all catalytic subunits which help to decipher the 

mechanisms of immune modulation by IP inhibition (recently summarized in (176)). It could be 

demonstrated that inhibition of at least two IP-subunits is required for therapeutic efficacy on 

autoimmunity whereas several single subunit specific inhibitors failed to generate therapeutically 

relevant responses (176,179ς184). 

Of particular interest for clinical use is KZR-616 which was developed based on the structure of ONX 

0914. It exhibits a dual specificity for LMP7 and LMP2 and has improved pharmacokinetic and 

metabolic properties such as better solubility (178,185). Results from clinical trials demonstrated good 

tolerability and selective inhibition of the IP. Importantly, 13 weeks of treatment with KZR-616 

improved disease measures in patients with systemic lupus erythematosus (SLE) with or without 

nephritis (178,186). Taken together, specific inhibition of the IP is a promising approach for the 

treatment of autoinflammatory disorders. 

1.2.4. The immunoproteasome as a drug target in immune system disorders 

Based on the previous knowledge about the anti-inflammatory effect of bortezomib and the strong 

expression of IP in immune cells, IP-specific inhibitors were investigated for the treatment of (auto-) 

inflammatory diseases. First studies showed that treatment with ONX 0914 reduced disease symptoms 

in mouse models of autoimmune arthritis and diabetes, and blocked secretion of IL-23, TNF and IL-6 

of human peripheral blood mononuclear cells (PBMCs) (165). Furthermore, it blocked the 

differentiation of isolated CD4+ T cells to Th1 and Th17 cells in vitro and reduced their frequency in the 

lamina propria of mice exposed to DSS for colitis induction (162,165). During the following years 

several other inhibitors of one or more IP-subunits were discovered and investigated in preclinical 

models but ONX 0914 was used in the majority of them. IP inhibition was  effective to decrease disease 

symptoms in various mouse models of autoinflammatory diseases such as lupus (187), colitis 

(161,162,179,184), EAE (164,179), experimental autoimmune neuritis (188), myasthenia gravis (189), 

Hashimoto thyroiditis (190)Σ {ƧǀǊƎŜƴΩǎ ǎȅƴŘǊƻƳŜ (191), cutaneous inflammation (192), myocarditis 

(193) and polymyositis (194). In line with these findings, ONX 0914 was also effective for the treatment 

of colon cancer resulting from chronic inflammation (195,196). More recently, it could be shown that 

this anti-tumor effect resulted from the role of the IP in shaping the tumor microenvironment. While 

it modulates the expression of pro-tumorigenic cytokines in chronic inflammation, which can be a pre-

stage for cancer development, it can also have anti-tumorigenic functions in other tumors. In this case, 

the IP is essential for an effective CD8+ CTL response to fight against tumor development which is 

impaired upon IP inhibition (197). This data demonstrates the diverse function of the IP in different 

cancer types and how IP inhibition can be very beneficial in some but not all of them. 
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Given the role of the IP in antigen presentation, several studies explored IP inhibition in the context of 

respective disorders such as transplantation rejection and graft-vs-host disease (GvHD). ONX 0914 

treatment ameliorated GvHD in the MHC-matched minor histocompatibility antigen-disparate mouse 

model (198). While cardiac allograft survival could be prolonged by treatment with an LMP7-specific 

non-covalent inhibitor (199), there was no beneficial effect on skin allograft survival which is mainly 

mediated by CD8+ CTLs (200). Finally, ONX 0914 treatment could effectively prevent rejection of kidney 

transplants in rats by reducing plasma cells and alloantibody production (201ς203). 

Additionally, IP inhibition was used for effective treatment in viral myocarditis (193,204), ischemic 

stroke (205ς207) and formation of abdominal aortic aneurysm formation (208), mainly by reducing 

inflammation and subsequent tissue damage. 

Even though the main therapeutic effect of IP inhibition is dampening the immune response in these 

settings, it must be in balance with the important function of the immune system to fight off 

pathogens. It was shown that viral infections could be still controlled upon IP inhibition (165,204,209) 

which is particularly critical for treatment of chronic diseases, highlighting the potential of IP inhibitors 

for clinical use.  

1.2.5. Immune cells and the immunoproteasome 

In line with the effect of bortezomib on T cells (178), first studies with ONX 0914 showed that it reduced 

cytokine production by PBMCs and splenocytes and blocked differentiation of Th17 cells in vitro 

(162,165). Later on, the reduction of IL-23 secretion could be attributed to the selective killing of 

monocytes among human PBMCs (210). In contrast, other cell types such as T cells (CD3+, CD4+), B cells 

(CD19+) and NK cells (CD56+) were not affected by IP inhibition regarding the induction of cell death. 

This is in line with previous studies showing that ONX 0914 does not affect immune cell populations in 

mice at steady state (161) and new data with the pan-IP inhibitor LU-005i which did not affect cell 

viability in vitro (184). The only other cell type susceptible for apoptosis induction by ONX 0914 

described so far are plasma cells (202). Both cell types, plasma cells and monocytes, are characterized 

by high IP-expression and ONX 0914 treatment results in accumulation of poly-ubiquitinated proteins. 

It was proposed that these cells critically depend on IP function for maintenance of normal protein 

turnover (202,210).  

Due to their central role in the adaptive immune response and development of many (auto-) 

inflammatory diseases, the effect of IP inhibition on T cells was extensively studied. Early studies 

reported blocked differentiation of CD4+ T cells to Th1 and Th17 cells with ONX 0914 under polarizing 

conditions in vitro (162,165) which was confirmed with other IP-inhibitors (179,184). These results are 

in line with a reduction of Th17 cells and IL-17 levels upon IP inhibition in various mouse models 

(162,164,206,179,184,188,190,191,195,199,200). Similarly, levels of Th1 cells and IFN-  ɹwere reduced 
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upon ONX 0914 treatment (162,164,182,190). In contrast, the influence of IP inhibition on Th2 cells is 

not very well studied and previous studies yielded opposing results. Th2 differentiation was not 

affected by ONX 0914 treatment or LMP7-deficiency in vitro (162,211). Volkov et al. reported opposing 

results for Th2 cells in LMP7-KO mice in allergic airway inflammation, showing a reduction in 

ovalbumin- (OVA) but not house dust mite- (HDM) induced inflammation (211). Moreover, LMP7-

deficiency did not affect Th2 cell frequencies in a mouse model of aortic aneurysm (208). To our 

knowledge, the only study analyzing the effect of ONX 0914 on Th2 cells in vivo is the one from Guo et 

al. in which mice were treated with ONX 0914 after ischemic stroke. They saw no differences in the 

frequency of Th2 cells in the brains of these mice (206) but the frequency was generally very low and 

not markedly increased in ischemic mice compared to sham-operated mice, suggesting that Th2 cells 

do not play a major role in disease development. Therefore, the role of the IP in Th2 cells in still 

uncertain and nothing is known about the effect of IP inhibition in Th2 cell-mediated diseases. 

More recently, it was shown that IP inhibition affects activation of T and B cells via restraining of ERK 

signaling and induction of proteostatic stress (212). Similarly, expression levels of markers for 

activation and effector functions of CD4+ T cells, such as CD69, CD25 and CD44 were reduced after in 

vitro activation (182,212) and in mouse models of autoimmune myocarditis (193) and cardiac 

transplantation (199) upon IP inhibition. Furthermore, proliferation of T cells was suppressed while 

promoting exhaustion (192,199).  

Professional APCs shape the adaptive immune response by presenting antigens to T cells and the IP 

was shown to play an important role in APC functions. Activation and function of DCs is impaired by IP 

inhibition as well as genetic deficiency (114,187,213,214) and their transcriptome is altered, implying 

a role for the IP in transcription regulation in DCs (122). In line with this, IP inhibition in plasmacytoid 

DCs (pDCs) could block proliferation of CD4+ T cells in vitro (192).  

Furthermore, inhibition and/or genetic deficiency of the IP was shown to affect macrophage 

polarization (215) as well as effector functions like nitric oxide production and phagocytosis, and cell 

death by pyroptosis (182,192,216,217). Recently, increased IP expression was correlated to the 

amount of SARS-CoV2 (severe acute respiratory syndrome ς coronavirus 2) RNA in lungs of COVID19 

patients. This was further linked to activation of M1 macrophages and the defense response during 

mild cases of the disease while impairment of this activation was linked to severe cases (218). 

Taken together, the IP was shown to be important in various immune cell types and is involved in the 

pathogenesis of many inflammatory diseases, making it an interesting therapeutic target.  
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1.3.  CD4+ T helper cells 

T cells are a lymphocyte subset which derives from progenitors in the bone marrow that migrate into 

the thymus, the main place of T cell lymphopoiesis. As a central part of the adaptive immune response, 

T cells express antigen-specific TCRs which are generated by somatic gene rearrangement during the 

development in the thymus. The TCR on CD4+ CD8+ progenitors interacts with MHC-I or MHC-II 

molecules on thymic epithelial cells which determines the fate of the progenitor towards CD4+ 

(interaction with MHC-II) or CD8+ T cells (interaction with MHC-I). Adequate interaction of the TCR with 

MHC molecules results in positive selection of the cells, followed by negative selection depending on 

the interaction strength. Resulting self-tolerant T cells emigrate from the thymus into the periphery as 

CD4+ Th cells and CD8+  CTLs (summarized in (219ς221)). 

Whereas CD8+ T cells can directly identify and eliminate infected (viral or intracellular bacteria) or 

malignantly transformed cells, CD4+ T cells recognize antigens presented by APCs and shape the 

immune response mainly by cytokine secretion. APCs, especially DCs, take up antigens, migrate to the 

lymph node and present processed antigens to naïve CD4+ T cells. Upon antigen recognition and 

sufficient co-stimulation, these naïve CD4+ T cells expand clonally and differentiate into distinct 

subsets, depending on the surrounding cytokine milieu and the strength of the TCR signal. This 

differentiation is mediated by master transcription factors for each lineage, which partially belong to 

the STAT and runt-related transcription factor (Runx) families. These master transcription factors 

induce gene expression of certain cytokines but also suppress the genes of other lineages, e.g. by 

induction of epigenetic changes (recently summarized in (222,223)). Th subsets are then categorized 

according to their cytokine secretion profile. Even though all differentiated Th subsets can secrete IL-

2, IL-6, IL-10, IL-21, TNF and GM-CSF, the subsets are characterized by secretion of high levels of their 

signature cytokines (see below) (223).  
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1.3.1. Th subpopulations 

 

Figure 3 Overview of T helper cell populations (simplified). Upon engagement of the T cell receptor with antigen-
loaded MHC-II molecules on dendritic cells (DCs) and the presence of co-stimulatory factors, naïve CD4+ T helper 
(Th) cells differentiate into different effector subsets. Their fate is mainly determined by the surrounding cytokine 
milieu and the subsequent activation of specific signaling molecules and transcription factors. One subset of 
regulatory T cells (Tregs) derives from thymic selection. The polarized subsets are then characterized by secretion 
of specific cytokines. 

Th1 cells 

Over the last decades an increasing amount of Th subsets was identified, characterized by secretion of 

specific cytokines. The first identified subsets were termed Th1 and Th2 cells (224,225). Th1 cells 

secrete IFN-ʴΣ ƘƛƎƘ ƭŜǾŜƭs of IL-2 and lymphotoxin a (223). Th1 polarization is mainly driven by IL-12 

secreted from APCs via STAT4 signaling and T-bet (T-box transcription factor TBX21) expression 

(226,227) but can also be induced by IFN-ʴ Ǿƛŀ {¢!¢1 (228). Th1 cells are required for immune 

responses against intracellular pathogens (viruses, bacteria and protozoa), e.g. by activating innate 

immune cells like macrophages, and play a role in the development of organ-specific autoimmunity. 

Therefore, mutations in genes related to Th1 differentiation and function result in susceptibility to 

infections, especially with mycobacteria (229). They are associated with many autoimmune diseases 

such as rheumatoid arthritis, multiple sclerosis, type one diabetes, Hashimoto thyroiditis and other 

chronic inflammatory disorders like atherosclerosis, inflammatory bowel disease (IBD) and sarcoidosis 

(230).  
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Th2 cells 

IL-4, IL-5 and IL-13 are the signature cytokines of Th2 cells which are important for immunoglobulin 

(Ig) class switching, recruitment of eosinophils and the induction of alternatively activated 

macrophages (231) (detailed in section 1.4.2). These functions are important to fight extracellular 

pathogens (224,225) but also result in allergy when the Th2 response is out of balance (231). The 

allergic response can be triggered by a variety of stimuli, ranging from infections (virus, bacteria, 

parasites) to environmental products like food allergens, venoms, pollens, vaccine adjuvants and 

interior allergens (e.g. HDM). This results in allergic inflammation, for example asthma, atopic 

dermatitis, rhinitis, eczema and food allergies (230). Th2 polarization is induced by IL-4 via STAT6 

(232,233) and IL-2 via STAT5 (234) and the master transcription factor is GATA-3, which also acts as an 

epigenetic modifier (235,236). Th2 cells express chemokine receptors including CCR3, CCR4 and CCR8 

that react to chemokines secreted from epithelial cells which mediates Th2 cell recruitment to the site 

of allergen exposure (230).  

Th17 cells 

The Th17 cell subset was described many years after the discovery of Th1 and Th2 cells (237). 

Polarization of naïve CD4+ T cells to Th17 cells is induced by IL-мʲΣ L[-6, IL-21, IL-23 and TGF-  ̡(238ς

242) and STAT3 signaling. Th17 cells express the cytokines IL-17A, IL-17F and IL-22 and their master 

regulator is the retinoic acid receptor-related orphan receptor-ʴǘ όwhwʴǘύ (243,244). Their 

physiological function is the defense against fungal and bacterial infections and especially the 

regulation of the gut microbiota (245). In line with this function, IL-17A and IL-17F recruit and activate 

neutrophils and IL-22 stimulates production of antimicrobial peptides and pro-inflammatory cyto- and 

chemokines by epithelial cells at mucosal barriers (246,247). Furthermore, they are mainly involved in 

the development of autoimmune and chronic inflammatory diseases such as multiple sclerosis, 

rheumatoid arthritis, psoriasis, SLE and IBD (summarized in (248)). As the main function of regulatory 

T cells (Tregs) is the prevention of autoimmunity and both subpopulations can be induced by TGF-ʲΣ 

the balance of Th17 cells and Tregs seems to be critical for the maintenance of self-tolerance while its 

disruption results in autoimmunity (249). Th17 cells were reported to exhibit heterogeneous 

phenotypes and a high level of plasticity upon exposure to different cytokines, ranging from pathologic 

to regulatory (222,250). Recently, long-lived Th17 cells were reported to exhibit stem cell-like 

characteristics such as self-renewal capacity and multipotency (251) which are involved in 

development of chronic colitis and EAE (252,253).  

Tregs 

Tregs are an immunosuppressive CD4+ population expressing high levels of the IL-2 receptor -hchain 

CD25. There are two main Treg subtypes which differ in their origin. tTregs are generated in the thymus 

where they undergo selection processes to later mediate self-tolerance in the periphery (254). pTregs 



Introduction 

18 

can differentiate from (naïve) CD4+ T cells in the periphery upon exposure to TGF-ʲ ŀƴŘ L[-2, especially 

during inflammation (255). Their main function is the maintenance of immune tolerance and the 

regulation of immune responses by directing the differentiation and function of effector T cells (223). 

Moreover, tissue specific Tregs were found in various organs where they are important for tissue 

homeostasis (256). Independent of their origin, all Tregs express forkhead box 3 (FoxP3) which is the 

critical transcription factor for function and identity of Tregs (257,258). They mediate their 

immunosuppressive actions via many different mechanisms, for example IL-10, IL-35, TGF-ʲ ŀƴŘ 

perforin secretion, adenosine production via CD39/CD73 and expression of various inhibitory 

molecules (summarized in (259)). Several studies during the last years showed that Tregs are a very 

heterogeneous population with a high plasticity and that specific transcriptional and secretory profiles 

are induced depending on the type of inflammation. Therefore, Tregs co-expressing signature 

cytokines and transcription factors of the other lineages were found to be important for the regulation 

of the respective inflammation (222,259). For example, FoxP3+ whwʴǘ+ Tregs are abundant in the large 

intestine and likely represent a specialized subset critical for the regulation of colonic Th1/Th17 

inflammation (260,261). Due to their immunosuppressive functions, Tregs are involved in many 

immune responses and play key roles in autoimmunity, tumor development, allergy, metabolic 

diseases and tissue repair. Their dysregulation or impaired function is associated with a variety of 

human diseases such as immunodeficiency syndromes, diabetes, rheumatoid arthritis, SLE and cancer 

(262).  

Tfh cells 

As the name says, CD4+ ¢Ƙ ŎŜƭƭǎ ǇǊƻǾƛŘŜ ǘƘŜƛǊ άƘŜƭǇέ ǘƻ . ŎŜƭƭǎ ǿƘƛŎƘ ƛǎ ƛƳǇƻǊǘŀƴǘ ŦƻǊ antibody 

production and class switching. A specialized Th subset for these functions was found in the B cell 

follicle of the lymph node which was named T follicular helper (Tfh) cell. Tfh cells also differentiate 

from naïve CD4+ T cells and depend on IL-6, IL-12 and IL-27 which activate STAT3 and the master 

regulator Bcl6 (B cell lymphoma 6) (263). CXCR5 expression mediates their localization in germinal 

centers of secondary lymphoid organs (264). Their main function is to help B cells by secretion of IL-21 

and the expression of co-stimulatory factors such as inducible T-cell co-stimulator (ICOS) and CD40L. 

Furthermore, they were found to express IFN-ʴΣ IL-4 and IL-17 which is linked to the specific type of 

antibody production induced by the respective response. More recently, the expression of IL-13 was 

linked to the production of high affinity IgE (265). Although they share the expression of these 

signature cytokines, Tfh cells are considered different from the other effector subsets but the 

developmental relationship is still under debate (223,266). Some studies propose that conventional 

Th1 and Th2 cells can give rise to IFN-ʴ ŀƴŘ L[-4 secreting Tfh cells (267,268) while another study 

contrarily claimed that Tfh cells can be precursors of the other Th cell subsets (269). Moreover, 

simultaneous acquisition of these characteristics or dynamic plasticity is also plausible and thus, this 
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matter is still under investigation (223,268). In a murine asthma model, effector Th2 cells were 

reported to be derived from Tfh cells (269) but also opposing data exists which reports Tfh cells to 

originate from Th2 cells (270,271). Furthermore, they are also implicated to give rise to memory Th 

cells as a source for conventional effector Th cells upon reactivation (270,271).  

Additional subsets 

Lastly, further άǳƴŎƻƴǾŜƴǘƛƻƴŀƭέ ¢Ƙ cell subsets were defined as Th3, Tr1, Th9 and Th22 cells by their 

distinct cytokine secretion profiles, namely high levels of TGF-ʲΣ L[-10, IL-9 and IL-22, respectively. Even 

though cytokine expression overlapped with the other subsets, they were found to be distinct subsets, 

e.g. Th17 cells do also express IL-22 but Th22 cells secrete only IL-22 (222).  

Heterogeneity and plasticity 

Importantly, although these subsets were originally described as distinct populations, this long-

standing paradigm later was challenged by the discovery of alternate cytokine secretion and co-

expression of two subset transcription factors, not only in Tregs but also in the other subsets, e.g. co-

expression of T-bet and whwʴǘ ǿƘƛŎƘ ǿŀǎ ŦƻǳƴŘ ƛƴ ǘƘŜ Ǝǳǘ (222,272ς274). Moreover, cells were 

reported to transdifferentiate from one type to another, especially Th17 cells and Tfh cells. Th17 cells 

in the gut were found to differentiate into Tregs or Tfh cells which seemed important for resolution of 

inflammation (275,276). Taken together, Th cells, along with their heterogeneity and plasticity, are 

important for shaping immune responses against pathogens as well as against normal or also tumor-

associated self-antigens (277).  

1.4. Asthma 

Asthma is a chronic inflammatory disorder of the lower airways affecting more than 300 million people 

worldwide. It is characterized by breathing difficulties due to airway inflammation (AI), mucus 

hypersecretion and airway wall thickening, resulting in airway obstruction (278,279). Clinically, 

susceptible patients present with frequent episodes of wheezing, coughing, breathlessness and chest 

tightness, often in the night or early morning. Since the underlying inflammation is usually chronically 

present, these acute episodes are triggered by additional exogenous factors such as viral infections 

(especially rhinovirus), tobacco smoke, allergens, temperature changes, stress, exercises and 

medications (279ς281). The underlying cause of asthma is not known but many risk factors have been 

identified so far. Genetics seem to play a major role in the susceptibility to asthma and the heritability 

is reported to be 35-95 %, especially from the mother (282,283). Large genetic studies have identified 

several hundreds of genetic variants with an increased risk for asthma but the majority of the genetic 

risk cannot yet be explained (284). Another level of complexity is added by epigenetics and changes in 

transcription levels, implicating other hundreds of genes (279,284ς286). Besides genetic and 

epigenetic predispositions, many external factors were described to increase the risk for asthma, 
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including allergen exposure, viral infections, the microbiome, contact to chemicals and metabolites, 

dietary changes and psychological conditions like stress, depression and anxiety (279,287,288). 

 

Figure 4 Overview of asthma subtypes. Asthma can be classified into T2-high (high levels of type 2 cytokines) and 
non-T2 subtypes which are characterized by the T helper cell response and the infiltration of eosinophilic or 
neutrophilic granulocytes, respectively. Among these two categories, there are further subtypes that can be 
categorized by their time of onset and/or underlying mechanism/risk factors (289ς291). Whereas allergic 
responses are typical for early onset T2-high asthma, the pathomechanism for late onset eosinophilic asthma is 
not yet clear but infection with Staphylococcus aureus was suggested to be involved. One particular group of 
asthmatics suffers from aspirin-exacerbated respiratory disease which results from the dysregulation of the 
arachidonic acid metabolism and overexpression of cysteinyl leukotrienes. In contrast, non-T2 asthma is further 
divided based on related risk factors (obesity and smoking) and involvement of cellular processes (NLRP3 
inflammasome oxidative stress). Immunosenescence was reported in very late onset asthma which can be T2-
high or non-T2 asthma. 

Asthma is a very heterogeneous disease and many different ways were established to categorize it 

based on clinical, biological and physiological characteristics as well as the mechanistic pathways 

involved (summarized in Figure 4). Since many of these characteristics also overlap between the 

groups, the usefulness of these classes for determination of the best treatment strategy is limited 

(289). The most common classification is based on the level of the type 2 response involved, leading 

to the separation of T2-high and non-T2 asthma (292,293). Three main groups have been identified 

among T2-asthma: early-onset asthma (discussed in section 1.4.1), late-onset eosinophilic asthma and 

aspirin-exacerbated respiratory disease (AERD) which is caused by a dysregulation of the arachidonic 

acid metabolism (289ς291). Whereas early onset asthma is mostly atopic, the underlying mechanism 

for late onset eosinophilic asthma is still unknown. Some patients present with high levels of IgE 

directed against Staphylococcus aureus enterotoxin, suggesting infection as a trigger (289,294). In 

contrast, as the name implies, non-T2 asthma lacks the high type 2 immune response. Besides this, a 

common underlying mechanism was not yet discovered. Asthmatics often present with neutrophilic 

inflammation but whether neutrophils are actually involved in the development of asthma pathology 

is still under debate (295). It was linked to the activation of Th1 and/or Th17 cells or a disruption of the 

Th17/Treg balance, the activation of the NLRP3 (NLR family pyrin domain containing 3) inflammasome 
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and elevated levels of IL-мʲ (295,296). Even though the exact underlying mechanisms are not yet 

understood, some studies suggest a link to chronic infection with atypical bacteria, obesity, smoking 

and smooth muscle abnormalities (289,297). Importantly, this type does not respond sufficiently to 

glucocorticoid therapy and thus, other efficient treatment strategies are still needed (289).  

1.4.1. Pathophysiology of allergic T2-high asthma 

The initial understandings of asthma pathogenesis described the dominant CD4+ response in 

asthmatics with Th2 cells as the drivers of atopic eosinophilic asthma. More recently, the discovery of 

type 2 innate lymphoid cells (ILC2s) extended this paradigm to these cells which exhibit similar 

characteristics (298). Therefore, this subtype is now referred to as T2-high asthma, including high Th2 

and ILC2 responses. Even though other types exist, atopic asthma is by far the most common form of 

T2-high asthma, resulting from allergic reactions to a variety of environmental allergens like HDM, 

fungi, pets and pollens (278,291).  

Allergic T2-high asthma is characterized by an initial sensitization phase in which the adaptive immune 

response is primed to the allergen, followed by subsequent challenges upon re-encounter with the 

same allergen (summarized in Figure 5). The initial sensitization probably results from a dysregulation 

of the epithelial barrier with loss of E-cadherin and claudin-18 in the tight junctions (critical cells and 

mediators are summarized in Figure 6) (299,300). Some allergens even contain proteases which can 

directly cleave tight junctions to introduce epithelial damage, for example HDM and cockroaches (301). 

 

Figure 5 Overview of sensitization and challenge phase of allergic T2-high asthma pathogenesis. Development of 
allergic asthma is a multifactorial process involving many different cell types. An overview of the key plays and 
events is summarized in this figure, starting from dysregulation of the epithelial layer and recognition of allergens 
by the epithelium, over activation of innate and adaptive immune cells to the establishment of airway 
inflammation. TLR ς toll-like receptor, DCs ς dendritic cells, NK ς natural killer (cells), ILC2 ς type 2 innate 
lymphoid cells, LN ς lymph node.  
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This damage in the airway epithelium results in entry of allergens and microbes into the stromal tissue 

and the activation of the innate immune response, e.g. by uptake from DCs. Furthermore, binding of 

allergens to pattern-recognition receptors (PRRs), such as toll-like receptors (TLR) 2 and 4 or Dectrin-

1, triggers the rapid secretion of alarmins from the epithelium. These alarmins are thymic stromal 

lymphopoetin (TSLP), IL-25 and IL-33 which can initiate multiple type 2 pathways and act on almost 

every cell type involved (295,302). IL-33 and IL-25 mainly activate ILC2s while TLSP also activates APCs 

like DCs, resulting in the promotion of type 2 immunity by stimulating T and B cells (295,303). Upon 

antigen uptake, activated DCs migrate to the lymph nodes where they interact with naïve CD4+ T cells, 

leading to priming of allergen-specific T cells with a Th2-like cytokine profile. Local priming of T cells by 

DCs in the lung was also reported as a mechanism during the sensitization phase (270,304). These 

antigen-specific T and B cells reside in the body, mainly within the respective lymph nodes. Upon re-

exposure to the allergen, they are reactivated and T cells differentiate to Th2 effector cells. They then 

migrate to the lung where they secrete type 2 cytokines like IL-4, IL-5 and IL-13. Together with the 

secretion from ILC2s, these effector cytokines stimulate a myriad of pathways. IL-4 is particularly 

involved in the early phase whereas IL-5 and IL-13 are secreted later, but due to the many positive-

feedback mechanisms, secretion of these cytokines is continuously high. For example, IL-4 is the main 

cytokine driving Th2 differentiation and induces the production of IL-5 and IL-13. Moreover, IL-4 drives 

class switching of B cells to IgE and IgG1 and promotes the expression of adhesion molecules which 

allow the infiltration of eosinophils (305). Even though IL-4 and IL-13 are closely related and share the 

common receptor IL-4Rh , IL-13 was reported to be the main mediator of increased mucus production, 

goblet cell metaplasia and airway hyperresponsiveness. IL-5 plays a major role in granulocyte biology. 

