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ZUSAMMENFASSUNG IN DEUTSCHER SPRACHE
Das Immunproteasom stellt eine spezialisierte Form des Proteasoms dar, eines multimeren
Proteinkomplexes, der wichtige Funktionen in allen eukaryotischen Zellen übernimmt. Innerhalb eines 20S
Proteasom Kernpartikels schneiden

drei verschiedene Proteasen die zum Abbau bestimmte

Polypeptidkette, wobei jede der drei Proteasen jeweils einmal in einem halben 20S Proteasom Partikel
vorkommt. Die Positionen der in Standard-Proteasomen aktiven Untereinheiten β1c, β2c und β5c werden
in Immunproteasomen von alternativen Untereinheiten besetzt: LMP2 wird anstelle von β1c eingebaut,
MECL-1 anstelle von β2c und LMP7 anstelle von β5c. Das Immunproteasom wird in Zellen
hämatopoetischen Ursprungs exprimiert sowie im Gewebe unter dem Einfluss pro-entzündlicher Zytokine,
maßgeblich Interferon-γ. Das Immunproteasom hat eine gut charakterisierte Funktion im Rahmen der
MHC-I Antigen-Prozessierung und erwies sich zudem als vielversprechendes Medikationsziel zur
Behandlung von Autoimmunerkrankungen, da Immunproteasom-Inhibition in zahlreichen präklinischen
Modellen für Autoimmunität krankheitshemmende Wirkung zeigte. Seit der Beschreibung des selektiven
Immunproteasominhibitors ONX 0914 im Jahr 2009 war der genaue Wirkmechanismus im Rahmen
solcher Autoimmunerkrankungen weitgehend unbekannt. Vorherige Studien haben ergeben, dass
intrinsische Effekte in aktivierten T Zellen, die in vielen Autoimmunerkrankungen eine wichtige Rolle
spielen, am zugrundeliegenden Mechanismus beteiligt zu sein scheinen. Aufbauend auf den Vorarbeiten
für dieses Projekt, die im Rahmen meiner Masterarbeit 2013 durchgeführt wurden, war es das Ziel der hier
vorgelegten Arbeit, den Effekt von ONX 0914 Behandlung auf molekularer Ebene näher zu
charakterisieren, um somit den Wirkmechanismus der Immunproteasom-Inhibition besser zu verstehen.
In der vorliegenden Arbeit wurden primäre T Zellen und B Zellen aus Mäusen und Menschen funktional
untersucht. Vorherige Ergebnisse aus der Masterarbeit wie eine verringerte CD69 Expression nach T Zell
Aktivierung unter Behandlung mit ONX 0914 wurden erneut bestätigt und zudem auch in B Zellen, in
humanen Zellen und in antigen-spezifisch aktivierten T Zellen in vivo nachgewiesen. Ferner wurden die
Effekte nicht nur phänotypisch charakterisiert, sondern durch Untersuchung der mRNA-Ebene ergänzt.
Eine ausgiebige Analyse kanonischer Signalwege der T Zell Aktivierung erbrachte Hinweise auf eine um
etwa 20 % reduzierte Phosphorylierung der Kinase ERK nach Behandlung der T Zellen mit ONX 0914.
Die Reduktion der ERK-Phosphorylierung wurde durch quantitatives Immunoblotting mit nah-InfrarotFarbstoffen, durch durchflusszytometrische Quantifizierung und schließlich durch Konfokalmikroskopie
bestätigt. Es zeigte sich jedoch, dass die im Signalweg unmittelbar vorangestellte Kinase nicht von einer
Reduktion betroffen war. Aus diesem Grund wurden zahlreiche Phosphatasen untersucht, die als
Kandidaten für eine funktionale Beteiligung infrage kamen. Zwei der untersuchten Phosphatasen waren
durch Behandlung mit ONX 0914 beeinträchtigt. Die Dual Specificity Phosphatase DUSP5 wurde
verringert exprimiert, während DUSP6 auf der Proteinebene akkumulierte. In kombinierten Cycloheximid
8

und radioaktiven Markierungsuntersuchungen konnte der durch ONX 0914 verringerte, aber nicht
vollständig blockierte Abbau von DUSP6 während der T Zell Aktivierung nachgewiesen werden. Daher
wurde eine mögliche Rolle für DUSP6 bei der reduzierten T Zell Aktivierung mithilfe DUSP6-defizienter
Mäuse untersucht. Hierbei zeigte sich, dass DUSP6 nicht für die vorliegenden Effekte verantwortlich ist
oder durch Redundanz von einer anderen Phosphatase ersetzt werden kann. Abschließend konnte der
genaue Mechanismus der reduzierten ERK-Phosphorylierung daher nicht geklärt werden.