It mediates the development, mobilization and survival of eosinophils and also aids the maturation of 

basophils and mast cells (306). Furthermore, type 2 cytokines exhibit fibrogenic functions and activate 

fibroblasts, resulting in airway remodeling (289,295,302).  

Besides type 2 cytokines, many other factors play a role in the development of clinical symptoms. As a 

main part of the allergic cascade, IgE binds to the high affinity IgE receptor FcRʁ1 which is expressed 

on mast cells and basophils. Subsequent crosslinking of IgE by binding of the allergen activates these 

cells, leading to the secretion of histamine and the lipid mediators prostaglandin D2 (PGD2) and 

cysteinyl leukotrienes. PGD2 induces vasodilation and increases vascular permeability but its receptor 

is also expressed on Th2 cells, ILC2s, eosinophils and the epithelium, suggesting a wide range of 

functions. The activation of mast cells and basophils is very fast and thus represents the rapid phase 

of the allergic response. Besides this, IgE was also reported to facilitate antigen uptake by B cells and 

DCs, resulting in increased antigen presentation and thus an enhanced adaptive immune response 

(289,291,295). 
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Figure 6 Overview of the cells and mediators involved in the development of allergic asthma. Due to 
dysregulation of the epithelial layer, environmental allergens get in contact with pattern-recognition receptors 
(PRRs) on epithelial cells which then release alarmins like thymic stromal lymphopoetin (TSLP), IL-25 and IL-33. 
These alarmins mediate the activation of dendritic cells (DCs) and various innate immune cells such as innate 
lymphoid cells (ILC2), mast cells, eosinophils and macrophages (M)˒. Those release several factors such as 
proteases which cause epithelial damage, and prostaglandin G2 (PDG2), histamine and cytokines which act on 
blood vessels and smooth muscle cells. Activated DCs present the allergen to naïve CD4+ T cells which 
differentiate into Th2 cells. Note that this process mainly takes place in the lymph node (indicated by the grey 
dotted box). Cytokines released by Th2 cells mediate many processes: IL-4 induces class switching to IgE and IgG1 
in B cells, IL-5 influences generation and infiltration of eosinophils and IL-13 induces goblet cell metaplasia, 
airway hyperresponsiveness and remodeling. This schematic overview was inspired by (295). 

1.4.2. Key players in allergic asthma 

Th2 and related cells 

Allergen-specific Th2 cells were identified as main players in T2-high asthma as they are clearly present 

in the BALF and blood of asthmatics and mice with eosinophilic airway inflammation (295). 

Experiments with specific depletion and adoptive transfer of Th2 cells in mice proved their crucial role 

in the development of asthma (307). Even though this involvement of Th2 cells in asthma has long 

been established, their origin is still under debate. In mice, it could be shown that Th2 cells can derive 

from IL-4-committed Tfh cells in  the lymph node where they are induced after the first encounter with 

ǘƘŜ ŀƭƭŜǊƎŜƴ όάǎŜƴǎƛǘƛȊŀǘƛƻƴέύ ŀƴŘ ǘƘŜƴ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ƛƴǘƻ ŜŦŦŜŎǘƻǊ ¢Ƙн ŎŜƭƭǎ ǳǇƻƴ ǊŜ-encounter with the 

same allergen (269). There are also other studies implying distinct development of Tfh cells and 
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άǇǊƛƳŜŘέ ¢Ƙн cells as precursors for mature Th2 cells, for example by local priming of T cells in the lung 

parenchyma (265,270,304). Even though high levels of Tfh cells can also be found in humans, the 

pathway involved here is still not known. In general, an important role of Tfh cells and secretion of 

their signature cytokine IL-21 is established for the generation of the B cell response and antibody 

production (265,270). 

Human and murine Th2 cells seem to be closely related as they share very similar expression profiles 

regarding high levels of Th2 cytokines, specific receptors for epithelial-derived alarmins and the 

nuclear receptor PPAR-ʴ ǿƘƛŎƘ ǎŜŜƳǎ ǘƻ ōŜ ƛƳǇƻǊǘŀƴǘ ŦƻǊ ǘhe upregulation of the IL-33 receptor ST2 

and the pathogenicity of the cells (308,309). The Th2 cytokines IL-4, IL-5 and IL-13 mediate a myriad of 

processes in the pathogenesis of asthma as detailed in the previous section (Figure 6). More recently, 

IL-9 was discovered to be expressed by Th2 cells with pathogenic properties in asthmatic patients 

(310). Moreover, it is expressed by eosinophils, neutrophils and the newly identified Th9 subset which 

expresses only IL-9 and no other Th2 cytokines (311ς313). IL-9 seems to be another key player in 

asthma development as, for example, blocking it with neutralizing antibodies reduced the 

characteristics of allergic AI in mice (295). In the last years, CD4+  tissue resident memory cells (Trms) 

have gained attention as they reside in the lung parenchyma for a long time, also after allergen 

elimination (295,304). Effector Th2 cells give rise to this long-lived population which is rapidly activated 

upon re-exposure to the allergen and produces higher cytokine levels than circulating memory Th2 

cells (304,314). It was proposed that this rapid reaction is induced by CD11b+ DCs which locally present 

the allergen to the surrounding Trms (315). In line with this notion, Trms were found near the airways 

and induced mucus production, eosinophil activation and bronchial hyperresponsiveness whereas 

circulating Th2 cells preferentially localize in the parenchyma and promote eosinophil and T cell 

recruitment (316). Further investigations are needed to fully understand the relationship of circulating 

Th2 cells and Trms, their specific functions and their role in humans. 

ILC2s 

Innate lymphoid cells (ILCs) are innate immune cells that share many characteristics with T cells but do 

not express TCRs. They do not express any lineage-specific markers but rather markers known for 

stem/progenitor cells such as c-Kit and Sca-1 (317). Similar to Th2 cells, ILC2s express the IL-33 receptor 

ST2 and produce large amounts of IL-5 and IL-13 which was found to be critical for induction of 

eosinophilia and airway hyperresponsiveness but also for inducing the Th2 response (318ς320). They 

reside in peripheral tissues such as the lung and can therefore rapidly respond to IL-25 and IL-33 from 

epithelial cells but also to IL-13 produced by Th2 cells, making them a major player in the induction 

and the maintenance of the type 2 response in allergic asthma (Figure 6) (298). In line with this, it was 

shown that ILC2s express MHC-II and the MHC-II-TCR interaction with T cells leads to the promotion 

of proliferation (321). More recently, ILC2s were also reported to be more resistant to steroid-
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treatment, implicating them in the development of severe, treatment-refractory asthma (298). 

Together with their role in tissue remodeling (298), ILC2s mediate several aspects of the immune 

response in type 2 allergic asthma.  

Dendritic cells 

DCs have key functions in antigen presentation and activation of CD4+ T cells and thus play an 

important role in the development of allergic asthma (322ς324). Three main DC subtypes exist, namely 

bone marrow-derived conventional DCs (cDCs), pDCs and monocyte-derived DCs (moDCs) which 

develop under inflammatory conditions (322). cDCs are the main type involved in T cell priming and 

can be further subdivided into Batf3/Irf8-dependent cDC1 and Irf4-dependent cDC2 which are both 

found in the lung at steady-state. Whereas CD103+ cDC1s are important for recognition of extracellular 

pathogens and the activation of CD8+ CTLs, CD11b+ cDC2s induce type 2 immune responses against 

parasites but also during allergic reactions (295,322,323,325). In the latter, cDC2 were found to be 

indispensable for the induction of Th2 cell-driven eosinophilic inflammation, airway 

hyperresponsiveness and goblet cell metaplasia (295,298,324). They are activated by antigen uptake 

but also by cytokines released from epithelial cells (Figure 5 and Figure 6) (295,298). Contradictory 

data exists on the role of CD103+ cDC1s in asthma development with some studies reporting no 

involvement and others a role in priming of Th2 cells, probably depending on the type and quantity of 

allergen (270,295,315). Since cDC1s are in close location with epithelial cells and thus closer to allergen 

exposure while cDC2s reside deeper in the lung parenchyma, differential involvement of these cells in 

the allergen response depending on the antigen seems plausible (270). Besides their important role in 

the induction of the Th2 response during the sensitization phase, cDCs were also implicated to play a 

role during the effector/challenge phase. Depletion of cDCs at this phase prevented eosinophilic airway 

inflammation and airway hyperresponsiveness in mice, also in presence of antigen-specific Th2 cells 

(326). Furthermore, cDC2c and moDCs could induce a Th2 response and airway inflammation after 

intratracheal transfer (315). Even though the exact mechanisms of how DCs mediate these functions 

are not fully understood, first studies suggest upregulation of co-stimulatory molecules such as CD80, 

ICAM-1, CD40 and PDL-1  (programmed cell death ligand 1) as an important mechanism (326). In line 

with these observations, they are found in close proximity to effector T cells at the site of inflammation 

(327). Taken together, DCs exhibit crucial functions in the induction and also amplification of the Th2 

response in allergic asthma.   

Eosinophils 

During the maturation from CD34+ stem cells in the bone marrow, eosinophils acquire IL-5R expression 

and enter the circulation. Without inflammation they are mainly located in the bone marrow or in 

peripheral tissues where they mediate tissue homeostasis (295,328). During the allergic immune 

response, IL-5 mediates the maturation of eosinophils as well as their mobilization, activation, 
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proliferation and survival (Figure 6). Infiltration into the lung is facilitated by increased expression of 

VCAM1 which is induced by IL-4 (328,329). The biological effects of eosinophils are mediated by the 

secretion of a great amount of factors, including cytotoxic proteins, cytokines, chemokines and lipid 

mediators. The cytotoxic proteins which are released from the granules include i.a. major basic protein 

(MBP), eosinophil peroxidase (EPO) and eosinophil-derived neurotoxin (EDN) which are usually 

important for pathogen elimination (329). During persistent airway inflammation, these proteins were 

implicated to cause damage to the structural cells in the lung and to induce airway remodeling (330). 

Eosinophils also secrete a variety of cytokines which are involved in the pathogenic processes of 

asthma development, ranging from Th2-cytokines to acute inflammatory cytokines like TNF, IL-мʲ ŀƴŘ 

IL-6 and fibrogenic factors such as TGF-ʲ όǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲύ (295). One specific function of 

eosinophils is the formation of extracellular traps (EETs) made up of DNA fibers and important for the 

immune response against extracellular pathogens. In asthma EETs were found to activate epithelial 

cells to secrete cytokines like IL-33 and TLSP, leading to the activation of ILC2s (331). Moreover, EETs 

are reported to change the viscosity of the mucus, making it more difficult to cough up (295). 

1.4.3. Th17 cells and asthma 

Even though T2-high airway inflammation with eosinophilic infiltration is the most common type of 

asthma, it accounts only for about 50 % of the asthmatics (332). As outlined in Figure 4, several other 

subtypes exist which present with neutrophilic or mixed granulocytic inflammation. Especially in very 

severe forms of asthma, the involvement of Th17 cells was implicated (333ς335) as they were found 

in the lungs of asthmatics (336) along with high levels of IL-17 in the sputum (337,338). This is 

associated with neutrophilic inflammation, increased airway hyperresponsiveness and steroid 

resistance in humans (298,337) which was confirmed in mouse experiments. For example, transfer of 

antigen-specific Th17 cells caused neutrophilic inflammation upon antigen-challenge and 

neutralization of IL-23 attenuated neutrophilia (339). In contrast, data regarding the role of IL-17 in 

disease pathogenesis showed conflicting results. Treatment with an anti-IL-17 receptor A antibody 

showed only limited therapeutic effect in asthmatic patients (340) and in mice opposing results were 

obtained depending on the time point of treatment (295). Beside the potentially different roles of IL-

17 at different time points during the development of asthma, other studies suggested that this lack 

of efficacy was due to reciprocal regulation and mutual compensation of the Th2 and Th17 pathways 

(335). Indeed, dual-positive Th2/Th17 cells were found in asthmatic patients which produced Th2 

cytokines and IL-17A (341ς343). These cells induced chemokine expression for the recruitment of 

ƎǊŀƴǳƭƻŎȅǘŜǎ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘƭȅ ǘƘŀƴ άƴƻǊƳŀƭέ ¢Ƙн ƻǊ ¢Ƙмт ŎŜƭƭǎ (342). In mice, co-transfer of Th2 and 

Th17 cells led to mixed neutrophilic-eosinophilic infiltration (339). Taken together, the interplay of Th2 

and Th17 pathways seems to play a crucial role in the development of asthma. 
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1.4.4. Treatment of asthma 

Corticosteroids are the most common treatment for asthma and many asthmatics achieve good 

disease control with their application. They are administered by inhalation, often together with 

bronchodilators such as long-acting ̡ -agonists. This fast and local application can effectively control 

chronic symptoms and prevent acute attacks in most of the patients (344). Corticosteroids mediate 

their effect through the intracellular glucocorticoid receptor (GR) which acts as a transcription factor 

upon binding of the ligand, translocation into the nucleus and homodimerization. Binding of the GR-

homodimer to glucocorticoid response elements (GREs) in the promotor region of steroid-responsive 

genes leads to activation (or in some cases repression) of gene transcription. It can also interact with 

other transcription factors like NF- Bˁ to influence the respective expression. Through these modes of 

action corticosteroids were shown to induce expression of anti-inflammatory genes and reduce 

inflammatory pathways which results in the suppression of many aspects of the Th2 cell-mediated 

inflammation, e.g. Th2- and epithelial cytokines, inflammatory infiltration and mucus secretion (344). 

However, corticosteroids are not effective in all patients, especially in moderate and severe asthma. 

Reduced treatment responsiveness is linked to several mechanisms, for example decreased 

translocation of GC to the nucleus, which is mediated by certain cytokines, and reduction of  histone 

deacetylases (HDACs) that are important for the repression of inflammatory genes (345). 

Corticosteroid-resistance leads to poor disease control and frequent asthma exacerbations that can 

get progressively worse, resulting in respiratory failure in the worst case.  

Hence, new therapeutic options are urgently needed for these patients. Given the allergic nature of 

T2-high asthma, allergen immunotherapy (also called desensitization) is one treatment option. 

Therefore, gradually increasing doses of the allergen are applied to divert the pathologic Th2 response 

into a tolerogenic one (346). Although shown to be effective in reducing clinical symptoms, the 

treatment is limited by its long time frame, usually 3-5 years. Moreover, the effect was reported to 

reduce 7-12 years after treatment was stopped, resulting in the need for other approaches (346,347). 

New therapeutics for moderate to severe T2-high asthma patients target a variety of mediators of the 

Th2 response. Biologicals were developed directed against IgE, IL-5, IL-4/IL-13 or TLSP (347). Anti-IgE 

binds free IgE and interrupts the allergic response. It effectively reduces exacerbations and asthma 

symptoms in some of the patients. Unfortunately, it was also associated with life-threatening 

anaphylactic reactions and negative effects on the cardiovascular system (348). Biologics directed 

against the cytokine mediators of asthma only showed limited therapeutic efficacy in clinical trials. Due 

to redundancy of the cytokines and their partially overlapping functions, combined application/ 

blockade of those cytokines was suggested as a new therapeutic approach (305,347). Therefore, new 

therapeutic options targeting different aspects of the Th2 response are greatly needed.  
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1.5.  Inflammatory bowel disease 

IBD is a chronic inflammation of the gastrointestinal tract that usually first occurs early in life but 

persists lifelong. There are two major formsΣ ƴŀƳŜƭȅ /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ ό/5ύ ŀƴŘ ǳƭŎŜǊŀǘƛǾŜ Ŏƻƭƛǘƛǎ ό¦/ύΣ 

which differ in their localization but clinical symptoms are similar. These often come in episodes of 

abdominal pain, diarrhea, bloody stool and weight loss while the intestinal inflammation presents with 

influx of neutrophils and macrophages, high levels of inflammatory cytokines, free radicals and 

proteolytic enzymes (349,350). Any part of the intestine can be affected in CD patients in a 

discontinuous pattern, often including the terminal ileum, cecum, perianal area and the colon. 

Histologically, thickening of the submucosa, transmural inflammation, granulomas and fissuring 

ulceration can be detected (351). In contrast, the inflammation is limited to the colon and usually 

affects the rectum in UC patients. Furthermore, inflammatory lesions are continuous and affect the 

mucosa and submucosa, including cryptitis and crypt abscesses (350).  

Although the incidence of IBD strongly correlates with industrialization, implying a strong connection 

to environmental factors in disease pathogenesis (352), the complete pathogenesis is still not 

understood. So far, many different factors have been identified that play a role in disease pathogenesis 

including a genetic component, the intestinal microbiota, immunologic abnormalities and other 

environmental factors. Environmental risk factors are diet, drugs (e.g. nonsteroidal anti-inflammatory 

drugs), geography, social stress and smoking, while the latter was reported to have opposing functions 

in UC and CD. Smoking increases the risk of CD but was reported to have a protective effect in UC, e.g. 

it lowers the relapse rate (353). Stress has been linked to IBD development for a long time (354) and 

studies suggest decreased glucocorticoid signaling and differences in the microbiota to be involved in 

this pathway of IBD pathogenesis (355,356). 

Large genetic studies have identified many genetic alteration linked to IBD. NOD2 (nucleotide-binding 

oligomerization domaincontaining 2) was the first susceptibility gene discovered for CD. NOD2 is 

involved in the recognition of bacteria, activation of autophagy and modulation of the immune 

response. Similarly, other genes involved in autophagy were linked to IBD, implying an important role 

in disease development. Furthermore, many genes important for the regulation of the T cell response 

are associated with IBD, e.g. IL23R, IL12B, JAK2, STAT3, SMAD3 and IL1R2 (353). Given the close 

proximity of the intestinal mucosa with a large variety of bacterial species, changes in the intestinal 

microbiota were also linked to the development of IBD. A reduced diversity of the gut microbiome, 

reduction of certain species (Firmicutes, Bacteroidetes and Clostridium spp.) and an increase of 

Escherichia coli were described in IBD patients (353,357,358).  
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1.5.1. Main mechanisms in the pathogenesis of IBD 

As mentioned in the previous section, the exact pathomechanism for the development of IBD is not 

yet known but several factors were identified so far, which are associated with a higher risk for the 

disease. Even though the exact trigger might be different between patients, the resulting chronic 

inflammation is similar. Most likely, the chronic inflammation results from a dysregulation of the innate 

and adaptive immune response. This was described to be characterized by epithelial damage, 

expansion of inflammation driven by the intestinal microbiota and a strong infiltration of inflammatory 

cells into the lamina propria (350).  

Similar to the development of allergic asthma, disruptions of the functions of the epithelial layer are 

found in IBD patients and murine colitis models which were proposed to be the leading cause of IBD 

development (359,360). Due to the close contact with various kinds of antigens, intestinal epithelial 

cells play an important role in regulation of the immune response. By taking up antigens from the 

intestinal lumen and expressing pattern recognition receptors, they are involved in the establishment 

of a tolerogenic environment and the regulation of immune cells in the gut-associated lymphoid tissue 

(GALT). Impairment of this regulation, e.g. by altered cytokine secretion, was reported in IBD patients 

but especially the disruption of the epithelial layer seems to be critical. Some identified susceptibility 

genes are involved in the maintenance of the barrier, for example in tight junctions and the basement 

membrane (350,361). Proinflammatory cytokines also increase the permeability of the epithelial layer, 

for example TNF and IFN-  ɹ which are both found in the chronic inflammation of IBD (350,362).  

Moreover, disruption of the mucus layer, usually protecting the mucosa from direct contact with 

bacteria, was reported in IBD patients (353). 

DCs are ŦƻǳƴŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ Ǝǳǘ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ƭŀƳƛƴŀ ǇǊƻǇǊƛŀΣ tŜȅŜǊΩǎ Ǉŀǘches and mesenteric lymph 

nodes. They are important for the defense against pathogens and immune tolerance to the commensal 

microbiota and food allergens (363). Therefore, they continuously take up antigens from the intestinal 

lumen, for example after transcytosis of specialized epithelial cells (microfold cells), directly by the 

formation of dendrites between the epithelial cells or after breaches of the epithelial barrier. Upon 

antigen uptake, immature DCs migrate to the draining lymph node where they present antigens to T 

and B cells to activate the adaptive immune response (see also sections 1.4.1 and 1.4.2) (363). 

Depending on the surrounding cytokine milieu and the DC subtype, different T cell responses are 

induced. DCs from mesenteric lymph nodes of CD patients were found to preferentially induce Th1 

cells, in line with the general Th1 response described in CD. Furthermore, moDCs of CD patients secrete 

high levels of IL-23, matching the Th17 cells found in IBD. Together with the increased expression of 

co-stimulatory factors, DCs are considered to be critically involved in the establishment of the aberrant 

T cell response found in IBD patients. This was reported to result from incorrect reactions to the 

captured antigens but also from inappropriate signals secreted from epithelial cells (363,364). The 
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induction of an excessive T cell response together with proinflammatory signals of the innate immune 

system induces the recruitment of inflammatory cells such as granulocytes and macrophages. These 

cells release enzymes, reactive oxygen species and more proinflammatory cytokines, resulting in 

chronic inflammation and tissue damage which leads to ulceration and often granuloma formation 

(350).  

1.5.2. Th17 cells and Tregs in IBD 

CD is considered to be driven by a Th1 response with high levels of IFN- ,ɹ whereas an unconventional 

Th2 response was described for UC (350). More recently, Th17 cells were found to be involved in the 

development of IBD with large amounts of Th17 cells accumulating the lamina propria of UC patients 

and the submucosa and muscularis propria of CD patients (350,360). Normally Th17 cells play a role in 

maintaining the balance of the local microenvironment in the gut but their dysfunction leads to 

exacerbation of the intestinal inflammatory response. Studies in humans showed a high association of 

the IL-23 receptor (IL-23R) and the chemokine CCR6 with active IBD and increased levels of IL-17, IL-6, 

IL-23 and IL-1  ̡(248). In murine models, deficiency of the IL-17 receptor as well as treatment with anti-

IL-17 antibodies prevented or ameliorated colitis, respectively (360).  

Similarly, dysfunction of Tregs is also implicated in the development of IBD, since maintenance of 

immune tolerance is a main function of Tregs. Naïve CD4+ T cells normally convert to pTregs in the 

GALT after exposure to oral antigens. This process is dependent on TGF-ʲ ŀƴŘ ǊŜǘƛƴƻƛŎ ŀŎƛŘ ŘŜǊƛǾŜŘ 

from cDCs and it is crucial to prevent inappropriate immune responses (365). Murine transfer 

experiments have confirmed the capability of Tregs to suppress not only Th1 and Th17 responses but 

also colitis development (366,367). In IBD patients, a defect in the induction or/and suppressive 

function of Tregs was reported (350,365). Another study also showed that effector T cells are less 

responsive to Treg-mediated suppression by expression of high levels of Smad7, an inhibitor of the 

TGF-  ̡pathway (368). It is commonly accepted that disturbance of the Th17/Treg balance is part of the 

pathogenesis of IBD. Given their common requirement for TGF-  ̡ during differentiation, a fine 

regulation of the TGF-  ̡signal is crucial to maintain the correct balance. Low TGF-  ̡concentrations in 

combination with IL-6 and IL-21 induce IL-23R expression and Th17 cell differentiation, whereas high 

TGF-ʲ ŀƳƻǳƴǘs inhibit the expression of IL-23R and induces Tregs. Furthermore, the strength of the 

TCR signal, various co-stimulatory factors and cytokines, as well as bile acid metabolites and the 

microbiota are implicated to play a crucial role in the maintenance of the Th17/Treg balance (360).  
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2. AIM OF THE THESIS 

Besides its role in antigen presentation, the IP has gained attention for its contribution to the 

development and function of immune cells, especially T and B cells. Moreover, many studies have 

demonstrated the role of the IP in various immunological disorders, especially autoimmune and Th17 

cell-mediated diseases. In these settings, inhibition of the IP has proven to be an effective treatment 

to limit the Th17 response and ameliorate disease symptoms.  

In contrast, very little is known about the role of the IP in Th2 cells and Th2 cell-mediated diseases. 

Previous experiments in our group have suggested that Th2 cells are not affected by IP inhibition in 

vitro, but so far it is unknown whether the same applies to Th2 cells in vivo. Therefore, this study sought 

to investigate the role of the IP in allergic airway inflammation, a Th2 cell-driven disease. The effect of 

IP inhibition at different time points was assessed to investigate its influence on the sensitization phase 

and the challenge response. Moreover, the aim was to assess whether the observed response was 

allergen-specific which was previously proposed by another group who observed different Th2 

responses in LMP7-deficient mice depending on the applied allergen.  

Even though many studies have demonstrated that Th17 cells are diminished upon IP inhibition, it is 

still unclear whether the differentiation or the survival of these cells is affected. Therefore, another set 

of experiments aimed at assessing the effect of IP inhibition on Th17 cells at different time points, i.e. 

during differentiation and later, on established Th17 cells. In the same manner, Tregs were 

investigated, as there is conflicting data about the effect on in vitro polarized Tregs. 

In a second project, the aim was to establish a stable cell line for inducible IP expression. This cell line 

is useful to study specific effects of IP vs. SP expression on protein degradation in cellulo. So far, to our 

knowledge the only available comparable cell line is a tetracycline-inducible murine fibroblast line. 

Since fibroblasts physiologically do not express immunoproteasomes at the steady state, the aim was 

to establish a line based on cells usually expressing almost exclusively IP. To this end, the immortalized 

B cell line LCL721.174, lacking the genomic region where the genes of LMP2 and LMP7 are located, 

was used as a basis for a tamoxifen-inducible system. Furthermore, this cell line was used to identify 

potential substrates of IP vs. SP by SILAC analysis and to address long-standing debates about the role 

of the two proteasome types in the degradation of poly-ubiquitinated and oxidized proteins.  
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3. MATERIAL & METHODS 

3.1.  Cell culture 

Primary cells from mice were cultured in T cell medium composed of Roswell Park Memorial Institute 

(RPMI) 1640 medium containing 10 % fetal calf serum (FCS; always v/v), 1x penicillin/streptomycin 

(P/S) and 50 µM b-mercaptoethanol (referred to as T cell medium). HEK293T cells for lentivirus 

production were cultured ƛƴ 5ǳƭōŜŎŎƻΩǎ ƳƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aύ ǎǳǇǇƭŜƳŜƴted with 10 % FCS 

and 1x P/S. For passaging, cells were washed once with phosphate buffered saline (PBS) and detached 

with 0.05 % (v/v) trypsin-EDTA (ethylenediaminetetraacetic acid). All LCL721 cell lines were cultured in 

LǎŎƻǾŜΩǎ ƳƻŘƛŦƛŜŘ 5ǳƭōŜŎŎƻ ƳŜŘƛǳƳ όLa5aύ ǎǳpplemented with 10 % FCS and 1x P/S unless stated 

otherwise. 200 µM hygromycin B and 2 µg/ml puromycin were used for selection of transduced cells 

after transduction and after thawing of frozen aliquots. 4-hydroxy-tamoxifen (4-OHT; Sigma Aldrich) 

was dissolved in methanol and used at 20 nM unless stated otherwise. All basic media contained 

GlutaMAX. Cell culture reagents were purchased from ThermoFisher. All cells were cultured in a humid 

chamber at 37 °C and 5 % CO2. 

3.2. Mice1 

GATIR (Gata3tm1.1Hjf) (369) mice were kindly provided by Hans Joerg Fehling (Institute of Immunology, 

University Clinics Ulm, Ulm, Germany). IL-17A-GFP (C57BL/6-Il17atm1Bcgen/J; stock #018472) mice were 

purchased from The Jackson Laboratories. FoxP3-GFP (C57BL/6-Foxp3tm1Kuch) (238) mice were kindly 

provided by Nicole Joller (University of Zurich, Institute of Experimental Immunology, Zurich, 

Switzerland). C57BL/6 mice were originally purchased from Charles River Laboratories, Göttingen, 

Germany. LMP7- (Psmb8tm1Hjf) (146) and MECL-1- (Psmb10tm1Mgro) (151) gene targeted mice were kindly 

provided by J. J. Monaco (Department of Molecular Genetics, Cincinnati Medical Center, Cincinnati, 

OH) and LMP7-MECL-1-double-KO mice were obtained by crossing. LMP7-KO mice and C57BL/6 

control mice were kept as separate colonies. Male and female mice were used at 8-14 weeks of age. 

All mice were kept in a specific pathogen-free environment with ad libitum access to food and water. 

The light/dark cycle was 12/12 h. All animal experiments in this study were approved by the reviewing 

board of the Regierungspräsidium Freiburg. 

3.3. Immunoblotting2 

Cells were lysed in RIPA buffer (50 mM Tris-buffered HCl, pH 7.5 containing 150 mM NaCl, 1 % (v/v) 

NP-40, 0.5 % (w/v) sodium dodecyl sulfate (SDS)) for 20 min on ice, followed by centrifugation at > 

12 000 xg for 20 min. Protein content was determined by bicinchoninic acid (BCA) assay 

                                                           
1 This section was published in (462). 
2 This section was published in (462). 
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(ThermoFisher). 15-25 µg protein lysate was separated by SDS-polyacrylamide gel electrophoresis 

(PAGE; 12 % (v/v) acrylamide) and transferred onto a 0.45 µm nitrocellulose membrane (cytiva) using 

the TransBlot Turbo transfer system (BioRad) or conventional wet blotting (110V, 1.5 h). Protein 

expression was analyzed by incubation with respective antibodies (Table 1). Anti-g-tubulin, anti-GAPDH 

or anti- -̡actin served as loading controls. All primary antibodies were incubated overnight at 4 °C. 

IRDye800CW goat anti-rabbit or anti-mouse and IRDye680RD goat anti-mouse or anti-rabbit (LI-COR) 

were used as secondary antibodies (all 1:15000 diluted). Signals were analyzed with the LI-COR 

Odyssey Imager and the Image Studio Lite Version 5.2.  

Table 1: List of antibodies for immunoblotting 

Antigen Clone Dilution Supplier 

b1c E1K90 1:1000 Cell Signaling 

b2c E1L5H 1:1000 Cell Signaling 

b5c D1H68 1:1000 Cell Signaling 

LMP7 polyclonal  1:5000 Ref(77) 

LMP2 polyclonal 1:2000 abcam (#ab3328) 

MECL-1 polyclonal 1:500 Ref(370) 

-ɹtubulin GTU-88 1:10000 Sigma-Aldrich 

GAPDH (glyceraldehyde 3-phosphate 

dehydrogenase) 

polyclonal 1:10000 Sigma-Aldrich 

-̡actin polyclonal 1:5000 Sigma-Aldrich 

NF-ˁ. ǇмлрΣ Ǉрл D7H5m 1:1000 Cell Signaling 

Mono- and poly-ubiquitin conjugates FK2 1:1000 ENZO lifesciences 

 

3.4. Flow cytometry3 

3.4.1. Surface staining 

Flow cytometric analyses were performed for a variety of experiments. Therefore, single cell 

suspensions from different mouse organs or cell culture were added into 96 well plates. First, Fc-

receptor blocking was performed for all samples using the 2.4G2 antibody (dilution 1:100, obtained 

from 2.4G2 hybridoma cells) in FACS buffer (PBS, 2 % FCS, 2 mM EDTA) for 20 min on ice. Cells were 

washed once with FACS buffer and subsequently stained with different antibody cocktails (list of 

antibodies in Table 2) for 30 min on ice followed by three washing steps. Sytox Blue/Red (1:100000 

and 1:50000, ThermoFisher) staining was included for live/dead cell discrimination. All samples were 

measured on LSRFortessa, FACSVerse or FACSLyric (all BD Biosciences). Flow cytometry data was 

                                                           
3 This section was published in (462). 
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analyzed with FlowJo v10 (BD Biosciences). Details on the stainings are provided in the respective 

figure captions. 

Table 2: List of flow cytometry antibodies  

Antigen Fluorochrome Clone Dilution Supplier 

CD3 APC 145-2C11 1:400 Biolegend 

CD3 eFluor450 145-2C11 1:400 eBioscience 

CD4 BV605 GK1.5 1:1200 Biolegend 

CD4  PE GK1.5 1:1600 Biolegend 

CD4 APC GK1.5 1:1600 Biolegend 

CD11b BV605 M1/70 1:400 Biolegend 

CD11c PE-Cy7 N418 1:800 eBioscience 

CD44 PE-Cy7 IM7 1:1600 eBioscience 

CD45 eFluor450 30-F11 1:1600 eBioscience 

CD45 BV605 30-F11 1:800 Biolegend 

CD62L APC MEL-14 1:800 Biolegend 

ST2 PE-Cy7 DIH4 1:400 Biolegend 

Siglec-F PerCP-Cy5.5 E50-2440 1:800 BD Biosciences 

Ly6G AlexaFluor700 1A8 1:400 BD Biosciences 

MHC-II BV421 M5/114.15.2 1:1600 Biolegend 

Lineage 

Cocktail 

BV421 17A2, RB6-8C5, RA3-6B2, 

Ter-119, M1/70  

1:50 Biolegend 

Sca-1 PE REA422 1:50 Miltenyi Biotech 

Ki-67 eFluor660 SolA15 1:200 eBioscience 

FoxP3 eFluor450 FJK-16s 1:200 eBioscience 

CD3 unlabeled 145-2C11 1:100 Biolegend 

CD28 unlabeled  37.51 1:100 Biolegend 

IL-4 PE 11B11 1:100 Biolegend 

IL-13 PE eBio13A 1:10 invitrogen 

IL-17A APC ebio17B7 1:800 eBiosciences 

IFN-  ɹ BV421 XMG1.2 1:800 Biolegend 

 

3.4.2. Intracellular staining 

Intracellular staining was performed to analyze cytokine secretion and other intracellular proteins such 

as the transcription factor FoxP3. First, Fc-receptor block was performed as described before followed 
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by surface staining. Surface staining was performed in PBS to allow co-staining with fixable viability 

dye 780 (1:1000 dilution; BD Pharmingen) to discriminate dead cells (30 min, on ice). After washing 

three times with FACS buffer, samples were fixed using 4 % (w/v) paraformaldehyde for 5 min at 4 °C 

and subsequently permeabilized with PERM buffer (PBS containing 0.1 % (w/v) saponin, 2 % FCS, 2 mM 

EDTA, 2 mM NaN3). Samples were stained with antibodies directed against intracellular proteins in 

PERM buffer overnight at 4 °C (staining specified in respective figure caption). Samples were measured 

on LSRFortessa, FACSVerse or FACSLyric (all BD Biosciences). Flow cytometry data was analyzed with 

FlowJo v10 (BD Biosciences). 

3.5. In vitro polarization4 

Spleens from naïve IL-17A-GFP and GATIR mice were harvested and single cell suspensions were 

prepared using a 70 µm nylon mesh. T cells were isolated from these spleens using the Naïve CD4+ T 

ŎŜƭƭ ƛǎƻƭŀǘƛƻƴ ƪƛǘ όaƛƭǘŜƴȅƛ .ƛƻǘŜŎƘύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ instructions. Polarization was 

induced by addition of antibody cocktails using the Cytobox kits for Th1, Th2 and Th17 cells (Miltenyi 

.ƛƻǘŜŎƘύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ with the exception of using plate bound anti-

CD3/anti-CD28 (a list of all antibodies is found in Table 1) and self-made T cell medium (see section 

3.1). Tregs were activated using plate bound anti-CD3/anti-CD28 and polarized with 15 ng/ml TGF-ʲмΣ 

10 ng/ml IL-2, 5 µg/ml anti-IFN-ʴ ŀƴŘ р ҡƎκƳƭ ŀƴǘƛ-IL-4. Cells were split every other day and 

supplemented with fresh polarization mix. On day 7, cells were harvested and analyzed by 

immunoblotting. Furthermore, flow cytometric analysis was performed with a small proportion of the 

cells to confirm polarization. Therefore, surface staining for CD4 was performed for GATA-3 and IL-17 

measurements due to reporter-protein expression (GATA-3-vYFP and IL-17A-GFP). For the detection 

of IFN-ʴ Ŏells were restimulated with 25 ng/ml phorbol-12-myristat-13-acetat (PMA), 500 ng/ml 

ionomycin and 10 µg/ml brefeldin A (BFA; all Merck) for 5 hours at 37 °C, 5 % CO2. Afterwards, surface 

staining for CD4 and intracellular cytokine staining for IFN-  ɹwas performed (see section 3.4.2). FoxP3 

staining was performed accordingly without PMA/ionomycin restimulation. 

3.6.  Airway inflammation experiments5 

3.6.1. Induction of airway inflammation with ovalbumin 

AI was induced by intraperitoneal (i.p.) sensitization followed by aerosol challenge using OVA as 

described before (371). In short, mice received two i.p. injections of 50 µg OVA (grade V; Merck) 

dissolved in PBS and mixed 1:1 with Imject Alum (ThermoFisher) on day 0 and 7. On day 14, 15 and 16 

mice were challenged with nebulized 1 % (w/v) OVA solution (in ddH2O) for 20 min using the Aerosol 

                                                           
4 This section was published in (462). 
5 This section was published in (462). 
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Jet-Nebulizer (Hugo Sachs-Elektronik, Harvard Apparatus GmbH). Mice were sacrificed and analyzed 

on day 17.  

3.6.2. House dust mite induced airway inflammation 

For induction of HDM-AI, D. pteronyssinus extract (Citeq Biologicals) was dissolved in PBS and 50 µg 

were applied intranasally (i.n.) on day 0, 7, 14 and 21 to anesthetized mice as described before (211). 

Mice were sacrificed on day 21 or 23 to analyze airway inflammation. 

3.6.3. Proteasome inhibition in mice 

ONX 0914 (165) (Kezar Life Sciences) was formulated in a solution of 10 % sulfobutylether- -̡

cyclodextrin (w/v; Captisol) and 10 mM sodium citrate (pH 6). 10 mg/kg was administered 

subcutaneously (s.c.) into the loose skin at the neck. To analyze the effect of IP inhibition at different 

phases of the Th cell response, ONX 0914 was administered at different time points. For the analysis 

of the effect of IP inhibition on primed T cells in the challenge phase, mice received ONX 0914 after 

induction of the initial T cell response όάǘƘŜǊŀǇŜǳǘƛŎέ ǎŜǘǘƛƴƎύ. In OVA-AI experiments, mice received 

injections on day 12 and one hour before each aerosol challenge on days 14, 15, 16. For HDM 

experiments, mice received a single dose on day 21 one hour before the intranasal challenge. To assess 

whether Th2 cells can develop when IP function is impaired, ONX 0914 was administered every other 

day (OVA-AI) or three times per week (HDM-AI) starting from day 0 and during the whole course of the 

experiment όάǇǊƻǇƘȅƭŀŎǘƛŎέ ǎŜǘǘƛƴƎύΦ All control mice received the same volume of vehicle at the same 

time points. 

3.6.4. Organ preparation of airway inflammation experiments 

Mice were sacrificed by CO2 asphyxia and blood was collected by cardiac puncture. Bronchoalveolar 

lavage was performed by exposing the trachea and inserting a blunted 18G cannula into a small 

incision. The lung was flushed three times using 0.8 ml PBS each time and the bronchoalveolar lavage 

fluid (BALF) containing infiltrating cells was collected. Lungs were dissected into single lobes and 

distributed for individual analysis. Lobes for histology were immediately fixed in 10 % formalin (ROTI-

Histofix 10 %, Carl Roth). The remaining lobes were used for dissociation to obtain single cell 

suspensions using the Lung Dissociation Kit ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎtions (Miltenyi 

Biotec). In brief, lobes were washed in PBS and transferred into MACS C tubes containing buffer S and 

an enzyme mix. Samples were incubated using ǇǊƻƎǊŀƳ άот/ψƳψ[5Y_мέ ƻƴ the gentleMACS Octo 

Dissociator (Miltenyi Biotech). Afterwards, samples were filtered with a 70 µm MACS SmartStrainer, 

centrifuged at 300 xg for 10 min and resuspended in T cell medium. Spleens and mediastinal lymph 

nodes were collected and single cell suspensions were prepared using 70 µm and 150 µm nylon 

meshes. Samples used for restimulation with PMA/ionomycin were kept in T cell medium, all other 

samples in FACS buffer. To diminish the background signal of erythrocytes, samples from lung and 
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spleen were incubated with erythrocyte lysis buffer (155mM NH4Cl, 10 mM, KHCO3, 0.1 mM EDTA) for 

5 min at room temperature (RT) before proceeding to surface staining for flow cytometry (section 3.4). 

Viable cells were counted using the Cellometer Auto 2000 Cell Viability Counter (Nexcelom Bioscience).  

3.6.5. PMA/Ionomycin restimulation 

To analyze cytokine secreting T cells in the lungs, single cell suspensions were seeded in a 96-well plate 

and restimulated with T cell medium containing 25 ng/ml PMA, 500 ng/ml ionomycin and 10 µg/ml 

BFA (all Merck) for 5 hours at 37 °C, 5 % CO2. Fc-receptor blocking and surface staining with anti-CD4 

was performed as described in section 3.4. FVS780 was included for discrimination of dead cells. After 

fixation with 4 % (w/v) paraformaldehyde for 5 min, cells were permealized with PERM buffer and 

stained intracellularly with antibodies directed against IFN- ,ɹ IL-4, IL-13 or IL-17. 

3.6.6. OVA restimulation 

Single cell suspensions from the spleen and lymph node of vehicle or ONX 0914 treated OVA-AI mice 

were used for restimulation with OVA to evaluate the antigen-specific immune response. 5x106 cells 

were seeded in a 24-well plate and incubated for 4 days in the presence of 200 µg/ml OVA and 

10 ng/ml IL-2. Medium was replaced with fresh medium after 2 days. Cells were harvested, 

restimulated with PMA/ionomycin/BFA and intracellular cytokine staining was performed as described 

in section 3.4.  

3.6.7. Determination of antibody concentrations 

Blood from cardiac puncture was transferred into serum collection tubes (Sarstedt). Samples were 

centrifuged to separate the serum which was frozen at -80 °C until analysis. Antibody levels were 

measured using the Mouse Anti-OVA IgG1 Antibody ELISA Kit (Chondrexύ ŀƴŘ ǘƘŜ [9D9b5 a!·ϰ 

Mouse OVA Specific IgE ELISA Kit (Biolegend).  

3.6.8. In vitro proliferation 

Splenocytes of OVA-AI mice treated with vehicle or ONX 0914 were labelled with Tag-It Violet 

tǊƻƭƛŦŜǊŀǘƛƻƴ ŀƴŘ /Ŝƭƭ ¢ǊŀŎƪƛƴƎ 5ȅŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎtions (Biolegend) and seeded in 

a 96-well plate coated with 5 µg/ml anti-CD3. Cells were incubated for 3 days at 37 °C, 5 % CO2 in T cell 

medium. For flow cytometric analysis, cells from day 0 and day 3 were stained with anti-CD4 (30 min, 

on ice) and SytoxRed was included during the measurement for exclusion of dead cells (1:50000). 

Samples were analyzed on BD FACS Lyric (BD Biosciences).  

3.6.9. Histology 

Formalin-fixed samples were embedded in paraffin and sections of 4 µm were used for histological 

analyses. Samples were stained with hematoxylin and eosin (H&E; Carl Roth) to evaluate the 

perivascular and peribronchial infiltration as described before (372). Scores were assigned in a blinded 
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manner according to the following criteria: 0 ς normal, 1 ς few cells, 2 ς ring of one cell layer of 

inflammatory cells, 3 ς ring of inflammatory cells 2-4 cells deep, 4 ς ring of inflammatory cells of more 

than 4 cells. Eosinophilic infiltration was analyzed by staining with 0.5 % (w/v) CongoRed (Merck) and 

counterstaining with hematoxylin. Quantification of CongoRed stain positive area was performed using 

color deconvolution with ImageJ software. Periodic acid-Schiff (PAS) staining with hematoxylin 

counterstaining was performŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ό/ŀǊƭ wƻǘƘύ ŀƴŘ ǎŎƻǊŜŘ 

depending on the quantity of PAS-positive goblet cells: 0: < 5 % goblet cells; 1: 5 to 25 %; 2: 25 to 50 %; 

3: 50 to 75 %; 4: > 75 %. The sum of airway scores from each lung was divided by the number of airways 

examined, minimum 5 per mouse, and expressed as PAS score in arbitrary units (U). All images were 

captured using the Zeiss AxioPlan2. 

3.7.  DSS colitis 

3.7.1. Induction of colitis in reporter mice 

Colitis was induced in IL-17A-GFP and FoxP3-GFP mice by adding 2 % (w/v) dextran sulfate sodium 

(DSS; m.w. 36,000-50,000; MP Biomedicals) to the drinking water for 5 days. Afterwards, mice received 

normal drinking water. Body weight was measured every day throughout the experiment. Mice were 

sacrificed at different time points and analyzed for Th17 cells and Treg induction by flow cytometry. 

3.7.2. Immunoproteasome inhibition in colitis mice 

10 mg/kg ONX 0914 (Kezar Life Sciences) was administered s.c. as described in section 3.6.3.  For the 

analysis of IP inhibition during the initiation of colitis, mice were treated with ONX 0914 every other 

day starting from the initiation of the DSS application on day 0 όάǇǊƻǇƘȅƭŀŎǘƛŎέύ. In the second setup, 

mice received ONX 0914 injections every other day after the DSS cycle starting on day 6 

όάǘƘŜǊŀǇŜǳǘƛŎέύ. 

3.7.3. Organ preparation of DSS experiments 

Mice were sacrificed by CO2 asphyxia or cervical dislocation. Spleens, iliac and mesenteric lymph nodes 

were collected in FACS buffer and single cell suspensions were prepared using 70 µm and 150 µm nylon 

meshes. The colon was dissected and the length was measured. Lamina propria lymphocytes were 

isolated using the Lamina Propria Dissociation Kit ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ 

(Miltenyi Biotec). Lƴ ōǊƛŜŦΣ Ŏƻƭƻƴǎ ǿŜǊŜ ŦƭǳǎƘŜŘ ǿƛǘƘ IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ όI.{{ύ ǿƛǘƘƻǳǘ /ŀ2+ 

and Mg2+ to remove feces and cut open using Metzenbaum scissors. They were cut into small pieces 

and transferred into predigestion solution (HBSS with Ca2+ and Mg2+, 5 mM EDTA, 5 % FCS, 1 mM 

dithiothreitol). Samples were subjected to three incubation rounds in predigestion solution at 37 °C 

for 20 min with mixing and filtering through 100 µm MACS SmartStrainer in between to remove 

intraepithelial lymphocytes. Remaining tissue pieces were transferred into MACS C tubes containing 

digestion solution (HBSS with Ca2+ and Mg2+, 5 % FCS, enzyme mix) and dissociated into single cell 
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suspensions using the gentleMACS Octo Dissociator (Miltenyi Biotech; program: 37°C_m_LPDK_1). 

Single cell suspensions were again filtered (100 µM) and collected by centrifugation at 300 xg for 

10 min. Samples were resuspended in FACS buffer and analyzed by flow cytometry as described before 

with the exception that cells were fixed with 4 % paraformaldehyde (as described for intracellular 

staining) to avoid excessive cell death due to the long processing time.  

3.8.  Generation of a cell line for inducible immunoproteasome expression 

3.8.1. Cloning 

In order to generate a stable cell line inducibly expressing LMP2 and LMP7, the 4-OHT-inducible system 

was used (plasmids kindly provided by Thomas Brunner, University of Konstanz) and the LCL721.174 

cell line. RNA was isolated from either LCL721.45 cells (still containing genes for LMP2 and LMP7) or 

IFN-ʴ ǎǘƛƳǳƭŀǘŜŘ I9Yнфо¢ ŎŜƭƭǎ ŀƴŘ ǊŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛōŜŘ ƛƴǘƻ Ŏ5b! using the cDNA synthesis kit and the 

oligo dT buffer (Biozym). The respective genes were amplified by polymerase chain reaction (PCR) and 

cloned into the multiple cloning site of plasmid pFU using specific primers with an overhang containing 

BamHI and XbaI restriction sites (LMP2-fw рΨ-AAAACCGGTCAGGGATGCTGCG-оΨ, LMP2-rev рΩ-

AAATCTAGAGGGAAGGTTCACTCAT-оΩ, LMP7-fw рΩ-AAAACCGGTGGTCATGGCGCTACT-Ψо, LMP7-rev рΩ-

AAATCTAGAACCATTATTGATTGGCTTC-оΩ). The correct sequence of the plasmids pFU-LMP2 and pFU-

LMP7 was confirmed by colony PCR, restriction digest and sequencing (plasmid maps can be found in 

the Appendix as Appendix Figure 1 and 2).  

3.8.2. Production of lentivirus 

For the production of lentiviral particles, HEK293T cells were transiently transfected with the 

expression plasmids pGev16, pFU-GFP, pFU-LMP2 or pFU-LMP7 along with pMD2.G (Addgene, #12259) 

and psPAX2 (Addgene, #12260) as vectors containing lentiviral envelope and packaging sequences. The 

transfection mix was prepared with polyethylenimine (linear; MW 25,000; Polysciences) and the 

vectors at a ratio of 1 µg pMD2.G : 1.84 µg psPAX2 : 2.1 µg expression plasmid. The mix was added 

dropwise to the cells cultured in antibiotic-free medium. After incubation overnight, the transfection 

medium was replaced with fresh virus-harvest medium (IMDM, 15 % FCS, 1x P/S, 25 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid)). Medium containing viral particles was harvested 24-

48 hours later, filtered to remove cell debris (0.22 µm polyethersulfone filter, Sartorius) and stored at 

4 °C for short- or -80 °C for long-term storage. 

3.8.3. Lentiviral transduction and generation of stable LCL721-G27 cell line 

First, LCL721.174 cells were transduced by addition of the lentiviral particles of pGev16 to LCL721.174 

cells in the presence of 50 µg/ml protamine sulfate. Cells were incubated for three days and washed 

three times with PBS at the end to remove the viral particles. The hygromycin resistance gene encoded 

on the pGev16 plasmid allows selection of successfully transduced cells by addition of 200 µM 
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hygromycin B for 14 days. Next, a limiting dilution was performed to obtain single clones of the newly 

established LCL721.174-Gev16 cell line. When single cell clones expanded sufficiently, their Gev16 

expression was assessed. Therefore, aliquots of each clone were lentivirally transduced with pFU-GFP 

as described for pGev16. pFU-GFP encodes GFP under the control of the Gev16-activated promotor. 

After transduction, cells were treated with 10 nM 4-OHT for 24 hours and GFP expression was analyzed 

by flow cytometry. Clone 2 showed the strongest GFP expression and was therefore used further. 

Next, LCL721.174-Gev16 cells were transduced with pFU-LMP2 and pFU-LMP7 simultaneously. After 4 

days of selection with 200 ng/ml puromycin (resistance encoded on the pFU plasmid), limiting dilution 

was performed to obtain single cell clones. The resulting cell lines were termed LCL721-G27 (for 

LCL721.174-pGev16-pFU-LMP2-pFU-LMP7) and clones were screened for inducible IP expression. The 

three most promising clones (3, 10, 18), which strongly expressed both subunits, were used for further 

studies. Titration of 4-OHT was performed to determine the optimal concentration with robust IP 

expression without affecting cell viability. Best results were obtained with 20 nM 4-OHT which was 

then used in the following experiments. 

3.8.4. Proteasome purification 

LCL721-G27 (clone 18) cells were cultured for 8 days in the presence or absence of 20 nM 4-OHT. 

Approximately 1x109 cells were used to purify proteasomes as previously established (373). All steps 

were performed on ice or at 4 °C. Cells were lysed with 10 ml lysis buffer using a dounce homogeniser 

(all buffers are detailed in Table 3). After centrifugation for 30 min at 30,600 x g, the supernatant was 

added to 10 ml equilibrated DEAE Sephacel (GE Healthcare) and incubated overnight while slowly 

rotating. The next day, 100 mM KCl buffer was added and samples were centrifuged for 5 min at 61 xg. 

This washing procedure was repeated twice. Samples were loaded onto a column (Econo-Column, 1.5 

cm x 18 cm, Biorad), incubated for 5 min, washed once with 100 mM KCl buffer and eluted by addition 

of 500 mM KCl buffer. Flow through was collected in fractions of approx. 1 ml and protein content was 

measured by Ponceau S staining (2 µl of each fraction on nitrocellulose membrane). Positive fractions 

were pooled and precipitated with ammonium sulphate (35 % saturation) by adding it dropwise to the 

sample while stirring. After 30 min of stirring, sampled were centrifuged for 20 min at 17,211 xg. 

Precipitation was repeated with 80 % saturated ammonium sulfate as before. After centrifugation, the 

pellet was dissolved in 1.5 ml 100 mM KCl buffer and loaded on a 15-40 % (w/v) continuous sucrose 

gradient. Ultracentrifugation was performed at 274,355 xg for 16 h and approx. 20 fractions were 

tested for proteasomal activity using the Suc-LLVY-AMC substrate (Bachem). Therefore, 20 µl of each 

fraction was added to 100 µl substrate buffer containing 100 µM Suc-LLVY-AMC. Samples were 

incubated at 37 °C and fluorescence was measured after 30, 60 and 90 min using a photometer (TECAN; 

excitation at 360 nm, emission at 465 nm). Fractions with proteasomal activity were pooled, diluted 

and filtered (0.22 µm, Satorius). Pooled samples were purified by fast protein liquid chromatography 
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(FPLC; ÄKTA FPLC, GE Heathcare) on a ResourceTM Q column (Amersham Pharmacia Biotech). These 

were the applied conditions: Loading of sample at 5 ml/min; 5 ml 0 % B at 5 ml/min; 5 ml 10 % B at 

5 ml/min (collect 1 ml fractions); 20 ml 30 % B at 1 ml/min (collect 1 ml fractions); 5 ml 100 % B at 

1 ml/min (collect 1 ml fractions); 5 ml 100 % B at 5 ml/min (1 ml fractions); 5 ml 0 % B at 5 ml/min. The 

proteasome elutes at approx. 20ς25 % buffer B. Obtained fractions were checked again for 

proteasomal activity and positive ones were used for two dimensional (2D) gel electrophoresis. 

3.8.5. 2D gel electrophoresis: NEPHGE/SDS-PAGE 

80 µg of purified proteasome was precipitated in 10 % (v/v) trichloroacetic acid for 20 min. After 

centrifugation (20,000 xg, 15 min), the protein pellet was washed twice with ice-cold acetone and 

subsequently dissolved in sample buffer for nonequilibrium pH gel electrophoresis (NEPHGE). Gels 

were prepared in 2 x 125 mm glass tubes (BioRad) as detailed in Table 3. The gel was covered with 

overlay solution and polymerized for 1 h. The sample was added to the gel and again topped with 

overlay solution and 0.01 M H3PO4. The gel electrophoresis was run for 4 h at 400 V with the anode 

(0.01 M H3PO4) at the top and the cathode at the bottom (0.02 M NaOH). After the run, the gel was 

removed with a syringe and equilibrated twice for 20 min in equilibration buffer. The equilibrated gel 

was fixed at the top of a 10 % SDS-polyacrylamide gel using Laemmli sample buffer supplemented with 

1 % (w/v) agarose. The gel was run for 1050 Vh and afterwards stained with Coomassie to visualize 

proteins.  