Neben der veränderten T Zell Signaltransduktion lag der zweite Fokus in dieser Arbeit auf der Analyse der
Proteostase während der T Zell Aktivierung nach Behandlung mit ONX 0914. Im Unterschied zu bereits
vorher untersuchten Zelllinien zeigte sich in primären T Zellen und B Zellen eine Anreicherung von polyUbiquitin-Konjugaten nach Aktivierung, wenn die Zellen mit ONX 0914 behandelt wurden. Als
wahrscheinliche Ursache für diesen Effekt wurden zwei Parameter identifiziert: Zum einen wurde
gefunden, dass nahezu alle Proteasome in primären T und B Zellen Immunproteasome oder gemischte
Proteasome mit LMP7 darstellen. Zum anderen zeigte sich im Verlauf der Arbeit, dass der als LMP7selektiv beschriebene Inhibitor auch LMP2 co-inhibiert. Da aktivierte Lymphozyten zudem eine
ausgeprägte metabolische und proteomische Re-organisation erfahren, machen diese Eigenschaften die
Zellen anfällig für Proteostase-Stress durch Immunproteasom-Inhibitoren. Anschließend wurde die
Auswirkung des Proteostase-Stresses auf die Aktivierung und die Vitalität der Zellen näher untersucht. Es
zeigte sich, dass T Zellen ohne Induktion der Apoptose und ohne signifikante Aktivierung der Integrativen
Stressantwort die Ubiquitin-Konjugate innerhalb von 20 Stunden abbauen konnten. Dabei wurde eine
erhöhte Neusynthese der Standard-Proteasom-Untereinheit β5c detektiert sowie eine Anreicherung von
löslichem Nrf1 in Zelllysaten. Diese Ergebnisse deuten darauf hin, dass T Zellen durch Nrf1-vermittelte
Proteasom-Expression bei mildem Proteostase-Stress überleben, wobei die funktionale Zell-Aktivierung
gleichzeitig gehemmt ist. Ähnliche Effekte zeigten sich in B Zellen, jedoch wurde eine Induktion von
Apoptose-Markern nach ONX 0914 Behandlung in B Zellen gefunden.
Zusammenfassend ergibt sich aus der vorliegenden Arbeit, dass die Behandlung mit ONX 0914, aber nicht
Immunproteasom-Defizienz, milden Proteostase-Stress in aktivierten Lymphozyten verursacht, der ihre
Funktionsfähigkeit hemmt. Dieser Effekt ist wahrscheinlich durch die besonders hohe Abhängigkeit
primärer Lymphozyten von LMP7-beinhaltenden Proteasomen und durch die Co-Inhibition von LMP2
begründet. Der dargelegte Mechanismus erklärt somit sehr wahrscheinlich zumindest einen Teil der
entzündungshemmenden Eigenschaften von Immunproteasom Inhibitoren und warum ImmunproteasomInhibitoren vielversprechend für die klinische Anwendung sind mit einer voraussichtlich geringeren
Toxizität im Vergleich zu nicht-selektiven Proteasom-Inhibitoren.
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ABSTRACT
The immunoproteasome constitutes a specialized form of the proteasome, a multimeric protein complex
with important functions in eukaryotic cells. Within a 20S core particle three different protease types
cleave the polypeptide chains destined for degradation. Each of the three proteases constitutes one position
per half-core particle. The standard proteasome active subunits β1c, β2c and β5c are replaced by
alternative subunits in immunoproteasomes: LMP2 is incorporated at the position of β1c, MECL-1
substitutes for β2c and LMP7 substitutes for β5c. The immunoproteasome is expressed in cells of
hematopoietic origin as well as in peripheral tissues under the influence of pro-inflammatory cytokines,
mainly interferon-γ. Besides a well characterized role in MHC-I antigen processing, a potential role of the
immunoproteasome as a drug target for treatment of autoimmune diseases was shown, as
immunoproteasome inhibition proved to have disease ameliorating effects in several pre-clinical models
for autoimmunity. Since the description of the immunoproteasome-selective inhibitor ONX 0914 in 2009,
the underlying mechanism in the course of these autoimmune-diseases has remained largely elusive.