Table 3 Buffers for proteasome purification and NEPHGE/SDS-PAGE 

Buffer content 

lysis buffer 10 mM KCl, 5 mM MgCl2, 10 mM HEPES, 0.1 % (v/v) Triton-X-100 

100 mM KCl 100 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.2 

500 mM KCl 500 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.2 

ponceau S 0.5 % (w/v) ponceau S, 1 % (v/v) acetic acid in dH2O 

substrate buffer 50 mM TrisςHCl, 25 mM KCl, 10 mM NaCl, 1 mM MgCl2, 1 mM DTT, 

0.1 mM EDTA, pH 7.5 

buffer A 100 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.2 

buffer B 1 M KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.2 

sample buffer 9.5 M urea, 2 % (v/v) NP40, 5 % (w/v) Servalyt 3-10 pH 3-10 (Serva), 

0.3 % (w/v) SDS, 5 % (v/v) 2-mercaptoethanol 

acrylamide stock 28.38 % (v/v) acrylamide, 1.62 % (v/v) bisacrylamide 

NEPHGE gel 5.5 g urea in 1.32 ml acrylamide stock, 4 ml 5 % (v/v) NP40, 0.5 ml 

Servalyt 3-10, 27 µl 10 % (w/v) ammonium persulfate, 19 µl TEMED 

overlay solution 8 M urea, 2.5 % (w/v) Servalyt 3-10 
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equilibration buffer 10 % (v/v) glycerol, 10 % (v/v) 2-mercaptoethanol, 2.3 % (w/v) SDS, 

90 mM Tris-HCl pH 6.8 

Laemmli sample buffer 40 % (v/v) glycerol, 250 mM Tris-HCl, 8 % (w/v) SDS, 0.004 % (w/v) 

bromophenol blue, 10 % (v/v) 2-mercaptoethanol 

Coomassie staining solution 0.1 % (w/v) Coomassie blue, 40 % (v/v) ethanol, 10 % (v/v) acetic 

acid in ddH2O 

Coomassie destaining solution 40 % (v/v) ethanol, 10 % (v/v) acetic acid in ddH2O 

 

3.8.6. H2O2 treatment and apoptosis analysis 

LCL721-G27 and LCL721.174-Gev16 cells were cultured for 7-8 days with 20 nM 4-OHT or left untreated 

prior to experiments. 1x106 cells/well were seeded into a 96-well plate and incubated with different 

concentrations of H2O2 ranging from 100 µM to 10 mM for 4 h at 37 °C and 5 % CO2. The dilutions were 

prepared in IMDM containing 10 % FCS and 1x P/S. After 4 hours, apoptosis induction was analysed by 

staining for propidium iodide (PI) and annexin V (kit from Biolegend). Therefore, cells were spun down 

(300 xg, 5 min) and washed once with PBS and once with annexin V binding buffer. Staining was 

performed with annexin V-APC and PI (both diluted 1:100) in 50 µl annexin V binding buffer for 15 min 

at RT. 120 µl annexin V binding buffer was added after staining and samples were measured 

immediately at the LSR Fortessa.   

3.8.7. SILAC analysis 

LCL721-G27 and LCL721.174-Gev16 cells were cultured for 4 days with or without 20 nM 4-OHT in 

normal DMEM medium containing 10 % FCS and 1x P/S. Normal medium was washed away and 

replaced with stable isotope labeling by/with amino acids in cell culture (SILAC) medium (Silantes) with 

or without 4-OHT. Heavy medium contained arginine-10 and lysine-8 (13C and 19N labelled) and was 

used for induced cells treated with 20 nM 4-OHT. Light medium was used for untreated cells. 

Depending on cell growth, cells were split every 2-3 days and fresh medium was added. After 7 days 

of incubation, cells were harvested, washed once with PBS and pellets were frozen at -20°C till analysis. 

Samples were lysed with 1 % (v/v) Triton-X-100, 10 mM Tris, 150 mM NaCl in H2O for 20 min on ice. 

Cell debris was removed by centrifugation at full speed for 20 min and the protein content of the 

supernatant was determined by BCA assay (ThermoFisher). 50 µg of each sample was used for mass 

spectrometric analysis. Therefore, corresponding samples (light untreated + heavy 4-OHT treated) 

were mixed 1:1 and after addition of Laemmli buffer (Table 3), they were incubated for 5 min at 95°C 

for denaturation of proteins. Samples were separated by size on a 12 % gel by SDS-PAGE. The gel was 

stained with InstantBlue Coomassie Protein Stain (abcam) for 1h at RT and subsequently analyzed by 

mass spectrometry (MALDI-TOF) at the Proteomics core facility at the University of Konstanz. The 
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experiment was performed twice, first with just one LCL721-G27 clone (18) and the second time with 

two (3 and 18). In both experiments, the LCL721.174-Gev16 line was included as a control. All samples 

were measured thrice or twice in experiment 1 or 2, respectively. 

For the identification of differences between the samples, their ratio (heavy (+ 4-OHT)/light (-4-OHT) 

was analyzed and sorted in the following way: first, the Andromeda score served as a kind of quality 

threshold, since the data was analyzed at the Proteomics facility with MaxQuant and Andromeda. 

Andromeda is used to identify proteins measured by mass spectrometry with a probabilistic approach 

including data of post-translational modifications (374). The threshold was set to a score Ó 40 to have 

a high confidence of having identified the correct protein. Second, proteins were filtered that were 

identified in all sample sets. Third, ǎǘǳŘŜƴǘΩǎ ǘ-test was performed to compare the means of the 

LCL721-G21 samples to the control (LCL721.174-Gev16) to eliminate changes induced by 4-OHT and 

not the expression of the IP. At last, one-sample t-test was used to compare the sample ratios to the 

fixed value 1 (= identical levels in both samples). Proteins which significantly differed from 1 in the 

LCL721.174-Gev16 samples were excluded to further eliminate the effect of 4-OHT from the analysis. 

Samples were sorted by the p-value obtained from this analysis to identify the most significantly 

changed proteins. 

3.8.8. Cycloheximide chase 

LCL721-G27 and LCL721.174-Gev16 cells were cultured for 7-8 days with or without 20 nM 4-OHT in 

normal DMEM medium containing 10 % FCS and 1x P/S. /Ŝƭƭǎ ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ рл ˃ƎκƳ[ 

cycloheximide (Merck) to stop protein synthesis. 1x106 cells were used for each time point. One sample 

ǿŀǎ ŀŘŘƛǘƛƻƴŀƭƭȅ ǘǊŜŀǘŜŘ ǿƛǘƘ мл ˃a ǇǊƻǘŜŀǎŜ ƛƴƘƛōƛǘƻǊ aD-132 (Sigma-Aldrich). Cells were harvested 

after 0, 1, 2, 3, and 5 h and cell pellets were stored at -20°C. Samples were analyzed using SDS-PAGE 

followed by immunoblotting as described in section 3.3.  

3.9.  Statistics 

Data was analyzed using GraphPad Prism Version 9 and depicted as mean ± standard deviation (SD). 

Normality tests (Kolmogorov-Smirnov and Shapiro-Wilk) were performed to check for Gaussian 

ŘƛǎǘǊƛōǳǘƛƻƴΦ Lƴ ŎŀǎŜ ƻŦ ƴƻǊƳŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΣ {ǘǳŘŜƴǘΩǎ ǘ-test, one- or two-way-ANOVA was performed 

to determine statistical significance of differences. Holm-Sidak test for multiple comparison was used 

to compare different groups. Non-normally distributed data was analyzed by Kuskal-Wallis-test. 

Statistical significance was achieved when p < 0.05; * p <0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001.  
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4. RESULTS 

Part I: The immunoproteasome in CD4+ T helper cells 

Many studies have shown that the IP is critical for T cell maturation, activation and function and IP 

inhibitors have proven effective in several mouse models, e.g. for auto-inflammatory diseases 

(159,161,162,164,165,191,196,206,212). In these studies, especially Th17 cells were affected by IP 

inhibition. A previous study in our group suggested that in vitro polarization of CD4+ T cells to Th1 and 

Th17 but not to Th2 cells was impaired upon IP inhibition (162). Furthermore, the frequencies of Th1 

and Th17 cells were reduced in a mouse model of colitis whereas the frequencies of Tregs were 

increased (162). Even though many studies have shown the effect of IP inhibition on Th17 cells, it is 

still unclear whether IP inhibition prevents the differentiation of these cells and/or impairs their 

survival. In contrast to the great amount of studies investigating IP inhibition in Th17 cell-mediated 

diseases, very little is known about the effect on Th2 cells. Therefore, the role of the IP and the effect 

of its inhibition on different Th cells was investigated in various settings in the first part of this thesis. 

For the study of Th2 cells, allergic airway inflammation was induced with two different antigens, 

namely OVA and HDM extract. IP inhibition was applied either only during the challenge phase to study 

the effect on the maturation of Th2 cells or during the whole sensitization and challenge phase to 

investigate the effect on the entire development. In a similar fashion, DSS colitis was induced and IP 

inhibition was applied at different time points to study the effect on Th17 cells and Tregs.  

4.1. Immunoproteasome expression in T helper cells6 

In order to address the raised question, the first step was to analyze the expression of IP and SP in 

different Th subsets. Therefore, naïve CD4+ cells were isolated from the spleen of GATIR and IL-17A-

GFP reporter mice and then in vitro polarized into the different Th subsets. Flow cytometry was used 

to confirm polarization by analyzing expression of IFN-ʴ ό¢ƘмύΣ D!¢!-3 (Th2), IL-17A (Th17) or FoxP3 

(Treg) expression (Figure 7A), showing very high polarization efficiency for all subsets. For the correct 

identification of the subunits, lysates from spleen of wildtype and LMP7-MECL-1-double-KO mice were 

included in the immunoblots. In line with previous data (212), expression of all IP-subunits was very 

high in the spleen (after erythrocyte lysis) of wildtype mice whereas ̡ нŎ ŀƴŘ ʲмŎ were barely 

detectable which was reversed in LMP7-MECL-1-double-KO mice (Figure 7B). Similarly, all four subsets 

showed strong expression of the IP-subunits LMP7, LMP2 and MECL-1 (Figure 7B) as it was reported 

for bulk CD4+ T cells (212). This data suggests that the IP might be important in all of the analyzed Th 

cell subsets. The expression of the standard ǎǳōǳƴƛǘǎ ʲрŎΣ ʲнŎ ŀƴŘ ʲмŎ ǿŀǎ comparably lower in all 

subsets with the expression of ̡1c being almost absent in all subsets. Whereas 2̡c expression was 

                                                           
6 This section was published in (462). 
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only weakly detectable in Th1 and Th2 cells, they still expressed ʲрŎ ōǳǘ to a lower extent compared 

to whole spleen lysates (Figure 7B, wildtype lane). LƴǘŜǊŜǎǘƛƴƎƭȅΣ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ʲрŎ ŀƴŘ ŜǎǇŜŎƛŀƭƭȅ ʲнŎ 

was detectable in Th17 cells and Tregs.  

 

Figure 7 The immunoproteasome is strongly expressed in T helper cell subsets. Naïve CD4+ T cells were 
magnetically sorted from spleens of GATIR and IL-17A-GFP mice and cultured with polarizing cytokine/antibody 
cocktails for 7 days. (A) Flow cytometric analysis of polarization on day 7. Intracellular staining for IFN-ʴ ŀƴŘ 
FoxP3 was performed to identify Th1 and Tregs, respectively. GATA-3 and IL-17A expression was analyzed by 
measuring the respective reporter fluorochrome vYFP or GFP. Histogram overlays show fluorescence levels in 
the different Th populations with naïve CD4+ T cells on day 0 as controls (grey). For each parameter, one other 
population is shown to demonstrate the specificity of the signal (Th1 ς black, Th2 ς red, Th17 ς petrol, Treg ς
purple). (B) Polarized cells were harvested and lysed on day 7. Lysates were analyzed for LMP7, LMP2, MECL-1, 
ʲрŎΣ ʲнŎ ŀƴŘ ʲмŎ ōȅ ƛƳƳǳƴƻōƭƻǘǘƛƴƎΦ ʴ-tubulin was used as loading control. Lanes represent extracts from three 
different mice. Whole spleen lysates of wildtype (WT) and LMP7-MECL-1-double-deficient mice were used as 
controls. Note the additional band of LMP2 in the LMP7-MECL-1-double-deficient mice which likely represents 
the accumulated precursor that is not incorporated into the mature proteasome in the absence of LMP7 and 
MECL-1.7 

4.2.  IP function during the challenge phase of allergic airway inflammation8 

As mentioned before, several studies investigated the effect of IP inhibition and genetic deficiency on 

Th1 and Th17 cells but little is known about Th2 cells and Th2 cell-mediated diseases. To our 

knowledge, the only study in this context is from Volkov et al. who reported a reduction of Th2 cells in 

                                                           
7 This figure was published in (462). 
8 This section was published in (462). 
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LMP7-KO mice in an OVA-induced model of allergic airway inflammation. Since they did not find any 

differences in another model using HDM extract (211), the role of the IP in Th2 cells is still unclear. 

Therefore, the effect of IP inhibition was investigated in two mouse models for allergic airway 

inflammation, similar to the ones used by Volkov et al.. 

4.2.1. Use of GATIR mice to identify Th2 cells ex vivo 

Th2 cells are characterized by expression of the transcription factor GATA-3 and the secretion of pro-

inflammatory cytokines such as IL-4, IL-5  and IL-13 (295). Since no Th2 cell-specific surface marker has 

been identified so far, flow cytometric analysis of Th2 cells usually requires intracellular staining of 

GATA-3 or the cytokines. This process requires fixation and permeabilization of the cells and thus limits 

the use of these cells e.g. for subsequent in vitro analyses. To overcome this limitation and facilitate 

the identification of Th2 cells, the use of the recently described GATIR-reporter mice was evaluated 

(369). GATIR mice harbor an IRESςvYFP (internal ribosome entry site-venus yellow fluorescent protein) 

ŜȄǇǊŜǎǎƛƻƴ ŎŀǎǎŜǘǘŜ ƛƴ ǘƘŜ оΩ-untranslated region of the endogenous Gata3 locus. GATA-3 is the 

transcription factor required for Th2 cell differentiation which is strongly upregulated in Th2 cells 

(369,375ς377). In cooperation with the group of Prof. Fehling (Institute of Immunology, Ulm University 

Medical Center) the GATA-3-vYFP signals in different Th subsets after in vitro polarization were 

analyzed, demonstrating strong expression in Th2 cells but not Th1 and Th17 cells (exemplarily shown 

in Appendix Figure 3; (369)).  

 

Figure 8 GATA-3vYFP expression signal correlates with Th2-cytokine expression. GATIR mice were sensitized with 
OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 16 they were challenged 
with aerosolized OVA for 20 min and analyzed on day 17. (A) Experimental setup. (B) GATA-3-vYFP expression 
levels in indicated CD4+ T cell subsets in the lung compared to bulk CD4+ T cells (grey filling) and (C) quantification 
of the mean fluorescence intensity (MFI). Data is shown as mean ± SD, n=3; statistical differences are not 
indicated for better visibility.9 

                                                           
9 This figure was published in (462). 
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To confirm this in vivo, Th2 cell-mediated OVA-AI was induced (Figure 8A) and GATA-3-vYFP expression 

was analyzed in the different Th subsets in the lung. In contrast to bulk CD4+ T cells and FoxP3+ Tregs, 

the GATA-3-vYFP level was increased approximately 3-fold in IL-4 and IL-13 expressing CD4+ Th2 cells 

(Figure 8B,C). IFN-ʴ+ CD4+ Th1 cells exhibited slightly higher GATA-3-vYFP signals than bulk CD4+ and 

Tregs but still less than half of the Th2 cells. These results indicate that vYFPhi cells in GATIR mice can 

be identified as GATA-3 expressing Th2 cells. 

4.2.2. Impaired Th2 response by IP inhibition during the challenge phase in ovalbumin-

induced airway inflammation 

Having shown that Th2 cells express high levels of IP (Figure 7B), the next step was to investigate the 

potential of targeting the IP in a Th2 cell-mediated disease. For this purpose the OVA-AI model was 

used and ONX 0914 was administered subcutaneously during the challenge phase (Figure 9A) to 

analyze the effect of IP inhibition on the maturation of Th2 cells. Immunoblot analysis of tissue lysates 

from spleen, lung and mediastinal lymph nodes revealed strong LMP7 expression in these organs, 

which could successfully be inhibited, as indicated by the altered electrophoretic mobility due to the 

covalent modification with ONX 0914 (179) (Figure 9B). Furthermore, it was previously reported that 

ONX 0914 co-inhibits LMP2 and LMP7 (179) which was confirmed here (Appendix Figure 4). Expression 

ƻŦ ʲрŎ ƛǎ ǊŀǘƘŜǊ ƭƻǿ ƛƴ ǘƘŜ ƭǳƴƎ ŀƴŘ ƭȅƳǇƘ ƴƻŘŜΣ ǎǘǊŜƴƎǘƘŜƴƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ targeting LMP7 in 

ǘƘƛǎ ǎŜǘǘƛƴƎΦ hŦ ƴƻǘŜΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀ ōǊƻŀŘŜǊ ōŀƴŘ ƻŦ ʲрŎ ƛƴ hb· лфмп ǘǊŜŀǘŜŘ ǎŀƳǇƭŜǎΣ ƳƛƎƘǘ Ƙƛƴǘ 

ŀǘ ŀ ǇŀǊǘƛŀƭ ƛƴƘƛōƛǘƛƻƴ ƻŦ ʲрŎΦ tǊŜǾƛƻǳǎ ǎǘǳŘƛŜǎ ǎƘƻǿŜŘ ǘƘŀǘ hb· лфмп ōƛƴŘǎ ǿƛǘƘ ŀ ƘƛƎƘŜǊ ǎǇŜŎƛŦƛŎƛǘȅ ǘƻ 

[atт ǘƘŀƴ ʲрŎ ŀƴŘ ǘƘŀǘ ƛƴ ƳƛŎŜ ŀt the concentration used, LMP7 is more efficiently inƘƛōƛǘŜŘ ǘƘŀƴ ʲрŎ 

(165). Nevertheless, from this immunoblot (Figure 9.ύΣ ŀ ǇŀǊǘƛŀƭ ƛƴƘƛōƛǘƛƻƴ ƻŦ ʲрŎ Ŏŀƴƴƻǘ ōŜ ǊǳƭŜŘ ƻǳǘ 

and activity assays would be required to ultimately determine the degree of inhibition. 

Th2 cells, which were identified as GATA-3hi or GATA-3hi co-expressing the IL-33 receptor ST2 (378) 

(Figure 9C), were strongly induced in the lungs of OVA-AI mice (approx. 7-fold compared to naïve mice). 

ONX 0914 treatment significantly reduced Th2 cells by about 40 % whereas the frequency of total CD4+ 

T cells was not altered (Figure 9D, E). In line with this, IL-4+ CD4+ T cells were increased in OVA-AI from 

about 1.3 % in naïve mice to more than 6 % in OVA-AI mice treated with the vehicle and the frequency 

and absolute number of IL-4 expressing CD4+ T cells was reduced by 70 % in ONX 0914 treated mice. 

The IL-13+ CD4+ population was increased from 1.8 % in naïve to 2.8 % in OVA-AI mice (Figure 9F-I). 

These lower levels of IL-13 compared to IL-4 may result from the fact that IL-4 is expressed earlier and 

implicated to be important during the early allergic response, whereas IL-13 was described to be 

involved in the later phases (379). Since the reduction upon ONX 0914 treatment did not reach 

significance, it will be interesting in the future to see if IL-13 levels may be affected at a later time 

point. When cells from the lymph node and spleen of OVA-AI mice were restimulated in vitro with OVA 
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for four days, there were about 50 % less IL-4+ T cells in the samples obtained from ONX 0914 treated 

mice (Figure 9J), indicating a reduced allergen-specific Th2 response in these mice.  

 

Figure 9 Immunoproteasome inhibition reduces the Th2 response in OVA-induced airway inflammation. GATIR 
mice were sensitized with OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 
16 they were challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections of 10 mg/kg 
ONX 0914 or vehicle on day 12, 14, 15 and 16 and were analyzed on day 17. Naïve mice served as controls. (A) 
Experimental setup. (B) Lysates of spleen, lung and lymph nodes were analyzed by immunoblotting against the 
indicated proteins. The shift of electrophoretic mobility of LMP7 results from covalent modification with ONX 
лфмпΦ ʲ-actin served as a loading control. (C) Gating strategy for the identification of Th2 cells in the lung as 
GATA-3hi and GATA-3hi co-expressing ST2 after doublet and dead cell exclusion and pre-gating on CD3+ CD4+. (D) 
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Quantification of the frequencies. (E) Frequency of total CD3+ CD4+ T cells in the lung. Frequency (F, H) and 
absolute count (G, I) of IL-4 and IL-13 expressing CD4+ T cells in the lung. (J) Cells from spleen and lymph nodes 
were restimulated with ovalbumin for 4 days in vitro to measure the frequency of antigen-specific IL-4+ CD4+ 
cells. Concentrations of anti-OVA IgG1 (K) and IgE (L) in the serum. Data is shown as mean ± SD and statistical 
significance was determined depending on the data structure. (D, E) Pooled data from 5 independent 
experiments (naïve: n=7; vehicle/ONX 0914 n=13-14) was analyzed by one-way ANOVA with Holm-Sidak test for 
multiple comparison. (F-I) Representative result of two independent experiments, n=3, data was analyzed by 
two-tailed t test. (J) Representative result of two independent experiments, (n=4) data was analyzed by two-way 
ANOVA with Holm-Sidak test for multiple comparison. (K) Pooled data of three independent experiments (naïve: 
n=4; vehicle: n=8; ONX 0914: n=9) was analyzed by one-way ANOVA and Holm-Sidak test. (L) Pooled data of three 
independent experiments (naïve: n=4; vehicle: n=11; ONX 0914: n=10) was analyzed by Kruskal-Wallis test (not 
normally distributed).* p <0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.10 

Since production of IgG1 and IgE antibodies is regulated by Th2 cells (380) and IP inhibition reduces 

activation and antibody secretion of B cells (114,201,202,212), anti-OVA IgG1 and IgE serum levels 

were measured in OVA-AI mice. Compared to naïve mice, there was a strong induction of anti-OVA 

IgG1 in OVA-AI mice, which was reduced by a third in ONX 0914 treated mice (Figure 9K). Levels of 

anti-OVA IgE were comparably low, probably because class switching to IgE requires more cell divisions 

then switching to IgG1 (381). The samples showed a high variance, thus statistically significant 

differences were difficult to detect (Figure 9L). Taken together, IP inhibition reduced the allergen-

specific Th2 response in OVA-AI mice. 

4.2.3. Reduced infiltration of inflammatory cells upon IP inhibition 

A hallmark of type 2 airway inflammation is eosinophilic lung infiltration which is mediated by type 2 

cytokines like IL-4, IL-5 and IL-13 (382). To investigate the effect of the Th2 reduction observed in IP 

inhibited mice (Figure 9D - I) on the subsequent recruitment of inflammatory cells to the lung, the BALF 

and lung of OVA-AI mice was analyzed. Treatment with ONX 0914 reduced the number of infiltrating 

cells in the BALF by 50 %. Flow cytometric analysis showed that the composition of the BALF changed 

upon OVA-AI induction leading to strong eosinophilic infiltration. ONX 0914 treatment could efficiently 

reduce the total amount of eosinophils by 50 % (Figure 10A, Appendix Figure 5A) without affecting the 

relative composition of cell types in the BALF (Figure 10B). Similar to the BALF, the frequency of 

eosinophils in the lung (Figure 10C) as well as the proportion of CongoRed-positive area in histologic 

analyses, indicating eosinophilic infiltration, was reduced upon ONX 0914 treatment (Figure 10E, F). In 

contrast, there were no significant changes in the total lymphocyte population in the BALF (Figure 

10A). Analysis of the GATA-3-vYFP signal allows further separation of these lymphocytes into GATA-3+ 

and GATA-3- (Appendix Figure 5). The GATA-3+ lymphocytes are likely mostly T cells which generally 

express low levels of GATA-3. In contrast, B cells lack GATA-3 expression and therefore probably mainly 

compose the GATA-3- population (369,383,384).  

                                                           
10 This figure was published in (462). 
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Figure 10 Infiltration of inflammatory cells is reduced upon ONX 0914 treatment in OVA-induced airway 
inflammation. GATIR mice were sensitized with OVA/Alum by two intraperitoneal injections on day 0 and 7. On 
day 14, 15 and 16 they were challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections 
of 10 mg/kg ONX 0914 or vehicle on day 12, 14, 15 and 16 and were analyzed on d17. Naïve mice served as 
controls. (A, B) Infiltrating cells in the broncho-alveolar lavage fluid (BALF) were analyzed by flow cytometry. (A) 
Absolute cell count and (B) relative frequency of the different cell populations identified as eosinophils (CD45+ 
CD11c- CD11b+ Ly6G- Siglec-F+), neutrophils (CD45+ CD11c- CD11b+ Ly6G+), CD11c+ and lymphocytes (CD45+ 
CD11b- SSC-Alow) (naïve: n=3; vehicle/ONX 0914 n=7). Single cell suspensions from lungs were analyzed by flow 
cytometry and cells were identified as (C) eosinophils and neutrophils (naïve: n=3; vehicle/ONX 0914 n=9) as well 
as (D, E) different CD11c+ subpopulations (naïve: n=3; vehicle/ONX 0914 n=7). (F, G) Formalin-fixed sections were 
stained with CongoRed and the positive area was quantified by color deconvolution. Arrows indicate CongoRed-
positive cells, representing eosinophils. Scale bar indicates the distance of 50 µm. Data is shown as a 
representative of two independent experiments with similar results (n=3). All data is shown as mean ± SD and 
was pooled from 2-3 independent experiments (except F,G). Significance of differences was analyzed by two-
way (A-C) or one-way (D-G) ANOVA with Holm-Sidak test for multiple comparison.  * p <0.05 and **** p < 0.0001. 
For better visibility, only the results for the comparison Vehicle vs. ONX 0914 are indicated.11 

 

                                                           
11 This figure was published in a modified form in (462). 
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More than 90 % of lymphocytes in the BALF were GATA-3+ and these were not changed upon ONX 

0914 treatment as seen for CD4+ T cells in the lung (Figure 9E). This suggests that in this setting, IP 

inhibition specifically affects Th2 cells rather than lymphocytes or CD4+ T cells in general. Contrary to 

the BALF, GATA-3- lymphocytes represent about 20 % of all CD45+ cells in the lung. The relative 

abundance of this population did not change with OVA-AI induction and ONX 0914 treatment 

(Appendix Figure 5C). 

 
Figure 11 IP inhibition reduces peribronchial but not perivascular infiltration and does not change goblet cell 
metaplasia. GATIR mice were sensitized with OVA/Alum by two intraperitoneal injections on day 0 and 7. On day 
14, 15 and 16 they were challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections of 
10 mg/kg ONX 0914 or vehicle on day 12, 14, 15 and 16 and were analyzed on d17. Naïve mice served as controls. 
(A, B) Hematoxilin-eosin-staining of formalin-fixed samples with representative micrographs (left) and scoring 
results (right; naïve: n=3; vehicle/ONX 0914 n=7). (C) PAS-staining of formalin-fixed lung samples (naïve: n=3; 
vehicle/ONX 0914: n=4). Scale bar indicates the distance of 100 µm. All data is shown as mean ± SD. Significance 
of differences was analyzed by one-way ANOVA with Holm-Sidak post hoc test. * p <0.05, ** p < 0.01, *** p < 
0.001, and **** p < 0.0001.12 

                                                           
12 This figure was published in a modified form in (462). 
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The IP plays an important role in antigen presentation (147) and several professional APCs are involved 

in the development of allergic airway inflammation such as DCs (323,324) and macrophages (385). 

Therefore, two different APC subsets characterized by their expression of CD11c, CD11b and MHC-II 

were analyzed in the lung. The CD11c+ MHC-IIhi population was strongly induced in OVA-AI mice and 

ONX 0914 treatment reduced them by a third (Figure 10D). Similarly, ONX 0914 limited the increase of 

the CD11c+ CD11b+ population seen in OVA-AI vehicle-treated mice (Figure 10E).  

To determine the severity and location of infiltration seen in flow cytometry, lung cross sections were 

histologically analyzed. The infiltration of immune cells into peribronchial regions was reduced in ONX 

0914 treated mice (Figure 11A). Since this is the area where DCs and T cells interact with each other 

(386), this observation is in line with the measured reduction of APCs (Figure 10D, E). In contrast, 

perivascular infiltration was similar in both groups (Figure 11B). Given that type 2 cytokines and 

macrophages mediate goblet cell hyperplasia, a hallmark for allergic asthma, lung sections were 

analyzed by PAS-staining for mucins and found increased mucus secretion in OVA-AI mice which was 

only slightly reduced upon ONX 0914 treatment (Figure 11C). In summary, it could be shown that ONX 

0914 treatment mitigates inflammatory infiltration into the lung resulting in reduced eosinophilia, 

while not affecting goblet cell hyperplasia. 

4.2.4. Reduced Th2 response by ONX 0914 in HDM-induced airway inflammation 

To substantiate the findings in another, widely used model of airway inflammation, the effect of IP 

inhibition in mice sensitized to HDM was analyzed, which mimics the disease in humans (Figure 12A) 

(387). To directly compare this study to the previously described results using LMP7-KO mice, the same 

experimental setup (211) was used.  

After four intranasal immunizations of GATIR mice, there was a strong induction of GATA-3hi and GATA-

3hi ST2+ Th2 cells as well as IL-13+ CD4+ T cells in the lung (Figure 12B-D). Application of a single dose of 

ONX 0914 one hour before the last immunization strongly reduced the frequency of these cells without 

affecting the total CD4+ T cell frequency (Figure 12E). Interestingly, CD11c+ MHC-IIhi DCs were also 

reduced by ONX 0914 treatment (Figure 12F). In contrast, infiltration of granulocytes in the BALF and 

lung was barely affected by IP inhibition (Figure 12G-I). ONX 0914 treatment slightly reduced the 

frequency of eosinophils in the BALF (Figure 12I) but the difference in the absolute cell count was not 

significantly changed (Figure 12H). Of note, there was a tendency of increased neutrophil frequency as 

well as absolute cell count but this did not reach statistical significance.  
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Figure 12 ONX 0914 reduces the Th2 response in house dust mite-induced airway inflammation. (A-I) GATIR mice 
received intranasal (i.n.) applications of 50 µg house dust mite (HDM) extract on day 0, 7, 14 and 21. One hour 
before the last immunization, mice were treated with 10 mg/kg ONX 0914 or vehicle subcutaneously. 
Inflammatory infiltration was analyzed by flow cytometry on day 23. Naïve mice served as controls. (A) Schematic 
setup. Frequency of GATA-3hi (B), GATA-3hi ST2+ (C), IL-13+ T cells (D) and total CD4+ T cells (E) in the lung. 
Frequencies of (F) CD11c+ MHC-IIhi cells as well as (G) granulocytes in the lung. (H) Absolute cell counts and (I) 
relative frequencies of cell populations in the BALF, identified as eosinophils (CD45+ CD11c- CD11b+ Ly6G- Siglec-
F-), neutrophils (CD45+ CD11c- CD11b+ Ly6G+; left), CD11c+ and lymphocytes (CD45+ CD11b- SSC-Alow). (J-L) Mice 
of day 23 (d23 (Vehicle)) were immunized and treated as described above. For analysis of the inflammation on 
day 21 (d21), mice received only three immunizations on day 0, 7 and 14 and were analyzed without treatment 
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and the last immunization. (J) Experimental setup for experiments K&L. (K) Infiltration of myeloid cells in the 
BALF and (L) frequency of GATA-3hi ST2+ Th2 cells in the lung on day 21 and 23. Data is shown as mean ± SD 
(naïve: n=3, vehicle/ONX 0914: n=6-7, d21: n=5). * p <0.05 and ** p < 0.01. For better visibility, only the results 
for the comparison vehicle vs. ONX 0914 are indicated. Groups d21 and d23 were not significantly changed.13 

Since intranasally applied HDM induces local pulmonary inflammation starting from the beginning, the 

inflammation at the time point when treatment was usually started (day 21) was analyzed to evaluate 

the degree of inflammation before the last immunization and the treatment (Figure 12J). This 

inflammation was compared to the one previously seen on day 23 after four immunizations (vehicle 

group). There was already strong inflammatory infiltration in the BALF on day 21 which was only 

slightly increased after four immunizations (Figure 12K), indicating that ONX 0914 could not have 

prevented this infiltration by reducing the Th2 response. Interestingly, the frequency of Th2 cells was 

also already very high on day 21 (Figure 12L). The fact that ONX 0914 treatment reduced this frequency 

on day 23, suggests a specific effect on Th2 cells rather than a general effect on the inflammatory 

response. 

4.2.5. No effect of ONX 0914 on ILC2 in acute airway inflammation 

ILC2s are an innate type of effector lymphocytes which do not express specific antigen receptors and 

which are implicated to be early responders in allergic airway inflammation (388,389). Because ILC2s 

share many characteristics with Th2 cells and there is no study on the IP in ILC2s, the effect of IP 

inhibition on these cells in the OVA- and HDM-induced AI models was analyzed. As reported before, 

GATIR mice facilitate the identification of ILC2s (390,391) which also depend on and exhibit high levels 

of GATA-3 expression (392ς394). Although ILC2s could easily be detected (Figure 13A), there were no 

differences between the two treatment groups (Figure 13B), suggesting that these cells do not critically 

depend on IP function. 

 

 

                                                           
13 This figure was published in (462). 
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Figure 13 ONX 0914 does not affect type 2 innate lymphoid cells (ILC2) in airway inflammation (AI). Allergic AI 
was induced in GATIR mice using ovalbumin (OVA; A,B) and house dust mite extract (HDM; C). ILC2s were 
identified as CD45+ Lineage- GATA-3-vYFPhi Sca-1+ ST2+. Data is shown as mean ± SD, pooled from one (B) or two 
(C) independent experiments (naïve: n=3; vehicle/ONX 0914: (B) n=3 and (C) n=7).14 

4.2.6. Decrease of activated but not proliferating CD4+ T cells in ONX 0914 treated mice 

Since activation of CD4+ T cells was previously reported to be affected by inhibition or genetic 

inactivation of LMP7 (193,212), the expression level of CD44 on CD4+ T cells in the spleen of OVA-AI 

mice was measured. CD44 is a cell surface glycoprotein that is upregulated upon antigen-contact and 

expressed on activated effector and memory T cells (395). There was a reduction of CD44hi cells by 

approx. 20 % in ONX 0914 treated mice (Figure 14B, C) and a 30 % reduction of the CD44 expression 

on CD4+ T cells, suggesting reduced activation of these cells. 

Given the reduction of Th2 cells in ONX 0914 treated mice, the possibility of ONX 0914 affecting their 

proliferation was assessed. Whereas only about 30 % of all CD4+ T cells expressed the proliferation 

marker Ki-67 in the lung, the frequency increased to almost 80 % in the GATA-3hi population (Figure 

14D, E), highlighting the strong proliferative activity of Th2 cells. However, no significant differences 

between the two treatment groups were detectable. In addition, in vitro restimulation of splenocytes 

with plate bound anti-CD3 demonstrated equal proliferation capacity of CD4+ T cells derived from OVA-

AI mice treated with vehicle and ONX 0914 (Figure 14F-I).  

                                                           
14 This figure was published in the supplement of (462). 
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Figure 14 ONX 0914 treatment reduces T cell activation but not proliferation. GATIR mice were sensitized with 
OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 16 they were challenged 
with aerosolized OVA for 20 min. Mice received subcutaneous injections of 10 mg/kg ONX 0914 or vehicle on day 
12, 14, 15 and 16 and were analyzed on day 17. (A) Experimental setup for experiments B-E. Gating (B) and 
frequency (C) of CD44+ populations of CD4+ T cells in the spleen as well as mean fluorescence intensity (MFI) of 
CD44+ on CD4+ T cells (right) (n=4). (D) Gating of Ki-67 positive populations among all CD4+ T cells (left) and CD4+ 

GATA-3hi cells (right) in the lung. (E) Quantification of the respective frequency (n=3). (F) Experimental setup for 
experiments G-I. Spleens were harvested on day 17, stained with Tag-It Violet cell trace dye and restimulated ex 
vivo with anti-CD3 for 3 days. (G) Representative fluorescence signals of splenocytes on day 0 (dashed line) and 
day 3 (solid line) from vehicle (blue) and ONX 0914 treated (red) mice. (H) Gating strategy for the identification 
of populations with different amounts of cell divisions and (I) quantification of the populations (n=3). Data is 
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shown as mean ± SD as a representative from 2 independent experiments (only A-E). Significance of differences 
was analyzed by two-tailed t test (C) and two-way ANOVA (E, I).* p <0.05.15 

4.2.7. No increased cell death of Th2 cells on the day of analysis 

One possible explanation for the reduction of Th2 cells upon ONX 0914 treatment is the induction of 

cell death. To investigate this hypothesis, cell viability was analyzed among all CD4+ T cells as well as 

GATA-3hi ST2+ Th2 cells after ONX 0914 treatment in OVA-AI mice (setup as described before). The 

frequency of viable CD4+ T cells slightly decreased upon OVA-AI induction (Figure 15), probably caused 

by the high cell turnover induced by the antigen challenge. There was no difference between the 

treatment groups detectable neither among all CD4+ T cells nor among Th2 cells (Figure 15) which was 

similar  in the HDM-AI model (data not shown). This suggests that ONX 0914 does not induce cell death 

at this time point.  

In summary, it could be shown that IP inhibition during the challenge phase reduced the type 2 immune 

response in mouse models of allergen-induced AI by reducing the activation and cytokine response of 

CD4+ T cells, resulting in a decreased inflammatory eosinophilic airway infiltration in OVA-AI mice. 

 

Figure 15 No induction of cell death upon ONX 0914 treatment. GATIR mice were sensitized with OVA/Alum by 
two intraperitoneal injections on day 0 and 7. On day 14, 15 and 16 they were challenged with aerosolized OVA 
for 20 min. Mice received subcutaneous injections of 10 mg/kg ONX 0914 or vehicle on day 12, 14, 15 and 16 and 
were analyzed on day 17. Naïve mice served as controls. Viability was assessed by flow cytometry using SytoxBlue 
staining. (A, C) Viable and (B, D) dead cells among (A, B) all CD3+ CD4+ T cells and (C, D) GATA-3hi ST2+ Th2 cells. 
Data is shown as mean ± SD, naïve: n=3, vehicle: n=8, ONX 0914: n=9. Significance of differences was analyzed 
by one-way ANOVA.* p <0.05. 

4.3.  Allergic airway inflammation in LMP7-deficient compared to wildtype mice16 

Since Volkov et al. previously reported a reduction of inflammation in LMP7-KO mice (211), the next 

experiments sought to confirm this data using exactly the same strain of LMP7-KO mice and this very 

similar model of asthma induction (Figure 16A). To evaluate the effect of LMP7-deficiency on Th2 cells 

and allergic airway inflammation, the main parameters which were found to be affected by IP 

                                                           
15 This figure was published in a modified form in (462). 
16 This section was published in (462). 
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inhibition were analyzed in these mice. Surprisingly, there were no detectable differences between 

WT and LMP7-KO mice regarding BALF and lung infiltration, neither in eosinophils nor in CD11c+ cells 

(Figure 16B,C). Since these mice do not harbor the GATA-3-vYFP cassette to identify Th2 cells, the 

expression of the characteristic Th2-cytokines IL-4 and IL-13 was measured, yielding similar results in 

both groups (Figure 16D). 

 

Figure 16 LMP7-deficiency does not impair the type 2 response in ovalbumin induced airway inflammation. 
Wildtype (WT) and LMP7-knock-out (KO) mice were sensitized with OVA/Alum by two intraperitoneal (i.p.) 
injections on day 0 and 7. On day 14, 15 and 16 they were challenged with aerosolized OVA for 20 min. Mice 
were analyzed on day 17 and naïve mice served as controls. (A) Experimental setup. (B) Single cell suspensions 
from lungs and (C) the broncho-alveolar lavage fluid (BALF) were analyzed by flow cytometry and cells were 
identified as eosinophils (CD45+ CD11c- CD11b+ Ly6G- Siglec-F+), neutrophils (CD45+ CD11c- CD11b+ Ly6G+) and 
CD11c+. (D) Frequency of IL-4 and IL-13 expressing CD4+ cells in the lung. Titers of anti-OVA IgG1 (E) and IgE (F) 
in the serum. (G) Immunoblot of lysate from lungs on day 17 against the indicated proteins. Data is shown as 
mean ± SD, pooled from two independent experiments (naïve: n=3-4; OVA-AI: n=3-6). Significance of differences 
was analyzed by (B, C) two-way or (E, F) one-way ANOVA with Holm-Sidak post hoc test. (D) was analyzed by 
two-tailed t test. * p <0.05.17 

                                                           
17 Parts of this figure were published in (462). 
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Lastly, antibody concentrations in the serum were assessed. Similar to the previous experiment with 

GATIR mice, the IgG1 levels strongly increased after OVA-AI induction but again, there was no 

difference between the two genotypes (Figure 16E). IgE levels only moderately increased during OVA-

AI and were similar in both groups (Figure 16F). Immunoblot analysis revealed strong 5̡c expression 

in the lungs of LMP7-KO compared to wildtype mice (Figure 16G), in line with previous data regarding 

other organs (126,212). This suggests that ̡5c can compensate LMP7 in this setting. Taken together, 

mice with genetic LMP7-deficiency showed similar responses in OVA-AI compared to wildtype mice. 

4.4. IP function in the early development of allergic airway inflammation 

4.4.1. No effect of prophylactic IP inhibition on OVA-induced airway inflammation 

The main aim of this thesis was to investigate how Th cells are affected by IP inhibition. In the first 

experiments, it could be shown that Th2 cells are reduced when mice were treated during the 

challenge phase of OVA- and HDM-AI. This is a kind of άtherapeuticέ setting in which T cells are primed 

before IP inhibition and are then targeted during the challenge phase when they are activated by re-

encounter with the antigen. Since data from LMP7-deficient mice showed that Th2 cells could develop 

independently of LMP7 expression, the development of airway inflammation with continuous, 

άprophylacticέ ONX 0914 treatment starting on day 0 was analyzed (Figure 17A). In contrast to the 

therapeutic treatment, ONX 0914 did not seem to ameliorate OVA-AI in this setting as neither the 

cellular infiltration in the BALF and lung (Figure 17B, C) nor the frequency of Th2 cells (Figure 17F, G) 

was changed. Accordingly, CD44 expression on CD4+ T cells in the lung was equal in both groups (Figure 

17H). Interestingly, the CD11c+ MHC-IIhi population was reduced in ONX 0914 treated mice (Figure 17D) 

and there was a tendency of less CD11c+ CD11b+ cells (Figure 17E), similar to the previous experiments 

(Figure 10D). Furthermore, IgG1 levels in the serum were slightly reduced even though this did not 

reach significance (Figure 17I).  

Although some parameters were reduced, the overall inflammation and especially Th2 cell 

development was not significantly altered by IP inhibition. To investigate if upregulation of 5̡c is 

compensating the inhibition of LMP7, lysates of lung and spleen from OVA-AI mice on day 17 were 

analyzed by immunoblotting. Increased expression of 5̡c was clearly detectable in both organs (Figure 

17J), suggesting that prolonged IP inhibition leads to induction of ʲрŎ ŜȄǇǊŜǎǎƛƻƴΣ ǇǊƻōŀōƭȅ Ǿƛŀ bǊŦм ŀǎ 

it was described before for naïve CD4+ T cells in vitro (212). The shift of the LMP7 band in ONX 0914 

samples clearly shows that almost all LMP7 is inhibited (Figure 17J) indicating that the observed results 

are not caused by inefficient IP inhibition but rather by compensation by 5̡c. 
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Figure 17 Airway inflammation can develop despite continuous immunoproteasome inhibition. GATIR mice were 
sensitized with OVA/Alum by two intraperitoneal (i.p.) injections on day 0 and 7. On day 14, 15 and 16 they were 
challenged with aerosolized OVA for 20 min. Mice received subcutaneous injections of 10 mg/kg ONX 0914 or 
vehicle every other day starting on day 0 and 1 hour before the challenges. Mice were analyzed on day 17. Naïve 
mice served as controls. (A) Experimental setup. Infiltrating cells in the (B) broncho-alveolar lavage fluid (BALF) 
and (C) lung were analyzed by flow cytometry. (B) Absolute cell count in the BALF and (C) relative frequency in 
the lung of different cell populations identified as eosinophils (CD45+ CD11c- CD11b+ Ly6G- Siglec-F+), neutrophils 
(CD45+ CD11c- CD11b+ Ly6G+) and CD11c+. (D, E) Frequency of CD11c+ subpopulations and (F, G) Th2 cells in the 
lung. (H) Expression of CD44 on CD4+ T cells in the spleen. (I) Anti-OVA IgG1 levels in the serum measured by 
ELISA. Data is shown as mean ± SD, each dot represents an individual mouse (naïve: n=3-7, Vehicle/ONX 0914: 
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n=9-10 (except (I): n=4)). (J) Lung lysates from day 17 were analyzed by immunoblotting against the indicated 
proteins. ̡ -actin served as a loading control. Data was pooled from three independent experiments (except (I, 
J)). Significance of differences was analyzed by (B, C) two-way or (D-I) one-way ANOVA with Holm-Sidak post hoc 
test. * p <0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.  

4.4.2. No effect of prophylactic IP inhibition on HDM-induced airway inflammation 

In order to assess whether airway inflammation can also develop upon IP inhibition in another model, 

the HDM model was applied and ONX 0914 was administered three times per week starting from day 

0 (Figure 18A). Similar to OVA-AI, continuous IP inhibition did not significantly change the infiltration 

of inflammatory cells into the BALF and lung (Figure 18B, C) except for a tendency of reduced CD11c+ 

MHC-IIhi cells in the lung (Figure 18D). 

 

Figure 18 HDM-induced airway inflammation develops in the presence of continuous immunoproteasome 
inhibition. GATIR mice received intranasal (i.n.) applications of 50 µg house dust mite (HDM) extract on day 0, 7, 
14 and 21. Three times per week mice were treated with 10 mg/kg ONX 0914 or vehicle subcutaneously. 
Inflammatory infiltration was analyzed by flow cytometry on day 23. Naïve mice served as controls. (A) Schematic 
setup. (B) Absolute cell counts in the BALF and (C) relative frequencies of cell populations in the lung, identified 
as eosinophils (CD45+ CD11c- CD11b+ Ly6G- Siglec-F-), neutrophils (CD45+ CD11c- CD11b+ Ly6G+; left) and CD11c+. 
(D, E) Frequency of different CD11c+ subpopulations as well as (F) GATA-3hi, (G) GATA-3hi ST2+ and (H) total CD4+ 
T cells in the lung. Data is shown as mean ± SD, each dot represents an individual mouse (naïve: n=3, Vehicle/ONX 
0914: n=9-10). Data was pooled from three independent experiments. Significance of differences was analyzed 
by (B, C) two-way or (D-H) one-way ANOVA with Holm-Sidak post hoc test. ** p < 0.01.  
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Moreover, the frequency of Th2 cells as well as the general CD4+ T cell population was not affected by 

IP inhibition (Figure 18F-H). Of note, the variance between the mice was very high, making it difficult 

to obtain very consistent data. The variance was not based on the sex of the animals or resulted from 

different immunizations as it was spread throughout both sexes and all experiments. Nevertheless, the 

shown data is pooled from three experiment with a total of 10 mice per group, showing no difference 

between them in most parameters. Thus, it was concluded that Th2 cells can indeed develop upon 

continuous ONX 0914 treatment, maybe also by upregulation of 5̡c (not analyzed).  

4.5. Role of the immunoproteasome in Th17 cells and Tregs in DSS colitis 

Previous work indicates a strong influence of IP inhibition on Th cell commitment, especially affecting 

Th1 and Th17 but not Th2 differentiation (162,179). It was shown that ONX 0914 affects Th17 cell 

differentiation in vitro when CD4+ splenocytes are polarized towards a Th17 phenotype with a specific 

cytokine/antibody cocktail (162,165,179,184). Furthermore, Kalim et al. showed that less Th17 cells 

but more Tregs can be found in the lamina propria or lymph node of ONX 0914 treated mice compared 

to PBS treated mice in DSS colitis (162). Even though these results point towards a role of the IP in Th 

cells, it is not yet clear whether IP inhibition by ONX 0914 affects the differentiation or the survival of 

Th cells in vivo. In order to address this question, colitis was induced in IL-17A-GFP and FoxP3-GFP 

reporter mice and ONX 0914 was applied at different time points to study the effects on Th17 cells and 

Tregs.  

4.5.1. Reduction of body weight loss and colon shortening by prophylactic IP inhibition 

in DSS-colitis 

DSS is a negatively charged sulfated polysaccharide which is commonly used to induce intestinal 

inflammation in mice which shows many features of human IBD. Even though the exact mechanism is 

not known, the induction of colitis most likely results from damage of the epithelial layer, leading to 

dissemination of bacteria and their products into the underlying tissue (396).  

In the first set of experiments a rather prophylactic treatment scheme was applied in which DSS was 

added to the drinking water of reporter mice (IL-17A-GFP and FoxP3-GFP) for five days and at the same 

time, vehicle or ONX 0914 (10 mg/kg) was administered subcutaneously every other day (Figure 19A). 

In line with previous observations from our group (161,162,179) application of ONX 0914 reduced 

disease symptoms of DSS-induced colitis such as weight loss and colon shortening (Figure 19B-E). Even 

though the magnitude of weight loss and colon shortening differed between the two mouse strains, 

which has been reported for this model (396), the beneficial effects of ONX 0914 treatment could be 

clearly seen in both experimental setups (Figure 19B-E).  
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Figure 19 Immunoproteasome inhibition reduces symptoms of DSS colitis. 2 % DSS was added to the drinking 
water of IL-17A-GFP (B, C) and FoxP3-GFP (D, E) mice for 5 days. Simultaneously, vehicle or ONX 0914 (10 mg/kg) 
was administered subcutaneously every other day and mice were sacrificed on day 8 as depicted in (A). (B, D) 
Body weight was monitored daily. Percent weight loss relative to the weight on day 0 (y-axis) is plotted versus 
time in days (x-axis). Vehicle or ONX 0914 treatment time points are indicated with arrows. (C, E) Mice were 
sacrificed on day 8 and the colon length was measured. Graphs show pooled data of 2-3 independent 
experiments. (B, C) naïve: n=6, vehicle/ONX 0914: n=7, (D, E) naïve: n=4, vehicle/ONX 0914: n=6. Data is shown 
as mean ± SD. * p < 0.05, ** p < 0.01, **** p < 0.0001 (1- or 2-way ANOVA). 

4.5.2. Decreased Th17 response by prophylactic IP inhibition in DSS-colitis 

In order to analyze the effect of IP inhibition in more detail, the induction of Th17 cells was measured 

on day 6 and day 8. Flow cytometric analysis revealed that Th17 cells (defined as CD3+ CD4+ GFP+) were 

strongly induced in the lamina propria of the colon (Figure 20C-E) whereas only little Th17 cells could 

be detected in lymph nodes (mesenteric and iliac), spleen and PŜȅŜǊΩǎ ǇŀǘŎƘŜǎ ƻŦ ǘƘŜ ǎƳŀƭƭ ƛƴǘŜǎǘƛƴŜ 

(data not shown). In the lamina propria, the frequency of Th17 cells increased among all viable cells 

(Figure 20D,E right) but also among CD4+ T cells (Figure 20D,E left), indicating that the observed 

increase was not only a result of a general increase of infiltrating CD4+ T cells. Furthermore, the 
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frequency of Th17 cells increased from day 6 to day 8 which reflects the establishment of the adaptive 

immune response that requires several days. Strikingly, the frequency of Th17 cells was decreased 

when mice were simultaneously treated with ONX 0914, especially on day 8 (Figure 20D,E), in line with 

previous results (162). Importantly, this was not caused by a general decrease of CD4+ T cells in the 

lamina propria since the frequency of all CD4+ T cells did not change with ONX 0914 treatment (Figure 

20B) but the frequency of Th17 cells among CD4+ T cells decreased significantly.  

 

Figure 20 Prophylactic immunoproteasome inhibition reduces the frequency of Th17 cells in DSS colitis. 2 % DSS 
was added to the drinking water of IL-17A-GFP mice for 5 days. Simultaneously, mice received subcutaneous 
injections of vehicle or ONX 0914 (10 mg/kg) every other day. (A) Experimental setup. (B) Frequency of CD3+ 
CD4+ T helper cells in the spleen, mesenteric lymph node (LN) and among lamina propria lymphocytes (LPLs). (C) 
Gating scheme to analyze Th17 cells. After exclusion of doublets and dead cells (not shown), cells were identified 
as CD3+ CD4+ and subsequently analyzed for the expression of IL-17A-GFP+. Graph shows a sample of the lamina 
propria on day 8. (D, E) Frequency of Th17 cells among CD4+ T cells (left) and among all viable cells (right) on day 
6 (D) and day 8 (E). Graphs show pooled data of 2-3 independent experiments (n=5-6). Data is shown as mean ± 
SD, each point represents an individual mouse. * p < 0.05, ** p < 0.01, *** p < 0.001 (1- or 2-way ANOVA). 
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Similar to the OVA-AI experiments (section 4.2.6), the expression level of CD44 was assessed because 

IP inhibition was shown previously to impair T cell activation (212). In line with previous results, the 

proportion of activated CD44hi cells among CD4+ FoxP3- T cells in the spleen of ONX 0914 treated mice 

on day 8 was reduced (Figure 21A). Moreover, the average expression level of CD44 on these cells was 

reduced, indicating impaired activation of T cells by ONX 0914 (Figure 21B,C).  