Previous studies have shown that intrinsic effects in activated T cells, which are involved in many
autoimmune disaeses, are likely to be important for the underlying mechanism. Based on previous work,
which was performed during the course of my master’s thesis 2013, the aim of this study was to
characterize the effects of ONX 0914 treatment at the molecular level in more detail in order to improve
our understanding of the underlying mechanism of immunoproteasome inhibition.
In this work, primary T and B cells from mice and humans were functionally investigated. Previous results
from my master’s thesis like ameliorated CD69 up-regulation upon activation after ONX 0914 treatment
were corroborated and additionally the effect was shown in B cells, in human cells and in antigenspecifically activated T cells in vivo. Furthermore, the effects were not only phenotypically characterized
but substantiated by analysis at the mRNA level. An extended investigation into canonical signaling
pathways of T cell activation indicated a reduction in phosphorylation of the kinase ERK after treatment
with ONX 0914. This reduction was corroborated using quantitative near-infrared-dye based
immunoblotting, flow cytometry and finally by confocal microscopy. However, the direct up-stream kinase
was not found to be affected. Therefore, dual specificity phosphatases were identified as potential
candidates for a functional involvement and several dual specificity phosphatases were analyzed at the
protein level. Two of the analyzed phosphatases were affected by ONX 0914 treatment. The dual
specificity phosphatase DUSP5 was less expressed, while DUSP6 accumulated at protein level. In
combined cycloheximid and radioactive labelling approaches it was shown that DUSP6 degradation was
impaired, but not fully blocked by ONX 0914 in T cell activation. Therfore, the possible involvement of
DUSP6 for impaired T cell activation was investigated using DUSP6-deficient mice. However, it was
found that DUSP6 was not responsible for the observed effects in a non-redundant manner and
10

compensation by other phosphatases cannot be ruled out. Therefore, the mechanism leading to reduced
ERK-phosphorylation could not be fully unraveled so far.
Apart from altered T cell signaling, the second focus of this work was set on proteostasis regulation during
T cell activation after ONX 0914 treatment. Unlike previously investigated T cell lines, primary T cells
and B cells showed ubiquitin-conjugate accumulation after activation when cells had been pre-treated with
ONX 0914. Two factors were identified likely underlying this effect: First, it was found that almost all
proteasomes in T cells and B cells constituted of LMP7-containing immunoproteasomes or mixed
proteasomes. Second, it was found that the reportedly LMP7-selective inhibitor ONX 0914 co-inhibited
LMP2 as well. As activated lymphocytes show marked metabolic and proteomic re-organization, these
features render the cells susceptible to proteostasis stress after immunoproteasome inhibition.
Consequently, the effect of enhanced proteostasis stress on activation and cell viability was characterized.
It was found that T cells could alleviate the enhanced ubiquitin-conjugates within 20 hours of activation
without significant induction of the integrated stress response or apoptosis. Accompanying, an enhanced
neosynthesis of the standard proteasome subunit β5c and accumulation of soluble Nrf1 were detected in
cell lysates. These results indicate that T cells survive mild proteostasis stress after ONX 0914 treatment
likely via Nrf1-mediated proteasome up-regulation, while functional T cell activation is impaired at the
same time. Similar effects were found in B cells, but induction of apoptosis-markers after ONX 0914
treatment was detected in B cells.
Taken together, this work provides evidence that ONX 0914 treatment, but not immunoproteasomedeficiency, results in mild proteostasis stress in activated lymphocytes, impeding their functional capacity.
This effect is likely attributed to the particularly high dependency of primary lymphocytes on LMP7containing proteasomes and co-inhibition of LMP2 by ONX 0914. The provided mechanism hence likely
explains at least parts of the anti-inflammatory effects of immunoproteasome inhibitors and why
immunoproteasome inhibition shows high clinical potential with less overall toxicity as compared to
broad-spectrum proteasome inhibitors.