 
Figure 21 Reduced activation of CD4+ T cells by IP inhibition. 2 % DSS was added to the drinking water of FoxP3-
GFP mice for 5 days. Simultaneously, mice received subcutaneous injections of vehicle or ONX 0914 (10 mg/kg) 
every other day. Mice were sacrificed on day 8 and CD44 expression was analyzed on CD4+ FoxP3- cells in the 
spleen after exclusion of dead cells and doublets. (A) Frequency of the CD44hi population among CD4+ FoxP3- 
(pooled data from two independent experiments, n=6). (B,C) Mean fluorescence intensity (MFI) of CD44 on CD4+ 
FoxP3- of two independent experiments (each n=3). Data is shown as mean ± SD, each point represents an 
individual mouse. * p < 0.05, ** p < 0.01 (unpaired, two-tailŜŘ ǎǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘύΦ  

Since DCs play a major role in the induction of Th17 cells in the intestine (397) and DCs were reported 

to be affected by IP inhibition (114,122,187,213,214), the frequency of CD11c+ cells was analyzed in 

the lamina propria of the colon and in mesenteric lymph nodes. CD11c+ cells were slightly reduced in 

the lamina propria of ONX 0914 treated mice on day 6 and day 8 even though the data displayed quite 

high variation and the difference was not statistically significant on day 8 (Figure 22A,C). Mesenteric 

lymph nodes are the major site for DC/T cell interaction and accordingly, a robust population of CD11c+ 

cells could be detected there (Figure 22B,D) which was a lot smaller in uninvolved inguinal lymph nodes 

(data not shown). The variance on day 6 was very high, making a definite conclusion difficult, but 

interestingly, the CD11c+ population was markedly reduced on day 8. Similar to the results of the OVA- 

(Figure 10) and HDM-AI (Figure 12) experiments, this data suggests that DCs are also affected by IP 

inhibition.  
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Figure 22 The frequency of CD11c+ cells is only mildly reduced upon IP inhibition in DSS colitis. 2 % DSS was added 
to the drinking water of IL-17A-GFP mice for 5 days. Simultaneously, mice received subcutaneous injections of 
vehicle or ONX 0914 (10 mg/kg) every other day starting on day 0. The frequency of CD11c+ among all viable cells 
(after exclusion of doublets and dead cells) was analyzed on (A, B) day 6 and (C, D) day 8 in the lamina propria 
(left) and mesenteric lymph nodes (right).  Graphs show pooled data of two independent experiments (n=5-6). 
Data is shown as mean ± SD, each point represents an individual mouse. * p < 0.05, ** p < 0.01 (unpaired, two-
ǘŀƛƭŜŘ ǎǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘύΦ 

4.5.3. Influence of IP inhibition on existing Th17 cells in DSS colitis 

Having shown that the induction of Th17 cells is reduced when mice are treated with ONX 0914 starting 

from day 0, the next experiments aimed at assessing the effect of IP inhibition on already existing Th17 

cells. Therefore, DSS colitis was first induced in IL-17A-GFP mice and ONX 0914 treatment started after 

induction of the Th17 response on day 6 (Figure 23A). As described in the literature (396), mice started 

recovering weight after day 8 (Figure 23B) and similarly also the colon length increased again (Figure 

23C). On day 12, vehicle and ONX 0914 treated mice had recovered their original weight and colon 

length similarly (Figure 23D,E). In both experimental setups, ONX 0914 treatment did not affect the 

recovery. 

To analyze the effect of IP inhibition on existing Th17 cells, LPLs were analyzed on day 10 and 12. The 

frequency of Th17 cells on day 10 was similar to day 8 (vehicle group) and slightly declined on day 12.  

CD4+ T cells were more abundant among LPLs on day 10 than on day 8 (Figure 24B). Surprisingly, there 

were no differences between the two treatment groups but there was even a slight increase of Th17 

cells in the ONX 0914 group on day 12.  
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Figure 23 Similar recovery from DSS colitis with or without immunoproteasome inhibition. 2 % DSS was added to 
the drinking water of IL-17A-GFP mice for 5 days. Starting on day 6, vehicle or ONX 0914 (10 mg/kg) was 
administered subcutaneously every other day and mice were sacrificed on (B, C) day 10 and (D, E) 12 as depicted 
in (A). (B, D) Body weight was monitored daily. Percent weight loss relative to the weight on day 0 (y-axis) is 
plotted versus time in days (x-axis). Treatment time points are indicated with arrows. Mice were sacrificed on (C) 
day 10 and (E) day 12 and the colon length was measured. Graphs show data of 2 independent experiments, n=6. 
Data is shown as mean ± SD. No statistically significant differences were detected (1- or 2-way ANOVA). 
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Figure 24 Immunoproteasome inhibition does not reduce existing Th17 cells in DSS-colitis. 2 % DSS was added to 
the drinking water of IL-17A-GFP mice for 5 days. Starting on day 6 mice received subcutaneous injections of 
vehicle or ONX 0914 (10 mg/kg) every other day till analysis on day 10 or day 12. (A) Experimental setup. (B) 
Frequency of CD3+ CD4+ T helper cells on day 10 in the spleen, mesenteric lymph node (LN) and among lamina 
propria lymphocytes (LPLs). (C, D) Frequency of Th17 cells among CD3+ CD4+ T cells (left) and among all viable 
cells (right) on day 10 (D) and day 12 (E). Graphs show pooled data of 2 independent experiments (naïve: n=6, 
Vehicle/ONX 0914: n=5-7). Data is shown as mean ± SD, each point represents an individual mouse. * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001 (1- or 2-way ANOVA). 

4.5.4. Effect of prophylactic IP inhibition on Tregs in the lamina propria   

Tregs represent a specific T cell lineage which play an important role in the modulation of the adaptive 

immune response and prevention of excessive inflammation which can for example lead to tissue 

damage (256). Therefore, Tregs are also induced in DSS colitis. To assess the effect of IP inhibition on 

Tregs, they were analyzed in the same setting as described before for Th17 cells (Figure 25A). As shown 

in Figure 19D and E, FoxP3-GFP mice responded similarly to DSS and ONX 0914 treatment as described 

before.  

On day 6 the frequency of Tregs increased in the lamina propria of the colon compared to naïve mice 

(Figure 25C) which was only slightly enhanced on day 8 (Figure 25B,D). There was no difference 

detectable between the two treatment groups, indicating that IP inhibition does not affect the 

development of Tregs. In line with these results, IP inhibition after DSS treatment did not affect the 

frequency of Tregs (data not shown). Since the previously published study by Kalim et al. investigated 

Tregs not in the lamina propria but in mesenteric lymph nodes, these were also analyzed. There was 

no difference to naïve mice on day 6 (data not shown) but Tregs were induced in the vehicle group on 
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day 8 (Figure 25E). Interestingly, ONX 0914 treatment reduced Tregs in the lymph nodes in contrast to 

the lamina propria. Even though there was a difference in the lymph nodes, the data from the lamina 

propria indicates that in general Tregs do not require functional IP for their development. 

 

Figure 25 Immunoproteasome inhibition does not change the frequency of Tregs in the lamina propria during 
DSS-colitis. 2 % DSS was added to the drinking water of FoxP3-GFP mice for 5 days. Simultaneously, mice received 
subcutaneous injections of vehicle or ONX 0914 (10 mg/kg) every other day. (A) Experimental setup. (B) 
Representative FACS plots of FoxP3-GFP+ Tregs in the lamina propria (LP) after exclusion of doublets and dead 
cells and pre-gating on CD3+ CD4+. Graph shows a naïve sample and samples on day 8. (C, D) Frequency of Tregs 
cells among CD4+ T cells (left) and among all viable cells (right) on day 6 (C) and day 8 (D) in the lamina propria. 
(E) Frequency of Tregs among CD4+ T cells in the mesenteric lymph node (LN) on day 8. Graphs show pooled data 
of two independent experiments. Data is shown as mean ± SD, each point represents an individual mouse (n=5-
6). * p < 0.05, *** p < 0.001, **** p < 0.0001 (2-way ANOVA). 

4.5.5. Th17 cells in HDM-induced airway inflammation 

Asthma is a very heterogeneous disease with many different phenotypes. The most common form is 

Th2 cell-meditated eosinophilic asthma but several other forms exist, e.g. with a neutrophilic or mixed 

granulocytic phenotype (289). Since Th17 cells have recently been reported to play a major role in 

these other forms of asthma (398), they were investigated in the previously described HDM 

experiment (see section 4.2.4). The same setup with four intranasal applications of HDM and a single 

dose of ONX 0914 was used to study the effect of IP inhibition in this context. To better evaluate the 

effect of this single dose, one group was analyzed on day 21 before the last immunization and the 

treatment. Flow cytometric analysis showed a strong induction of Th17 cells in this model also already 

after the three immunizations (Figure 26C). In contrast to the strong effect of IP inhibition on Th2 cells 

in this setting, Th17 cells were not affected by ONX 0914 treatment (Figure 26A,B). Thus, the results 

from DSS colitis showing that existing Th17 cells were not reduced by IP inhibition could be confirmed 
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also in this model. Taken together, the results show that IP inhibition can prevent the development of 

Th17 cells but does not affect their survival, at least in short-term experiments. 

 

Figure 26 Th17 cells are not changed by immunoproteasome inhibition in house dust mite-induced airway 
inflammation (HDM-AI). (A, B) GATIR mice received intranasal applications of 50 µg HDM extract on day 0, 7, 14 
and 21. One hour before the last immunization, mice were treated with 10 mg/kg ONX 0914 or vehicle 
subcutaneously. Inflammatory infiltration was analyzed by flow cytometry on day 23. Naïve mice served as 
controls. (C) For analysis of the inflammation on day 21 (d21), mice received only three immunizations on day 0, 
7 and 14 and were analyzed without treatment and the last immunization. For all experiments samples were 
restimulated in vitro for 5 hours with PMA/ionomycin and treated with brefeldin A to analyze cytokine 
expression. (A) Representive plots showing the Th17 cell population in the lung after exclusion of doublets and 
dead cells and gating on CD4+. (B, C) Frequency of the Th17 cell population among all CD4+ T cells. Each point 
represents an individual mouse. Data from day 23 is representative for two independent experiments (n=4). 
Results from day 21 show n=5, derived from one experiment. Data is shown as mean ± SD. ** p < 0.01 (1-way 
ANOVA). 
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Part II: A novel cell line for inducible immunoproteasome expression 

4.6.  Generation of LMP2- and LMP7-inducible cell line LCL721-G27 

The IP is known to be important for antigen presentation by generating peptides better suitable for 

MHC-I loading compared to the SP. LMP7 degrades bulky hydrophobic residues better than 5̡c and 

caspase-like activity of LMP2 compared to the chymotrypsin-like activity of ̡ 1c leads to the generation 

of more peptides appropriate for MHC-I loading (19,28,146). Besides this important role in antigen 

processing, the IP has been implicated to be critical for many aspects of the immune response, 

especially in lymphocytes. Even though many studies could show this in the past, little is known about 

the underlying mechanism. One hypothesis is that the IP specifically processes certain factors which 

are not - or with a different kinetic - processed by the SP. In order to address this question, a novel cell 

line was established that allows the comparative study of IP vs. SP.  

To this end the human B cell line LCL721.174 was used which was previously immortalized by Epstein-

Barr virus infection and lost part of the genomic region due to ɹ -irradiation in which the genes encoding 

for LMP2 and LMP7 are located (399). A tamoxifen-based system composed of the two constructs pFU 

and pGev16 (400) was used for inducible expression. The multiple cloning site of pFU is located 

downstream of five repetitions of the UAS (upstream activating sequence) which binds the 

transcription factor Gev16, a modified Gal4-esterogen-receptor. This transcription factor is encoded 

on the lentiviral plasmid pGev16 and is constitutively expressed under the ubiquitin promotor in 

transduced cells. Without 4-OHT, the Gev16 fusion protein is bound to the chaperon heat shock 

protein 90 (HSP90) and remains in the cytoplasm. When 4-OHT binds to the estrogen receptor of 

Gev16, it dissociates from HSP90, translocates into the nucleus and activates transcription by binding 

of Gal4 to UAS. 

First, LCL721.174 cells were lentivirally transduced with pGev16 and single cell clones were obtained 

by limiting dilution. To confirm robust expression of pGev16, a fraction of the cells was transduced 

with pFU-GFP which encodes for GFP under the promotor activated by Gev16 (data not shown). The 

clone exhibiting the best expression was used for the next steps. This line is now referred to as 

LCL721.174-pGev16. Second, after successful cloning of pFU-LMP2 and pFU-LMP7 (data not shown), 

LCL721.174-pGev16 cells were double transduced with both lentiviruses and single cell clones were 

prepared. Established clones were screened for LMP2 and LMP7 expression after addition of 4-OHT 

and are now referred to as LCL721-G27 (for LCL721.174-pGev16-pFU-LMP2-pFU-LMP7). The best three 

clones were kept for further studies, namely clone 3, 10 and 18 (Figure 27A). Since clone 18 showed 

strongest expression of LMP2 and LMP7, this clone was mainly used for further studies. 

Third, the optimal working concentration of 4-OHT was determined in a titration experiment by 

analyzing the expression levels of all IP- and SP-subunits after four and seven days of treatment (Figure 

27B). Robust expression of the IP-subunits was detectable already with 10 nM 4-OHT on day 4.  
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Figure 27 Establishment of a cell line for inducible immunoproteasome expression. (A) LCL721.174-pGev16 were 
transduced with pFU-LMP2 and pFU-LMP7. Single cell clones were screened for expression of both proteins after 
addition of 4-OHT for 48h. Lysate of LCL721.45 (original cell line still expressing LMP2/LMP7) served as a positive 
control. Iota served as loading control. (B, C) Titration of 4-OHT to determine the best working concentration. 
Samples were incubated with the indicated concentrations of 4-OHT and analyzed after 4 and 7 days for (B) the 
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expression of IP- and SP-subunits and (C) cell growth. (B) Iota and ɹ -tubulin served as loading controls and (C) 
LCL721.174-pGev16 as a control for unspecific effects of 4-OHT. (D) 20S proteasome was purified from LCL721-
G27 cells cultured for 8 days with (bottom) or without (top) 4-OHT and analyzed by 2 dimensional gel 
electrophoresis (SDS-PAGE and nonequilibrium pH gel electrophoresis ς NEPHGE). Arrows indicate respective 
subunit.  

For comparative analyses, not only induction of IP-subunits but also strong reduction of SP-subunits is 

critical. Since expression of SP-subunits strongly declined after seven days using 20 nM 4-OHT without 

affecting cell growth (Figure 27B,C), this concentration was used for further studies. To confirm 

successful incorporation of the respective subunits, purified 20S proteasome was subjected to two 

dimensional gel electrophoresis which separates proteins by their size (SDS-PAGE) and charge 

(NEPHGE). Comparison of the patterns to previously published data (370,401) revealed strong 

induction of the IP-subunits LMP2 and LMP7 whereas the SP-subunits ̡ 1c and ̡5c were not detectable 

anymore, confirming the successful incorporation of the induced subunits in mature 20S proteasomes 

(Figure 27D).  

4.6.1. SILAC analysis 

To identify potential substrates specific for IP or SP, the newly established cell line LCL721-G27 was 

used to perform a SILAC experiment. Therefore, samples for IP expression were pre-treated with 4-

OHT for four days before incubation with the heavy SILAC medium. SP samples were left untreated 

and cultured in light medium. To control for the effect of 4-OHT on the cells, LCL721.174-pGev16 cells 

were included and treated the same way (+ 4-OHT: heavy; - 4-OHT: light). Immunoblots directed 

against IP- and SP-subunits showed that IP expression was normally absent in all samples and could 

strongly be induced by addition of 4-OHT in LCL721-G27 cells (Figure 28A). In turn, the levels of ̡ 5c 

and ̡ 1c were very strongly reduced. Interestingly, the level of 2̡c was also reduced but to a lower 

extent.  

The obtained signal ratios from mass spectrometry (heavy/light Ą IP/SP) were sorted and the top 10 

results are presented in Figure 28B. Strikingly, the top two results are proteasome subunit beta type 6 

( 1̡c) and 5 ( 5̡c) and also proteasome subunit beta type 7 (̡2c) was among the top 10 hits, in line 

with the immunoblot data. Of note, the IP-subunits LMP2 and LMP7 are not detected in this analysis 

because these proteins are completely absent in the LCL721.174-pGev16 due to the genetic deletion 

and thus, no ratios can be determined. 

The third best hit was the decrease of NF- Bˁ subunits p105 and p50 in IP samples but the analysis did 

not specify if there were differences between the subunits. The precursor p105 is processed by the 

proteasome to generate p50 which then homo- or heterodimerizes (with p65) to form the functional 

NF- Bˁ factor, an important signaling pathway involved in many immunological pathways. Since the 

role of the IP in NF- Bˁ signaling is still under debate (402,403), this hit seemed very interesting to 

investigate further. Therefore, cycloheximide chase (CHX) experiments were performed with LCL721-
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G27 cells to compare the degradation of NF- Bˁ in IP vs. SP expressing cells. In a first experiment, levels 

of p50 were higher in samples with induced IP expression and another band was detectable at around 

25 kDa, suggesting different processing by IP compared to SP (Figure 28C left). In contrast, repetition 

of the experiment with the same and another clone did not show any differences between the two 

setups (exemplarily shown in Figure 28C right). This indicates that the previous finding might have 

been an artefact and that there is no difference in the processing of p105/p50 by the IP or SP.  

 

 

Figure 28 SILAC analysis of LCL721-G27 cells. LCL721-G27 and LCL721.174-pGev16 cells were cultured in the 
presence (+) or absence (-) of 20 nM 4-hydroxy tamoxifen (4-OHT). After 4 days, normal medium was replaced 
with medium for stable isotope labeling with amino acids in cell culture (SILAC) ŀƴŀƭȅǎƛǎΦ άIeavyέ (H; Lys8, Arg10; 
samples with 4-hI¢ύ ƻǊ άƭƛƎƘǘέ ό[Τ normal medium; samples without 4-OHT) medium was used for the different 
samples. After another 7 days of culture, samples were analyzed by (A) immunoblotting against the indicated 
proteins and (B) mass spectrometry. The top 10 results are shown as the ratio of protein content in the heavy 
(IP) versus light (SP) samples. The order (left to right) indicates the significance (according to p value) of the 
changes detected (one sample t-test with the theoretical value 1). Data is shown as mean ± SD, points represent 
individual samples, LCL721-G27 n=4, LCL721.174-pGev16 n=2). (C) Cycloheximide chase experiments were 
performed with LCL721-G27 cells after 7 days of culture with or without 4-OHT. MG-132 was included as a control 
for proteasomal degradation. Samples were harvested at the indicated time points and analyzed by 
immunoblotting. The left panel shows clone 3 and the right one clone 18. A repetition of the experiment with 
clone 3 yielded results similar to the right panel.  
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4.6.2. No difference between IP and SP in susceptibility to H2O2 

The IP was proposed to be more efficient in the degradation of oxidized proteins but the currently 

available data is not completely conclusive due to diverse reports from different groups 

(120,124,127,138). Therefore, the newly established cell line LCL721-G27 was used to study the 

susceptibility of cells expressing IP or SP to oxidative stress. To this end, cells were treated with 

increasing concentrations of H2O2, leading to oxidative stress and the accumulation of oxidized 

proteins. The induction of cell death was used as a read out. H2O2 treatment strongly decreased the 

amount of viable cells starting from 1 mM. Even though cell survival seemed enhanced in cells cultured 

with 4-OHT, the observed difference was clearly a side effect of the 4-OHT itself and not caused by IP 

expression as also the control cell line LCL721.174-pGev16 behaved the same (Figure 29A). Thus, no 

differences in the susceptibility to oxidative stress of cells expressing IP or SP were detected.  

4.6.3. Equal degradation of polyubiquitylated proteins in cells expressing IP and SP 

Previous studies suggested that the IP is more effective in the clearance of poly-ubiquitylated proteins 

but also contradictory data exists (summarized in (127)). Since this claim is still under debate, LCL721-

G27 cells were used to address this matter. The accumulation of poly-ubiquitylated proteins was 

analyzed over the time course of one week and did not reveal any significant differences (Figure 29B), 

arguing against a difference in the clearance of poly-ubiquitylated proteins. 

 

Figure 29 No difference between IP and SP in susceptibility to H2O2 and in the degradation of poly-ubiquitylated 
proteins. (A) LCL72-G27 and LCL721.174-pGev16 cells were cultured in the presence or absence of 20 nM 4-
hydroxy tamoxifen (4-OHT). After 7 days of induction, samples were incubated with the indicated concentrations 
of H2O2 for 4 hours and cell survival was analyzed by flow cytometric analysis of annexin V and propidium iodide 
(PI) staining. Values were normalized to the untreated control and are shown as fold change. Data is shown as 
mean ± SD, n=4. (B) Levels of poly-ubiquitylated proteins were analyzed in LCL72-G27 cells at different time 
points upon 4-OHT addition by immunoblotting. As a positive control, cells were incubated for 6 hours with the 
proteasome inhibitor MG-132. ̡ -Actin served as a loading control. One out of three experiments with similar 
results is shown. 
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5. DISCUSSION 

5.1. Part I: The Immunoproteasome in T helper cells  

Several preclinical studies demonstrated the importance of the IP in T cell maturation, activation and 

function as well as effectiveness of IP inhibition in (auto-) inflammatory diseases (203,404). 

Furthermore, the LMP7/2-selective inhibitor KZR-616 is currently investigated in phase 2 clinical trials 

for inflammatory diseases (178,181). Despite extensive research on Th1 and Th17 cell-mediated 

diseases, only little is known about the role of the IP in Th2 cells and previous results vary depending 

on the method of Th2 cell induction. In vitro polarized Th2 cells were not affected by genetic deletion 

(211) or pharmacologic inhibition of LMP7 (162). However, a reduced Th2 response was reported in 

LMP7-KO mice in OVA- but not HDM-induced AI (211) and ONX 0914 did not change the frequency of 

Th2 cells in the brain in a mouse model for ischemic stroke (206). Furthermore, a study of aortic 

aneurysm formation reported no difference in the expression of IL-4 and GATA-3 in LMP7-KO mice 

(208) but this condition is mainly mediated by Th1 and Th17 cells and not Th2 cells.  

5.1.1. Immunoproteasome expression in T helper cell subsets18 

Since previous data suggested a different role of the IP in Th2 cells compared to Th1 and Th17 cells 

(162,211,404), the IP content was analyzed in different Th subsets (Th1, Th2, Th17 and Tregs) that were 

polarized in vitro to detect potential differences (Figure 7). Similar to bulk T cells (120,212), all analyzed 

subsets expressed high levels of LMP7 and LMP2 and also MECL-1 expression could be detected in all 

samples. Interestingly, Th1 and Th2 cells contained mature ʲрŎ, identified by the lack of the pro-

peptide sequence required for assembly, indicating not only expression but also incorporation of the 

subunit (101ς105)Φ 9ǾŜƴ ǘƘƻǳƎƘ ǎƛƎƴŀƭǎ ƻŦ ʲнŎ ŀƴŘ ʲмŎ ǿŜǊŜ ōŀǊŜƭȅ ŘŜǘŜŎǘŀōƭŜΣ ǘƘƛǎ suggests the 

presence of SP because [atт ōǳǘ ƴƻǘ ʲрŎ was reported to enable cleavage of LMP2 and MECL-1 pro-

peptides which facilitates IP formation (405,406). This implicates that ʲрŎ ƛǎ integrated into -̡rings 

containing only the standard subunits (29,107ς109). However, partial compensŀǘƛƻƴ ƻŦ ʲрŎ ƛƴ ǘƘŜ 

formation of proteasomes containing LMP2 was reported in LMP7-KO cells (103,109,113), indicating 

that there could be also intermediate proteasomes here. Whether this is true remains to be 

determined, for example by isolating 20S proteasome. Moreover, the results are also restricted by the 

detection limit of the immunoblot, which was reported to be 1.2 pg for purified transferrin (407). 

Quantification of protein levels is also limited even though the use of the LICOR system with 

fluorochrome-labelled antibodies in the near-infrared range was reported to be better suited for such 

analyses compared to chemiluminescent detection methods. Nevertheless, detailed analyses would 

                                                           
18 Parts of this section were published in (462). 
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be required to determine the right amount of lysate to use for detection in the linear range for reliable 

quantification.  

LŦ ǘƘŜ ŎƻƳǇŜƴǎŀǘƛƻƴ ōȅ ʲрŎ ƛǎ ƛƴŘŜŜŘ ǘŀƪƛƴƎ ǇƭŀŎŜ, it could explain previous observations that Th2 cells 

were less dependent on IP function than Th17 cells, which ŜȄǇǊŜǎǎŜŘ ƭƻǿŜǊ ƭŜǾŜƭǎ ƻŦ ʲрŎΦ In contrast, 

¢Ƙмт ŎŜƭƭǎ ŀƴŘ ¢ǊŜƎǎ ŜȄǇǊŜǎǎŜŘ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ʲнŎΦ {ƛƴŎŜ ʲнŎ Ŏŀƴ ōŜ ƛƴŎƻǊǇƻǊŀǘŜŘ ƛƴǘƻ ʲ-rings 

containing LMP7 as well as LMP7 and LMP2 (29,151,408) these cells probably contain intermediate 

proteasomes with a mixture of immuno- and standard subunits. Similarly, bulk CD4+ T cells isolated 

ŦǊƻƳ ƳǳǊƛƴŜ ǎǇƭŜŜƴǎ ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ ǊŜǇƻǊǘŜŘ ǘƻ ŜȄǇǊŜǎǎ ƻƴƭȅ ƭƻǿ ƭŜǾŜƭǎ ƻŦ ʲрŎ ōǳǘ ŎƻƳǇŀǊŀōƭȅ ƘƛƎƘ 

ƭŜǾŜƭǎ ƻŦ ʲмŎ ŀƴŘ ʲнŎΣ ƛƴŘƛŎŀǘƛƴƎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƛƴǘŜǊƳŜŘƛŀǘŜ ǇǊƻǘŜŀǎƻƳŜǎ (212).  

Nevertheless, all analyzed subsets expressed high levels of IP, making the IP an interesting target in 

Th-mediated diseases.  

5.1.2. Use of GATIR mice for the identification of Th2 cells ex vivo19 

To investigate the IP as a target for Th2 cell-mediated diseases, studies with two different mouse 

models for allergic AI were performed. In order to facilitate the investigation of Th2 cells, the novel 

GATA-3 reporter strain GATIR (369) was analyzed for this purpose because GATA-3 is the master 

transcription factor of Th2 cells which is strongly upregulated in Th2 cells (375ς377). It was previously 

shown that knock-in of the IRES-Ǿ¸Ct ŎŀǎǎŜǘǘŜ ƛƴǘƻ ǘƘŜ оΩ-untranslted region of the Gata3 locus does 

not affect GATA-3 expression and that the vYFP signal reliably reflects this expression level (369,390). 

Besides the strong GATA-3-vYFP signals detected in in vitro polarized Th2 cells but not Th1 and Th17 

cells ((369) and Appendix Figure 3), it was previously shown that intranasal application of IL-33 or HDM 

induced vYFPhi subsets in the lung of these mice (390). The vYFPhi populations were detectable among 

lineage- and lineage+ CD4+ subsets and were paralleled by the induction of GATA-3+ populations 

(antibody detection), implicating the identification of ILC2s and Th2 cells, respectively (390). These 

ILC2s were studied in detail (390,391) but CD4+ vYFPhi cells were not further analyzed. Therefore, OVA-

AI was used in this project to confirm the Th2-phenotype of CD4+ GATA-3-vYFPhi cells by comparing 

GATA-3-vYFP signals and cytokine levels of CD4+ T cells from OVA-AI mice (Figure 8). It was 

demonstrated for the first time that the GATA-3-vYFP signal correlated with production of Th2- but not 

Th1-cytokines or FoxP3 expression also in vivo. Therefore, GATIR mice will be a useful tool in the future 

to easily identify Th2 cells ex vivo. 

5.1.3. IP inhibition during the challenge phase in allergic airway inflammation20  

Next, allergic AI was induced in GATIR mice by application of OVA and HDM and the IP inhibitor ONX 

0914 was administered at different time points to study the effects on the Th2 response. Allergic 

                                                           
19 Parts of this section were published in (462). 
20 Parts of this section were published in (462). 
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responses are characterized by a first sensitization event followed by strong activation of the immune 

response upon subsequent challenges with the same allergen (278,295). Since allergic sensitization in 

humans often occurs already very early in life and the exact event is usually unknown (409), 

therapeutic intervention mainly aims at reducing inflammation caused by allergen re-exposure. 

Therefore, in the first experiments ONX 0914 treatment was applied during the challenge/effector 

phase to study the influence on primed and established Th2 cells. The Th2 response was decreased by 

IP inhibition in OVA-AI which was accompanied by a reduction of IL-4 secretion and IgG1 levels (Figure 

9) as well as decreased inflammatory, mainly eosinophilic, infiltration in the BALF and lung (Figure 10). 

This is in line with earlier reports of short-term SP/IP inhibition by PS-519 (410) or bortezomib (411) 

which decreased eosinophilic infiltration in OVA-AI models, indicating the importance of proteasome 

function in this setting. Moreover, proteasome inhibitors were suggested as a potential therapeutic 

target for plasma cell-mediated diseases such as IgE-dependent allergy because of their therapeutic 

effect for the treatment of multiple myeloma, a plasma cell malignancy (412). Interestingly, short-term 

bortezomib treatment could not reduce IgE and IgG1 levels in a chronic OVA-AI model and long-term 

treatment only decreased IgE but not IgG1 levels which was suggested to result from the longer half-

life of IgG compared to IgE (410). However, chronic treatment with these proteasome inhibitors is too 

toxic for the therapy of asthma since they target SP and IP alike which was reported to cause peripheral 

neuropathy (413). In contrast, selective IP inhibition has reduced adverse side effects (185) due to the 

expression of IP mainly in immune cells, thus making IP inhibition an attractive treatment option. IP 

inhibition by ONX 0914 in the acute OVA-AI model used in this project decreased IgG1 levels (Figure 

9E), potentially directly by reducing activation of as well as antibody secretion by B cells as it was 

reported before (114,187,201,202,212). On the other hand, this could also be an indirect consequence 

of the reduced Th2 response as IL-4 plays a major role in the development of the B cell response (380). 

Furthermore, IP inhibition also reduced Th2 cells in a mouse model using intranasal HDM application, 

an allergen known to trigger allergic AI also in humans (414). The frequency of Th2 cells, which was 

already high on day 21, was markedly reduced after a single dose of ONX 0914 applied 1 h before the 

last challenge on day 21 followed by the analysis two days later (Figure 12B-D, L). One explanation 

could be induction of cell death in Th2 cells by ONX 0914 but there was no effect on the bulk CD4+ T 

cell population (Figure 12E) and previous studies argue against apoptosis induction in CD4+ T cells by 

ONX 0914 (161,192,210,212). There were no differences in cell viability detectable in CD4+ T cells and 

GATA-3hi ST2+ Th2 cells in neither of the two models (Figure 15 and data not shown). Of note, these 

results and the conclusion are limited to the analyzed time point which was 24 h or 48 h after the last 

challenge in the OVA- and HDM-AI model, respectively. It is possible that cell death is induced earlier 

and cannot be detected here anymore. In order to draw a definite conclusion, a kinetic study should 
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be performed to investigate different time points but this is ethically questionable, as it would involve 

a great amount of animals. 

In line with previous studies, the results here rather suggest that IP inhibition reduces the activation 

of CD4+ T cells, indicated by the reduction of CD44 expression (Figure 14B,C) and the decrease of IL-4+ 

T cells after in vitro restimulation (Figure 9J). Schmidt et al. previously demonstrated that ONX 0914 

restrains ERK signaling and induces proteostatic stress in vitro, leading to reduced activation of T cells 

(212). Furthermore, reduced CD44 expression in CD4+ T cells was reported upon IP inhibition in mouse 

models of myocarditis (193) and heart transplantation (199), suggesting a similar mechanism in this 

study. Interestingly, it was previously suggested that activated, proliferating T cells are more 

susceptible to IP inhibition, resulting in apoptosis and cell death (415). Thus, a combination of reduced 

activation and induction of cell death in activated cells could also contribute to the observed reduction 

of Th2 cells, even though cell death was not detectable in the current study as explained before.  

Moreover, this study also indicates that IP inhibition does not affect the proliferation capacity of T 

cells, as measured by similar expression levels of the proliferation marker Ki-67 and comparable 

proliferation upon anti-CD3 stimulation (Figure 14D-I). This is in line with other studies showing that 

pulse-treatment with ONX 0914 does not impair proliferation of CD4+ or CD8+ T cells in mixed-

lymphocyte reactions (200), which is similar to the setup of the current study since ONX 0914 was not 

added to the isolated T cells during in vitro stimulation. Furthermore, antigen-specific CD8+ T cells 

proliferated normally in LCMV-infected ONX 091 treated mice (209). In contrast, T cell proliferation 

was reduced in other studies in which IP inhibitors were permanently present during anti-CD3/CD28 

induced proliferation (192,199,212,415ς418). In a setup very similar to the one used in this study, 

isolated T cells from IP-inhibitor treated mice proliferated less upon in vitro restimulation (199). 

However, in vitro proliferation induced by anti-CD3 stimulation was performed only with splenocytes 

and might not reflect the proliferation status of Th2 cells in the lung. The high expression level of Ki-

67 among Th2 cells in the lung indicates that these cells proliferate normally, making impaired 

proliferation of Th2 cells rather unlikely in these OVA- and HDM-AI experiments.  

Impaired recruitment of T cells to the lung could be another explanation for the observed effects but 

there was no accumulation of Th2 cells in the lymph node or spleen detectable in any of the setups 

(data not shown). Future studies will have to elucidate whether decreased activation results in the 

reduced Th2 response or whether there is another underlying mechanism directly affecting Th2 cells. 

Besides a direct influence of IP inhibition on Th2 cells, an indirect effect through altered activation of 

CD4+ T cells by professional APCs such as DCs could be an underlying mechanism for the reduced Th2 

response. In the current study, a reduction of CD11c+ MHC-IIhi and CD11b+ CD11c+ APCs was detected 

upon ONX 0914 treatment in both AI models (Figure 10D,E and Figure 12F). These populations might 
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be mainly DCs and macrophages, even though analyses of more markers would be required to 

definitely characterize them. DCs express high levels of CD11c and MHC-II and play an important role 

in the generation of antigen-specific immune responses. The subtype cDC2 co-expresses CD11c and 

CD11b and induces Th2 cell differentiation during the sensitization phase (419,420). Moreover, the 

location of DCs close to airways allows them to immediately take up inhaled antigens and it was shown 

that they accumulate there after allergen challenge. Similarly, activated T cells accumulate in the same 

region which is an important local presentation mechanism (327). Therefore, impairing DCs in this 

setting could result in a reduced Th2 response. In line with the reduction of DCs and the Th2 response, 

decreased peribronchial inflammation could be observed in this study (Figure 11A), supporting the 

hypothesis of an involvement of reduced DC-T cell interaction. Indeed, DC activation was reported to 

be impaired by IP inhibition and genetic deficiency (187,213) and IP inhibition in pDCs could block CD4+ 

T cell proliferation in vitro (192). Moreover, it was shown before that IP inhibition reduces MHC-II 

expression on macrophages and endothelial cells which would lead to decreased interaction with CD4+ 

T cells (421,422) but this could not be detected in the current study, neither on bulk CD11c+ nor on 

CD11c+ MHC-IIhi cells (data not shown). In contrast, it was also shown before that OVA-AI developed 

independently of LMP7 expression in DCs (211). As discussed in more detail in section 5.1.4, 

pharmacologic inhibition and genetic deficiency of LMP7 have a different impact on proteasome 

function and can therefore not directly be compared.  

On the other hand, at least part of the identified CD11c+ populations could be macrophages (423). In 

the healthy lung, macrophages represent about 70% of the immune cell population and exposure to 

type 2 cytokines, especially IL-4 and IL-13, induces alternatively activated macrophages (M2) (385). 

Increased polarization and activation of macrophages has been reported in allergic asthma but the 

exact mechanisms in the response to the allergen remains to be elucidated (385,424). A reduction of 

macrophages upon IP inhibition would be in line with the literature. In a mouse model of viral 

myocarditis macrophage infiltration into the heart was reduced by ONX 0914 treatment (204). 

Furthermore, several studies have shown that the IP is required for macrophage function, e.g. nitric 

oxide production and the expression of opsonizing molecules (156,217). Interestingly, Chen et al. 

showed that IL-4 receptor signaling induced IP expression during M2 polarization, similar to the 

upregulation seen upon IFN- /ɹLPS stimulation in M1 macrophages. But since they found that IP 

inhibition and deficiency led to augmented M2 polarization (215), a reduction of these cells in the 

present study seems rather unlikely. Due to the high heterogeneity and plasticity of macrophages, and 

the shared expression of markers by DCs and macrophages, additional investigations are needed to 

characterize the CD11c+ subsets identified here. Since they were reduced in all settings, in line with 

earlier studies showing that ONX 0914 treatment reduced the frequency of CD11c+ cell in the spleen 
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of naïve mice (161), the IP seems to play a crucial role in the function of these cells, making them an 

interesting field for future studies.  

In contrast to the observed effects of IP inhibition on Th2 cells and CD11c+ cells, granulocytes were 

only mildly reduced in the BALF and lung of HDM-mice which were already persistent at the time of 

ONX 0914 treatment (Figure 12H,K). Very little is known about the role of the IP in granulocytes. 

Analysis of human PBMC subsets demonstrated expression of the IP-subsets in granulocytes on mRNA 

(425) and protein level (unpublished data from M. Basler, (426)) but these studies did not differentiate 

between eosinophils, basophils, neutrophils or mast cells. Since eosinophils were not affected by ONX 

0914 in the HDM experiment, it can be hypothesized that granulocytes do not require functional IP, as 

described in long-term bortezomib treatment of chronic asthma (410). Moreover, the observed 

reduction of eosinophils in OVA-AI likely results from the decreased Th2 response. 

Additionally, the inflammation could be maintained partly by ILC2s (388) which were not affected by 

ONX 0914 treatment (Figure 13). ILC2s play an important role in allergic AI, especially in the response 

to HDM since they are activated by IL-33 which is released from epithelial cells upon contact with HDM 

(388). AI induced by HDM, but not OVA, was reduced in ILC2-deficient compared to WT mice, 

implicating the important role of ILC2s in the immune response to inhaled allergens (298,427). 

Moreover, a high frequency of Th17 cells was detected in HDM experiments which was not affected 

by ONX 0914 treatment and could influence inflammation (see section 5.1.8).  

Taken together, the results of this project show that IP inhibition by ONX 0914 during the challenge 

phase reduces the Th2 response in models of OVA- and HDM-AI. The data indicates that in this setting 

Th2 cells are dependent on IP function and that, in the OVA-AI model, impairment of the Th2 response 

limits the recruitment of inflammatory cells to the lung. In HDM-AI a single dose of ONX 0914 strongly 

affected Th2 cells but was not sufficient to reduce persisting eosinophilic infiltration. Therefore, it will 

be interesting to investigate further if reduction of the Th2 response by IP inhibition might lead to 

changes in the inflammatory infiltration at a different time point, for example later on. To this end, 

changes in the treatment schedule, e.g. repeated dosing or variation of the starting point, could be 

investigated. Furthermore, alternative HDM models could be analyzed since a very wide variety of 

HDM asthma models is described in the literature (388), differing not only in timing but also in dosing 

and the composition of the HDM extract. This could shed light on how and at which time the IP is 

required for allergic responses and the recruitment of inflammatory cells. Nevertheless, this study 

provides insight into the important role of the IP in Th2 cells in allergic AI. Together with the recent 

observation by Kammerl et al. that the ratio of LMP7 to ̡5c is enhanced in asthmatic patients (428), 

this data lays the ground for therapeutically targeting the IP in this context. 
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5.1.4. OVA-induced airway inflammation in LMP7-KO mice21 

Volkov et al. previously reported reduced inflammation in LMP7-KO mice in OVA- but not HDM-

induced AI (211). In order to reproduce this study, WT and LMP7-KO mice were used to analyze OVA-

AI in the very similar model used in this study. In contrast to the previous results, no differences 

regarding the Th2 response, eosinophilic inflammation or antibody levels were observed between WT 

and LMP7-KO mice in this setting (Figure 16). Since strong ʲрŎ ŜȄǇǊŜǎǎƛƻƴ was detected in lungs of 

LMP7-KO mice (Figure 16G), it can be hypothesized that the standard ǎǳōǳƴƛǘ ʲрŎ Ŏŀƴ ǎǳōǎǘƛǘǳǘŜ [atт 

in Th2 cells here as it was reported for naïve and virus-infected LMP7-KO mice (108,126,212). Because 

LMP7 is required for the incorporation of LMP2 and MECL-1 into proteasomes as discussed in 5.1.1, 

genetic depletion of LMP7 mainly leads to formation of mature SP (103,108,126). Together with the 

fact that the proteasome is not primarily involved in generation of peptides for presentation on MHC-

II, the current data suggests that the specific expression of IP is not required for mounting the Th2 

response and specific antigen presentation seems an unlikely underlying mechanism. The previous 

study using LMP7-KO mice suggested impaired generation of memory T cells following intraperitoneal 

sensitization in the OVA model which later on results in an impaired Th2 response upon challenge. 

Given the slightly different time schedule applied in their study (3 immunizations on day 0, 14 and 21 

weeks vs. 2 immunizations on day 0 and 7), this could be a potential explanation for the observed 

differences. However, it was previously shown that OVA-specific CD44hi CD4+ T cells persist for more 

than 30 days at similar levels in the spleen and bone marrow following immunization with OVA/Alum 

(429). Therefore, it is rather unlikely that the frequency of primed/άƳŜƳƻǊȅέ ¢h2 cells already declined 

so differently between the two models and in both cases, mice were challenged 7 days after the last 

immunization.  

Furthermore, it is important to note that proteasome inhibition vs. genetic deficiency of subunits has 

different consequences. In the first case, functional proteasome complexes are inhibited, leading to 

reduction of general protein degradation by the proteasome which affects cellular homeostasis. In 

contrast, genetic deficiency of one (or more) IP-subunits leads to the formation of SP or mixed 

proteasomes without acute effects on general degradation or induction of proteostatic stress 

(127,212). Therefore, inhibition of IP function by ONX 0914 most likely has different effects on the 

immune response compared to KO-mice, i.e. in the Th2 response upon allergen-challenge. Indeed, 

there are studies demonstrating that IP-deficiency or inhibition can have even opposing results. In viral 

myocarditis, LMP7-deficiency enhanced the immunopathology (138) whereas ONX 0914 had beneficial 

effects in reducing tissue damage and inflammation (204). Moreover, it was recently demonstrated 

that inhibition of both, LMP7 and LMP2, is required to block Th17 cell function and autoimmunity (179) 

                                                           
21 Parts of this section were published in (462). 
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and single subunit-specific inhibitors were not able to block autoimmunity (176). Since LMP2 inhibition 

was also observed in the current study (Appendix Figure 4), it suggests a similar mechanism in Th2 cells 

and a potential explanation for the differences seen between ONX 0914 treatment and LMP7-KO mice. 

In the future subunit specific inhibitors could be used to further investigate the role of the IP in T cell 

development. 

5.1.5. Prophylactic IP inhibition during the development of allergic airway 

inflammation 

Given the discrepancy of the data regarding LMP7-KO mice compared to ONX 0914 treatment during 

the challenge phase, another set of experiments was performed to evaluate the impact of IP inhibition 

on the early induction of Th2 cells. Therefore, the same OVA- and HDM-AI models were used but ONX 

0914 was applied continuously starting from the beginning - ŀ ƪƛƴŘ ƻŦ άǇǊƻǇƘȅƭŀŎǘƛŎέ ǘǊŜŀǘƳŜƴǘΦ Lƴ 

contrast to the other treatment schedule, this prophylactic ONX 0914 treatment did not affect the Th2 

response (Figure 17 and Figure 18). Similar to LMP7-KO mice, the frequency of Th2 cells and 

eosinophilic infiltration were not affected by this prolonged treatment. It was previously reported that 

prolonged IP inhibition leads to the upregulation of the standard subunit 5̡c which represents a 

compensatory mechanism suggested to protect cells from apoptosis due to proteostatic stress 

(176,183,212,404). Indeed, immunoblot analysis of lung and spleen from ONX 0914 treated mice 

showed markedly upregulated expression of 5̡c (Figure 17J). Mechanistically, proteasome inhibition 

was shown to induce upregulation of all subunits via the activation of the Nrf1-pathway (430ς432) 

which was recently also reported for IP inhibition (212,433). Even though Nrf1 levels were not analyzed 

in this study, it is very likely that it was also activated here, leading to the compensatory expression of 

5̡c ŀƴŘ Ǉƻǎǎƛōƭȅ ʲмŎ. Importantly, it was also shown that LMP7 was modified by ONX 0914 (Figure 17J) 

which indicates the successful inhibition and argues against insufficient inhibitor function. 

Interestingly, there was a similar tendency of reduced serum IgG1 levels detectable in this setup even 

though this did not reach significance, probably due to the small sample size (Figure 17I). As mentioned 

in the previous section, several studies have already shown that plasma cells are particularly affected 

by proteasome inhibition, resulting in decreased antibody secretion and induction of cell death 

(114,187,201,202,212,434). Taken together, this data indicates that Th2 cells can compensate IP 

inhibition by the upregulation of ̡5c όŀƴŘ Ǉƻǎǎƛōƭȅ ʲмŎύ and thus maintain the type 2 response whereas 

this might not take place to the same extent in plasma cells.  

5.1.6. Conclusion: IP inhibition in allergic airway inflammation 

Together with the results from LMP7-KO mice, it can be concluded that Th2 cell differentiation does 

not critically depend on IP function, making it unlikely that a factor for T cell differentiation exists that 

is specifically processed by the IP as it was suggested before (28,147). It can be hypothesized that the 
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inhibitory effect of ONX 0914 rather results in generally impaired protein degradation and that this 

mild proteostatic stress impairs activated Th2 cells upon antigen-challenge. It was shown before that 

cells undergoing high protein turnover are susceptible to proteostatic stress due to IP inhibition, e.g. 

plasma cells and monocytes (187,201,202,210). In line with the hypothesis, it was previously shown 

that ONX 0914 treatment leads to proteostatic stress upon T cell activation which derived from protein 

neosynthesis (212). Moreover, subsequent upregulation of ̡5c might lead to the clearance of 

accumulated poly-ubiquitinated proteins which is in line with the results from this study. Priming of T 

cells is a slow process requiring several days and less proliferation compared to the rapid proliferation 

induced upon re-activation during the challenge (435). Therefore, it can be hypothesized that during 

prophylactic ONX 0914 treatmentΣ ʲ5c upregulation is induced early enough to compensate the 

inhibition. Of note, the prophylactic treatment is not clinically relevant since allergic sensitization 

usually occurs very early in life and the time point or period is unknown. Therefore, treatment usually 

concentrates on the acute immune response upon re-encounter with the allergen. In the respective 

setting, inhibition just during the challenge phase impaired rapid re-activation of Th2 cells, probably 

by inducing proteostatic stress due to increased protein synthesis at this state (212,404,436,437). Even 

though increased cell death could not be detected here, it was previously shown that specifically 

activated, proliferating CD4+ T cells are susceptible to apoptosis induction upon IP inhibition (415). 

How this proteolytic stress leads to the observed changes e.g. in cytokine secretion and if maybe 

apoptosis is induced, needs to be investigated in the future. In conclusion, IP inhibition poses an 

interesting new therapeutic option for the treatment of Th2 cell-mediated diseases such as allergic 

asthma but detailed studies are needed to determine the right time point and duration.  

5.1.7. Effect of IP inhibition on Th17 cells in DSS colitis 

Several studies using pre-clinical mouse models of (auto-) inflammatory diseases have shown that IP 

inhibition has great therapeutic potential, for example in SLE, EAE and IBD (summarized in (438)). It 

was very consistently demonstrated in these studies that the frequency of Th17 cells was reduced 

upon IP inhibition, in line with in vitro studies showing impaired Th17 cell polarization 

(162,165,179,184,196). Importantly, it was shown that co-inhibition of LMP7 and LMP2 is required to 

block autoimmunity (179). Even though many studies have demonstrated this effect on Th17 cells, it 

is still not clear at which point IP inhibition interferes with the Th17 response. Therefore, two main 

hypotheses were investigated in this study using the DSS colitis model as it is a fast method to induce 

Th17 cells in a clear timeframe. First, potential impairment of early Th17 cell development was 

analyzed. To this end, the IP inhibitor ONX 0914 was applied starting with the exposure to DSS. Second, 

Th17 cells were first induced by DSS application and mice were then treated with ONX 0914 to analyze 

the survival of these Th17 cells. 
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In line with previous studies of IP inhibition (161,162,179,184,439), the hallmark characteristics of DSS 

colitis, namely body weight loss and shortening of colon length, were improved by ONX 0914 

treatment (Figure 19). Interestingly, even though there were also reports of opposing results obtained 

by IP inhibition vs. deficiency in mouse models for other diseases (discussed in section 5.1.4), several 

studies demonstrated ameliorated disease symptoms of colitis in mice lacking one of the IP-subunits 

(161,162,402) which was attributed to LMP7-deficiency in the hematopoietic compartment (402). In 

line with these results, it was demonstrated by several groups that the Th17 response was reduced in 

mice with impaired IP function, indicating that the IP plays a crucial role in Th17 cells 

(162,164,206,179,184,188,190,191,195,199,200). These observations could be confirmed in the 

current study as the frequency of Th17 cells was strongly reduced in the first setup when ONX 0914 

was given starting from the beginning (Figure 20). Previous studies using IP inhibitors so far only 

investigated one time point, usually day 9 of the DSS experiment. For example, Kalim et al. showed 

that daily application of ONX 0914 reduced the frequency of Th17 cells in the lamina propria of DSS 

mice even though the frequency detected there was generally lower than in the current study (approx. 

1.4 % vs. 6.5 % in the vehicle treated group) (162). Since this might be attributed to the use of reporter 

mice in the current study compared to restimulation and intracellular cytokine staining in the previous 

study, the conclusion might be still comparable. Moreover, other studies analyzing IL-17 expression 

levels and IL-17 secretion also reported reductions upon IP inhibition and also in LMP7-KO mice, 

indicating that the Th17 response is indeed impaired (161,184,402). In order to assess whether the 

development of Th17 cell is directly affected by IP inhibition, different time points were analyzed. 

According to the normal timeframe that the establishment of the adaptive immune response requires 

several days, the frequency of Th17 cells increased in the lamina propria from day 6 to day 8 in vehicle 

treated mice (Figure 20D,E). Th17 cells could only unreliably be detected on day 4 with great variances 

between the individual mice. Since also other studies showed that the Th17 response is still very low 

at this time point (402), the data is not shown here. Nevertheless, the small proportion of Th17 cells 

that was already detectable at this time was comparable between the two treatment groups. In 

contrast, the frequency of Th17 cells was strongly increased on day 6 and especially day 8 in the vehicle 

treated mice while the frequency of Th17 cells stayed low on both days in the ONX 0914 group (Figure 

20D,E), indicating that Th17 cells did not develop in the first place. It is important to note that the 

inflammation induced by DSS is not mediated by the adaptive but the innate immune response (440) 

and thus, the induction of Th17 cells is rather a consequence of the inflammation. Accordingly, 

impaired function of the innate immune response could result in decreased Th17 cell formation but a 

detailed analysis of innate immune cells was not part of the current study. Establishment of the Th17 

response in the intestine requires antigen presentation and co-stimulation by APCs such as DCs (397). 

Therefore, also impaired function of APCs could lead to this reduced Th17 response, as discussed for 
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Th2 cells in section 5.1.3. Moreover, it was previously shown that IP inhibition of either CD4+ T cells or 

APCs (CD4- splenocytes) impaired Candida albicans-induced polarization of Th17 cells which was 

dependent on MHC-II function (421). Analysis of the CD11c+ population demonstrated a reduction in 

their abundance in ONX 0914 treated mice on day 6 and day 8 (Figure 22), suggesting that also reduced 

activation of T cells by DCs could lead to the observed decrease of Th17 cells. Since the detected 

differences were not very strong, further analyses, also more functional ones, would be required to 

definitely address this possibility. However, since it is established that differentiation of Th17 cells from 

naïve CD4+ T cells in vitro is impaired by IP inhibition (162,165,179,184,196), a T cell intrinsic 

mechanism seems more likely. One possibility could be impaired activation of T cells as described 

before and discussed in detail in section 5.1.3. Since T cell activation is critically required for 

polarization, impaired activation would lead to a reduction of Th17 cells as observed here. Indeed, 

reduced expression of CD44 and less CD44hi cells could be detected in splenic CD4+ FoxP3- cells (Figure 

21), similar to the results in OVA-AI and the literature (section 4.2.6 and (193,212,441)). Taken 

together, the data of the first part of this project indicates that Th17 cell development is strongly 

impaired by IP inhibition, possibly by compromising activation. 

Because the majority of studies investigating autoimmune diseases applied IP inhibitors starting from 

the beginning of disease induction, little is known about the impact of IP inhibition on survival of Th17 

cells. To address this issue, the same DSS setup was used as before but ONX 0914 was applied starting 

on day 6 when Th17 cells were already induced. In contrast to the strong effects observed before, 

there was no reduction in the ONX 0914 treated group but a tendency of slight increase (Figure 24). 

Since this increase was only significant on day 12 and also only when the frequency of IL-17+ cells 

among CD4+ T cells was analyzed (not in respect to all viable cells), the biological relevance of this 

observation is difficult to determine. However, the data clearly demonstrates that already 

differentiated Th17 cells are not reduced by IP inhibition. This is in line with previous reports that IP 

inhibition does not induce apoptosis in T cells (161,192,210,212). Even though to my knowledge, no 

study investigated the survival of differentiated Th17 cells in colitis, the survival of Th17 cells upon IP 

inhibition was assessed in a therapeutic setting of EAE. It was shown that also therapeutic application 

of ONX 0914 after the establishment of active EAE could ameliorate disease symptoms and decrease 

the Th17 response. Moreover, adoptive transfer of in vitro stimulated PLP139-151-reactive T cells led to 

induction of EAE in vehicle but not ONX 0914 treated mice, indicating that the observed effect was 

mediated by impaired differentiation and function of antigen-specific T cells (164). One hypothesis for 

these opposing results regarding Th17 cell survival upon IP inhibition could be the different activation 

statuses of these cells in the two experiments. While DSS-induced inflammation is only short-lived and 

activation of naïve T cells probably already took place before ONX 0914 was applied, EAE develops 

more slowly and over a longer period of time during which Th17 cells are likely continuously (re-
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activated) and new naïve CD4+ T cells are stimulated. Therefore, the involved Th17 cells are likely in a 

different activation state with diverse protein turnover and could thus be differentially susceptible to 

IP inhibition. This hypothesis would be in line with a previous study showing that activation of T cells 

is impaired by IP inhibition but resting cells are not affected (see discussion in section 5.1.3).  

Furthermore, one hypothesis for the slight increase in the ONX 0914 group could be that the survival 

of Th17 cells is even enhanced in this group. While the levels of Th17 cells in the vehicle group are very 

similar between day 8 and day 10, they start declining towards day 12. This results from the fact that 

the acute inflammation resolves once DSS treatment is stopped and the epithelial layer in the intestine 

recovers. In line with this, also the level of induced antigen-specific T cells usually declines again (442). 

Thus, elevated Th17 cell levels could result from impaired contraction of the T cell response and 

prolonged survival of these cells or even from sustained general inflammation. Since there was no 

difference between the groups in regaining their original weight and colon length (Figure 23), sustained 

intestinal inflammation is rather unlikely. Nevertheless, histologic analyses and investigations of the 

Th17 cell population at a later time point would be required to draw a definite conclusion if this slight 

increase reflects a true difference in the survival of Th17 cells.  

5.1.8. Th17 cells in HDM-AI 

In order to confirm the previous observation in another model, the Th17 response was analyzed in 

HDM-AI. Even tough allergic asthma is typically characterized by a high type 2 response, the 

involvement of Th17 cells in the pathogenesis of specific subtypes of asthma was reported in the last 

years (335,398). While immunization with OVA-Alum is a classical model for T2-high asthma, HDM was 

reported to induce also a mixed phenotype (443,444). Therefore, Th17 cells were analyzed in this setup 

and found to be clearly induced in the lung of HDM-AI mice. In contrast to the effect of ONX 0914 on 

Th2 cells, Th17 cells were not affected by the single dose treatment of ONX 0914 (Figure 26). This is in 

line with the results obtained from the DSS experiments, strengthening the finding that differentiated 

Th17 cells are not impaired by IP inhibition. Furthermore, this observation could, at least partially, 

explain the sustained inflammation in HDM-immunized mice and the slight change in eosinophilic vs. 

neutrophilic inflammation. Even though there was no difference in absolute cell numbers, a decrease 

in the frequency of eosinophils was detected while there was a tendency of increased neutrophils 

(Figure 12I). IL-17 levels were reported to correlate with neutrophilic inflammation in asthmatic 

patients (298,337) and Th17 cells were linked to neutrophil recruitment in mice (339). Therefore, the 

observed slight changes in the frequency of granulocytes could result from the maintained Th17 cell 

population. Moreover, IP inhibition was shown to influence neutrophil recruitment independently of 

the Th17 response, resulting in increased neutrophil numbers at the site of infection in ONX 0914 

treated Candida albicans infected mice (421) but whether a similar process takes place in non-
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infectious immune responses is not known. Thus, whether not only Th2 cells but also Th17 cells indeed 

play a major role in the maintenance of this inflammation requires further investigation because the 

frequency of Th2 cells was higher and the observed inflammation was mainly eosinophilic while 

neutrophils were generally less abundant. 

5.1.9.  Tregs in DSS colitis 

Tregs are crucial for the regulation of immune responses by limiting excessive inflammation and 

subsequent tissue damage as well as for preventing autoimmunity. Previous data regarding the 

influence of IP inhibition on the differentiation of Tregs in vitro yielded opposing results. While Kalim 

et al. demonstrated enhanced Treg differentiation in the presence of ONX 0914 (162), C. Schmidt did 

not observe a difference between DMSO and ONX 0914 groups (445). It is important to note that the 

experimental setup of both studies was not identical since T cells were only pulse-treated in the first 

study but ONX 0914 was continuously present in the second one. Since in vitro differentiated Tregs are 

reported to have different functions than the ones in vivo (446) and thus might not reflect the influence 

of ONX 0914 in physiological conditions, Tregs were investigated in DSS colitis where they are strongly 

induced (447). In the lamina propria of DSS treated mice, the frequency of Tregs was increased on day 

6 and day 8 but no differences between vehicle and ONX 0914 treated mice were observed (Figure 

25B-D). Interestingly, the previous report that Tregs were more abundant in ONX 0914 mice during 

DSS colitis (162) did not investigate the lamina propria on day 8 (where and when Th17 cells were 

analyzed) but the mesenteric lymph node on day 6. Analysis of the lymph node in the current study 

did not reveal differences between the DSS groups and naïve mice on day 6 (data not shown) but only 

on day 8 (Figure 25E), which is in line with the reported time frame for the development of Tregs in 

DSS colitis (447). Thus, it remains unclear what led to the previously observed enhancement. 

Moreover, the decrease of Tregs in the lymph node on day 8 detected upon ONX 0914 treatment could 

result from the generally reduced inflammation, possibly due to an impaired innate immune response 

observed in these mice as discussed for Th17 cells. Moreover, it was previously shown that IP inhibition 

impairs IL-2 secretion of activated T cells (212). Since Tregs require strong IL-2 signaling (448), reduced 

IL-2 levels could also result in lower levels of Tregs. With the current setup it is not possible to 

determine whether the induction of Tregs is impaired here on a cell-intrinsic level or if it is a 

consequence of decreased inflammation and decreased IL-2 levels. Because Tregs could readily be 

identified in the lamina propria, the first hypothesis seems rather unlikely. Furthermore, preliminary 

experiments showed that application of ONX 0914 after the DSS cycle starting on day 6 did not affect 

Treg abundancy (data not shown), indicating that Tregs are not critically dependent on IP function. 

Taken together, it can be concluded that Treg differentiation is most likely not impaired by IP inhibition 

and no evidence was found that it enhances their differentiation as proposed before. Nevertheless, 
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functional characteristics of Tregs were not assessed in this study and thus, no conclusion can be drawn 

about the effect of IP inhibition on their suppressive capacity.  

5.1.10. Conclusion and future perspectives: effect of IP inhibition on Th cells 

The data of this project demonstrates diverse effects of IP inhibition on CD4+ Th cells in different 

inflammatory settings. While the levels of Th2 cells were reduced by IP inhibition during the challenge 

phase, they developed normally when ONX 0914 was applied starting from the first antigen 

sensitization. In contrast, Th17 cell differentiation was impaired by early IP inhibition but established 

levels of Th17 cells were not affected by ONX 0914. These results show that CD4+ Th cells are not 

generally affected by impaired IP function but that the effect of IP inhibition highly depends on the 

time point. Taking all the experiments together, the common denominator for the inhibitory effect of 

IP inhibition on Th cells seems to be the activation state of the cells which fits to the previous work by 

Schmidt et al. (212), if assuming that it is a T cell intrinsic mechanism and not caused by altered antigen 

presentation etc. It can be hypothesized that in Th2 cell-mediated allergic settings, the first 

sensitization events require less activation and protein turnover than the later rapid re-activation upon 

antigen challenge. Thus, T cells develop normally in the first setting and the prolonged exposure to 

ONX 0914 induces upregulation of ̡ рŎ όŀƴŘ Ǉƻǎǎƛōƭȅ ʲмŎύ which compensates the inhibited IP-subunits. 

In order to prove this idea, conditional Nrf1-deficient mice (449) could be used to assess if this 

mechanism mediates the resistance of CD4+ T cells to ONX 0914.  

In contrast, primed Th2 cells undergo rapid activation and proliferation upon re-encounter with the 

allergen, likely requiring increased protein turnover, and are therefore highly affected by IP inhibition. 

5ǳŜ ǘƻ ǘƘƛǎ ǊŀǇƛŘ ǇǊƻŎŜǎǎΣ ʲ5c-upregulation is likely too slow and thus cannot compensate impaired 

proteasome function. In line with this hypothesis, DSS induces fast acute inflammation and also T cells 

are immediately strongly activated. Thus, IP inhibition interferes with the development of Th17 cells 

but once the inflammation declines, their activation status likely also decreases and they are less 

dependent on IP function. To prove this hypothesis, future experiments could investigate the exact 

activation status and, for example, accumulation of poly-ubiquitinated proteins in Th cells at different 

time points. Furthermore, the previously suggested specific differences of IP inhibition on Th1 and 

Th17 cells but not Th2 cells could not be confirmed in this study. Given the similar expression levels of 

IP-subunits in all investigated Th subsets and the results of the in vivo experiments, the effect to impair 

differentiation seems to rather result from something else, e.g. impaired activation of the cells as 

discussed before.  

In conclusion, this study showed that IP inhibition is a useful tool to target aberrant Th responses in 

acute inflammatory diseases such as allergic airway inflammation and colitis. Short-term treatment at 

the time of strong T cell activation limits the Th2 and Th17 response and thus provides a therapeutic 
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approach in diseases with phases of strong T cells activation such as allergic asthma upon antigen-

challenge or acute attacks in IBD. 

5.2. Part II: A novel cell line for inducible immunoproteasome expression  

5.2.1. Comparative proteomics analysis of IP vs. SP expressing cells 

Besides the generation of peptides better fitting for MHC-I presentation, several studies have 

previously suggested that the IP exclusively degrades certain proteins and thus mediates particular 

cellular functions. In order to perform a comparative proteomics analysis for the identification of such 

proteins, a novel inducible cell line was generated in the course of this study. This cell line was based 

on the lymphoblastoid line LCL721.174 which lacks the genomic region encoding for LMP2 and LMP7. 

Lentiviral transduction with the tamoxifen-responsive transcription factor Gev16 and genes encoding 

for LMP2 and LMP7 under the control of Gev16, led to the generation of a new stable cell line for 

inducible IP expression. Immunoblotting and 2D gel electrophoresis of induced samples showed robust 

expression of IP-subunits and successful incorporation into mature proteasomes while the SP levels 

strongly declined (Figure 27). Thus, these cells were used for SILAC analyses to screen for differentially 

processed proteins in IP vs. SP expressing cells. The two hits with the highest statistical significance to 

be reduced in IP samples ǿŜǊŜ t{a.с ŀƴŘ t{a.р ǿƘƛŎƘ ŀǊŜ ʲмŎ ŀƴŘ ʲрŎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŀƴŘ ŀƭǎƻ t{a.т 

όʲнŎύ ǿŀǎ ŀƳƻƴƎ ǘhe top ten results (Figure 28B). This clearly shows that the inducible system works 

ǾŜǊȅ ǿŜƭƭ ǘƻ ǊŜŘǳŎŜ {t ƭŜǾŜƭǎ ƛƴ ǘƘŜǎŜ ŎŜƭƭǎΦ ²ƘƛƭŜ ƭŜǾŜƭǎ ƻŦ ʲмŎ ŀƴŘ ʲрŎ appeared very low in induced 

cellsΣ ʲнŎ ƭŜǾŜƭǎ ǎŜŜƳŜŘ relatively higher which indicates the presence of mixed proteasomes 

ŎƻƴǘŀƛƴƛƴƎ ʲмŎ ŀƴŘ ʲрŎ ŀƭƻƴƎ ǿƛǘƘ ŜƛǘƘŜǊ ʲнŎ ƻǊ a9/[-1. For note, this analysis allows quantitative 

comparison of the two sample sets regarding an individual protein but comparison of different 

proteins among each other is not really possible. ¢ƘŜǊŜŦƻǊŜΣ ǉǳŀƴǘƛǘŀǘƛǾŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ʲмŎΣ ʲнŎ ŀƴŘ 

ʲрŎ to each other is not directly feasible. IƻǿŜǾŜǊΣ ʲнŎ ŀǇǇŜŀǊŜŘ ƴƻǘ ǘƻ ōŜ ǎƻ ǎǘǊƻƴƎƭȅ ǊŜŘǳŎŜŘ ƛƴ 

induced samples which corresponds to the immunoblot analysis (Figure 28C) and fits to the 

characteristics of proteasome assembly that LMP7 enables the successful incorporation of LMP2 and 

MECL-1 (29,108). Furthermore, it was previously reported that LMP2 and MECL-1 are mutually 

required for their incorporation (109) but other studies with LMP2- and MECL-1-deficient mice have 

challenged this (114ς116). In the current data, ǘƘŜǊŜ ǿŀǎ ƴƻ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊŜŎǳǊǎƻǊ ƻŦ ʲнŎ 

detectable, even though it cannot be ruled that the antibody might not detect this form. Successful 

ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƻŦ ʲнŎ ǿƻǳƭŘ ǎǳƎƎŜǎǘ MECL-1-independent incorporation of LMP2 ǘƻƎŜǘƘŜǊ ǿƛǘƘ ʲнŎ and 

the formation of mixed proteasomes. 

Besides the differentially detected proteasome subunits, the result with the highest statistical 

significance was NF-ˁ. ǇмлрκǇрл (Figure 28B). This is particularly interesting because several studies 

have previously reported increased degradation of NF-ˁ. ōȅ ǘƘŜ Lt (450ς452) but others have reported 
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no differences (403,453,454). Processing of precursor p105 by the proteasome produces the p50 

subunit which acts as a transcription factor upon homodimerization or heterodimerization with p65 or 

c-Rel in the absence of the ƛƴƘƛōƛǘƻǊȅ ǎǳōǳƴƛǘ Lˁ.ʰ (455). Since the proteasome plays such a crucial role 

in NF-ˁ. ǎƛƎƴŀƭƛƴƎΣ ǎŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ƘŀǾŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ǘƘŜ ǊƻƭŜ ƻŦ Lt ŀƴŘ {t ƛƴ ǘƘƛǎ ŎƻƴǘŜȄǘΦ IǳƳŀƴ ¢н 

cells lacking LMP2 and LMP7 and LMP2-deficient lymphocytes were shown to harbor impaired NF-ˁ. 

activity and reduced generation of p50 and p52 (450) but a later study challenged this since 

reconstitution of LMP2 and/or LMP7 expression did not affect p50 levels (453). In line with this, 

accelerated p105 processing was reported to correlate with higher IP activity in /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ 

patients (451) and p105 and p50 accumulated in LMP7/MECL-1- and LMP2-deficient cells compared to 

WT (452). In contrast, other studies showed that nuclear translocation of p50/p65 was not altered in 

LMP7/MECL-1- and LMP2-deficient cells (403) or by IP inhibition (454) and was even enhanced in 

another study using a novel IP inhibitor named DPLG3 (439). Since nuclear translocation of p50/p65 

ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŀŎǘƛǾƛǘȅ ƻŦ Lˁ.ʰΣ ǘƘŜ ƻōǎŜǊǾŜŘ ŎƘŀƴƎŜǎ ŎƻǳƭŘ ŀƭǎo result ŦǊƻƳ ŀƭǘŜǊŜŘ Lˁ.ʰ ǇǊƻŎŜǎǎƛƴƎ 

which also requires the proteasome. There is also conflicting data about the role of the IP in the 

ǇǊƻŎŜǎǎƛƴƎ ƻŦ Lˁ.ʰ, with some studies reporting enhanced degradation (114,124,450,451) and others 

no difference (212,403,454,456). Thus, the results from the SILAC experiment provide new evidence 

for the involvement of the IP in NF-ˁ. ǇǊƻŎŜǎǎƛƴƎ ōǳǘ cycloheximide chase experiments investigating 

the degradation of p105 did not reveal any differences (Figure 28C). However, since many studies used 

TNF to activate NF-ˁ. ǎƛƎƴŀƭƛƴƎΣ ƛǘ ƳƛƎht be worth re-investigating p105/p50 levels upon TNF 

treatment. 

Furthermore, POMP (proteasome maturation protein) was found to be significantly higher in SP 

containing samples (Figure 28B). POMP is critical for proteasome assembly (97ς100) and binds the pro-

peptide of LMP7 with a higher affinity than to ǘƘŜ ƻƴŜ ƻŦ ʲрŎ ŀƴŘ ǘƘǳǎ Ǉƭŀȅǎ ŀ ŎŜƴǘǊŀƭ ǊƻƭŜ ƛƴ ǘƘŜ 

formation of LMP7-containing proteasomes (107). The reduction of POMP in IP containing samples is 

in line with the fact that LMP7 mediates rapid turnover of POMP, resulting in lower levels of POMP in 

LMP7-expressing cells (107).  

Interestingly, the levels of two proteins involved in glycosylation were found to be different in IP vs. SP 

containing cells (Figure 28B). While phosphomannomutase 2 (PMM2) was higher in SP samples, 

polypeptide N-acetylgalactosaminyltransferase 2 (GALNT2) was strongly elevated in IP expressing cells. 

Even though glycosylation is involved in various cellular processes, it is particularly important in B cells 

for antibody production (457), e.g. GALNT2 was reported to be essential for glycosylation of IgA (458). 

Furthermore, glycosylation defects result in ER stress and accumulation of misfolded proteins (459). 

To my knowledge, there is no data available that indicates a specific role of the IP in glycosylation 

processes by changing respective enzyme levels and thus, this finding might be interesting to 

investigate further. For example, surface expression of ICAM-1 or LAMP1, two common cellular 
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glycosylation markers, could be assessed by flow cytometry since they were reported to be affected 

by changes in PMM2 (460).  

Interpretation of the other results from the SILAC analysis is rather difficult because also the control 

samples from the LCL721.174-pGev16 lacking LMP2 and LMP7 seem to differ upon tamoxifen 

treatment. Thus, observed differences might result from unspecific effects of tamoxifen rather than IP 

expression, even though the analysis process was aimed at filtering out such differences. Moreover, 

the detected differences appeared rather minor.  

In summary, even though several statistically significant changes were detected, there was no result 

with a large, striking difference between IP and SP containing cells. In particular, one aim of this study 

was to identify a factor specifically processed by the IP which could explain the differences in B and T 

cell biology that are not mediated by antigen processing (28). These findings here rather indicate that 

there is no such factor and that protein content in IP and SP expressing cells is very similar. Although 

this setup was chosen because B cells physiologically express high levels of IP (212), this experiment 

might not reflect processes in other cell types. Moreover, it might be interesting to perform a similar 

analysis upon activation as it was previously reported that IP function is also important for B cell 

activation (212).  

5.2.2. Oxidative stress and degradation of poly-ubiquitinated proteins in IP vs. CP 

expressing cells 

Several studies have previously implicated a protective role of the IP in oxidative stress (85,124,138) 

but also opposing data exists (120). Seifert et al. showed that IFN- -ɹinduced accumulation of oxidized 

proteins was elevated in LMP7-deficent mice and isolated cells which coincided with higher levels of 

poly-ubiquitinated proteins (124). Similar results were obtained in cardiomyocytes and B cell depleted 

splenocytes from LMP7 mice upon in vitro stimulation with IFN-ʴ ƻǊ in vivo viral infection (138). 

Recently, a systematic study using isolated 20S proteasomes compared the degradation efficiency of 

oxidized proteins by different proteasome subtypes containing only standard- or one or more 

immunosubunits (intermediate proteasomes). It was demonstrated that oxidized calmodulin and 

hemoglobin are faster degraded by IP and also intermediate proteasomes exhibited faster degradation 

than SP which was linked to disruption of protein structure by oxidation (123). Even though isolated 

20S proteasome might behave differently in vitro than in cellulo, the fact that the 26S proteasome 

dissociates into uncapped 20S in oxidative conditions (131ς134) indicates that degradation of the 20S 

proteasome is also relevant in cellulo. Moreover, LMP7-deficiency was previously linked to higher 

susceptibility for apoptosis induction upon IFN-ʴ ǘǊŜŀǘƳŜƴǘ ǿƘƛŎƘ ǿŀǎ ǎǳƎƎŜǎǘŜŘ ǘƻ ōŜ ŎŀǳǎŜŘ ōȅ 

accumulation of oxidized proteins (124). Therefore, apoptosis was measured in LCL721-G27 and 

LCL721.174-pGev16 cells which were treated with H2O2 in the presence or absence of tamoxifen but 
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no differences could be detected in IP vs. SP expressing cells (Figure 29A). Moreover, similar results 

were obtained with primary T and B cells from WT and MECL-1/LMP7-KO mice which reacted similar 

to H2O2 treatment (Bachelor thesis of Ann-Kathrin Gluns performed under my supervision; data not 

shown). It is important to note that the previous study mainly used IFN-ʴ ǘǊŜŀǘƳŜƴǘ ǘƻ ƛƴŘǳŎŜ ƻȄƛŘŀǘƛǾŜ 

stress and apoptosis. Therefore, it is possible that the observed effects derive from other processes 

induced by IFN-ʴ ǿƘƛŎƘ ŀǊŜ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ƻȄƛŘŀǘƛǾŜ ǎǘǊŜǎǎΦ Moreover, only the induction of apoptosis 

was investigated here because it reflects the impact of potential degradation defects on cellular 

homeostasis. Thus, oxidized proteins might accumulate without affecting cellular viability. Oxyblot 

analyses would be required to address this aspect. 

Similarly, Seifert et al. stated that poly-ubiquitinated proteins accumulate upon treatment with IFNs 

and that the IP is more efficient at degrading these proteins (124) but others have strongly challenged 

this concept (125). In line with the latter finding, there was no difference in the presence of poly-

ubiquitinated proteins detectable over the time course of 7 days after induction of IP expression by 

tamoxifen in the current study (Figure 29B). Given that in the previous study cells were stimulated with 

IFNs, it would be interesting in the future to investigate the effect of IFN-ʴ ƻƴ [/[-G27 cells. 

Nevertheless, differential degradation of poly-ubiquitinated proteins seems rather unlikely since 

specificity for ubiquitin is mediated by the 19S regulator and not the 20S core containing the 

ŀƭǘŜǊƴŀǘƛǾŜ ʲ-subunits which is the rate limiting step in proteolysis by the 26S proteasome (summarized 

in (29,127)). Moreover, tissue samples of mice lacking one or more IP-subunits did not show 

accumulation of poly-ubiquitin conjugates neither in the steady state (121,126) nor upon viral infection 

(126). In line with these findings, isolated DCs, macrophages and B cells from LMP7/MECL-1, LMP7- or 

LMP2-deficient mice, respectively, did not show an accumulation of poly-ubiquitinated proteins, even 

when they were activated (114,120,122). Furthermore, Abi Habib et al. demonstrated similar in vitro 

degradation kinetics for several proteasome subtypes containing only SP- or one or more IP-subunits 

(123). However, in vivo studies showed enhanced accumulation of poly-ubiquitin conjugates in LMP7-

KO mice in experimental pancreatitis (461) and coxsackievirus B3 induced myocarditis (138) but this 

could also be a secondary effect resulting from enhanced inflammation with higher levels of IFN-  ɹ

which causes oxidative stress and induction of the unfolded protein response (127). 

Taken together, the results of this study do not indicate enhanced degradation of poly-ubiquitinated 

proteins nor changed susceptibility to oxidative stress by IP expression but further experiments with 

IFN-  ɹand TNF could help to compare the differences to the literature.  
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6. ABBREVIATIONS 

4-OHT ς 4-hydroxy-tamoxifen IBD ς intestinal bowl disease 

AERD ς aspirin-exacerbated respiratory disease ICAM ς intercellular adhesion molecule 1 

AI ς airway inflammation ICOS ς inducible T-cell co-stimulator 

APC ς antigen presenting cell IFN ς interferon 

ARE - antioxidant response element Ig ς immunoglobulin 

BALF ς bronchoalveolar lavage fluid IL ς interleukin 

BCA ς bicinchoninic acid ILC ς innate lymphoid cells 

Bcl6 ς B cell lymphoma 6 IMEM ς improved minimum essential medium  

BFA ς brefeldin A IP ς immunoproteasome 

CCR ς chemokine receptor IRES ς internal ribosome entry site 

CD ς /ǊƻƘƴΩǎ ŘƛǎŜŀǎŜ IRF1 ς interferon regulatory factor 1 

cDC ς conventional DC KO ς knockout 

CHX ς cycloheximide chase LCMV ς lymphocytic choriomeningitis virus 

CTL ς cytotoxic T cells Lin ς lineage 

CXCR ς C-X-C motif chemokine receptor 4 LMP ς low molecular mass poly-peptide 

DC ς dendritic cell LN ς lymph node 

DMEM ς Dulbecco's modified eagle's medium LPLs ς lamina propria lymphocytes 

DSS ς dextran sulfate sodium LPS ς lipopolysaccharide 

EAE ς experimental autoimmune encephalomyelitis MBP ς major binding protein 

EDN ς eosinophil-derived neurotoxin MECL-1 ς multicatalytic endopeptidase complex-
like 

EDTA ς ethylenediaminetetraacetic acid MHC ς major histocompatibility complex 

EET ς extracellular traps moDC ς monocyte-derived DC 

EPO ς eosinophil peroxidase mTECs/cTECs ς medullary/cortical thymic 
epithelial cells 

ER ς endoplasmic reticulum NEPHGE ς nonequilibrium pH gel electrophoresis 

FACS ς fluorescence activated cell sorting  NF-ˁ. ς ƴǳŎƭŜŀǊ ŦŀŎǘƻǊ ˁ. 

FCS ς fetal calf serum NK cells ς natural killer cells 

FoxP3 ς forkhead box 3 NLRP3 ς NLR family pyrin domain containing 3 

GALNT2 ς polypeptide N-
acetylgalactosaminyltransferase 2 

NOD2 ς nucleotide-binding oligomerization 
domain containing 2 

GALT ς gut-associated lymphoid tissue NOX ς NADPH-oxidase 

GAPDH ς glyceraldehyde 3-phosphate dehydrogenase Nrf2 ς nuclear factor erythroid-derived 2-like 2 

GFP ς green fluorescent protein OVA ς ovalbumin 

GM-CSF ς granulocyte-macrophage colony-stimulating-
factor 

P/S ς penicillin/streptomycin 

GR ς glucocorticoid receptor PA ς proteasome activator 

GRE ς glucocorticoid response elements PAC ς proteasome assembling chaperones 

GRE ς glucocorticoid responsive element PAS ς periodic acid-Schiff  

GvHD ς graft versus host disease PBMC ς peripheral blood mononuclear cell 

H&E ς hematoxylin and eosin PBS ς phosphate buffered saline 

HBSS ς IŀƴƪΩǎ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ PCR ς polymerase chain reaction 

HDAC ς histone deacetylase pDC ς plasmacytoid DC 

HDM ς house dust mite PDL-1 ς programmed cell death ligand 

HECT ς homologous to E6AP carboxyl terminus PGD2 ς prostaglandin D2 

HEK ς human embryonic kidney PI ς propidium iodide 

HEPES ς 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid 

PMA ς phorbol-12-myristat-13-acetat 

HSP90 ς heat shock protein 90 PMM2 ς phosphomannomutase 2 

i.n. ς intranasal POMP ς proteasome maturation protein 

i.p. ς intraperitoneal PRAAS ς proteasome-associated 
autoinflammatory syndrome 

PRR ς pattern-recognition receptor TAP ς transporter associated with antigen 
processing 
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PSMB ς proteasome subunit beta T-bet ς T-box transcription factor TBX21 

RING ς really interesting new gene TCR ς T cell receptor 

RIPA (buffer) ς radioimmunoprecipitation assay 
(buffer) 

Tfh ς T follicular helper  

whw ʴǘ ς retinoic acid receptor-related orphan 
receptor-ʴǘ 

TGF-ʲ ς ǘǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲ 

ROS ς reactive oxygen species Th ς T helper 

RPMI ς Roswell Park Memorial Institute TLR ς toll-like receptor 

Rpn ς regulatory particle non-ATPase TNF ς tumor necrosis factor 

Rpt ς regulatory particle triple-ATPase Treg ς regulatory T cell 

RT ς room temperature Trms ς tissue resident memory T cells 

Runx ς runt-related transcription factor TSLP ς thymic stromal lymphopoetin 

SARS-CoV2 ς severe acute respiratory syndrome ς 
coronavirus 2 

UAS ς upstream activating sequence 

SD ς standard deviation UC ς ulceratice colitis 

SDS ς sodium dodecyl sulfate UPS ς ubiquitin-proteasome system 

SDS-PAGE ς sodium dodecylsulfate polyacrylamide gel 
electrophoresis 

v/v ς volume/volume 

SILAC ς stable isotope labeling by/with amino acids in 
cell culture 

VCAM ς vascular cell adhesion protein 1 

SLE ς systemic lupus erythematosus vYFP ς venus yellow fluorescent protein 

SP ς standardproteasome w/v ς weight/volume  

STAT ς signal transducer and activator of transcriptions WT ς wildtype 
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Appendix Figure 1 Map of the plasmid pFU-LMP2 with selected unique restriction sites. This retroviral construct 
was generated during the course of this thesis by insertion of the LMP2 cDNA sequence into the multiple cloning 
site (restriction sites: XbaI and AgeI). The Gal4 protein of the Gev16 construct binds to 5xUAS (upstream 
activating sequence) to activate transcription. LTR and psi sequences mediate packaging into the lentiviral 
particle. 

 

 
Appendix Figure 2 Map of the plasmid pFU-LMP7 with selected unique restriction sites. This retroviral construct 
was generated during the course of this thesis by insertion of the LMP7 cDNA sequence into the multiple cloning 
site (restriction sites: XbaI and AgeI). The Gal4 protein of the Gev16 construct binds to 5xUAS (upstream 
activating sequence) to activate transcription. LTR and psi sequences mediate packaging into the lentiviral 
particle. 