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Chapter I – Introduction – Proteasomes and Immunoproteasomes

CHAPTER I: INTRODUCTION
1 PROTEASOMES AND IMMUNOPROTEASOMES
1.1 The proteasome and the ubiquitin proteasome system
Protein quality control is regulated by several protein quality control systems involving e.g. chaperones,
endoplasmatic reticulum (ER) stress response, autophagy and, importantly, the ubiquitin-proteasome
system [1]. As the main cytosolic and nuclear protein degradation machinery the proteasome is of vital
importance for eukaryotic cells. An intensively studied fashion of protein degradation is the ATPdependent and proteasome mediated degradation after poly-ubiquitination, i.e. the attachment of several
moieties of the small protein ubiquitin to the target marked for degradation; hence collectively referred to
as the ubiquitin proteasome system (UPS) [2–4]. A cascade of three enzymes orchestrates the
ubiquitination of a target protein. First, a ubiquitin-activating enzyme (E1) primes ubiquitin by covalently
binding its C-terminal glycine residue forming a reactive thioester bond with a cysteine in the E1 enzyme
[5]. This process involves ATP-hydrolysis, as ubiquitin-adenylation precedes the thioester bond formation
to be energetically favorable [6]. Second, the reactive thioester allows transfer of ubiquitin to one of a few
E2 enzymes. Substrate specificity is then achieved in complex with an E3 ubiquitin-ligase assisting the
transfer of ubiquitin from the E2 enzyme to its target protein directly in case of RING (really interesting
new gene) E3 ligases or via additional intermediate thioester conjugation to the E3 ligase in case of HECT
(homologous to E6AP carboxyl terminus) E3 ligases [7]. In the target protein ubiquitin is bound to a lysine
residue via an isopeptide bond [8]. A chain of ubiquitin moieties can be formed as further ubiquitin can be
attached to a lysine or the N-terminus of the already bound ubiquitin. Ubiquitin chain elongation via lysine
48 of ubiquitin (K48-linkage) is the main signal to facilitate protein degradation where a minimum of four
ubiquitin molecules has been described to be needed [9]. However, seven lysine residues (K6, K11, K27,
K29, K33, K48 and K63) and the N-terminus of ubiquitin allow for a high diversity of different linkage
types as the chains can be made of homotypic linkages (i.e. chains of K48-binding ubiquitin) as well as
heterotypic linkages where different lysine residues are used and chains can be branched when more than
one lysine on the same ubiquitin is used for chain elongation [3, 10]. Branched K11/K48 ubiquitination as
well as multiple mono-ubiquitination on one protein can also lead to proteasome binding and degradation
[11, 12]. Ubiquitination is also involved in processes independent of protein degradation. Linear head-totail ubiquitin chains [13] as well as K63-linked poly-ubiquitin chains have for example been found to be
involved in the regulation of the NF-κB (nuclear factor kappa B) signaling pathway ([14] and section
2.3.3), DNA repair [15] and receptor internalization [11, 16]. In contrast, proteins can be delivered to
12
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proteasomal degradation by ubiquitin-independent pathways [17–19] and ubiquitin-like modifiers
contribute to protein regulation [20].

1.2 Structure of standard proteasome and immunoproteasome
The proteasome was initially described under several different names including the name “multicatalyical
protease complex” introduced by Wilk and Orlowski [21]. It refers to the finding that this complex
harbored activities similar to several previously known peptidases but lost these activities upon
disassembly of the complex [21–23]. Today the term “proteasome”, originally proposed in 1988 [24],
collectively refers to an intracellular protein complex that is composed of the 20S core particle (CP) alone
or in combination with one or two of its cap structures. The 20S CP in complex with the 19S regulatory
particle (19S RP, also called proteasome activator PA700) constitutes the 26S proteasome. Other protein
complexes binding the 20S CP are 11S activators (PA28αβ, PA28γ), PA200 and PI31 [25, 26]. Different
combinations of CPs in complex with one or two proteasome activators are possible, for example RP-CP
(26S), RP-CP-RP (30S), RP-CP-PA200 and RP-CP-PA28αβ (hybrid proteasomes) or other combinations
[27]. The 26S proteasome has been most intensively investigated and many functions of individual
subunits in both the CP as well as the 19S RP could be elucidated. 19S RP subunits are responsible for
example for recognition and binding of ubiquitinated proteins (regulatory particle non-ATPase, Rpn1,
Rpn10 and Rpn13), ubiquitin removal (Rpn11 and proteasome-interacting proteins like Ubp6/Usp14) and
protein unfolding, 20S CP gate opening and substrate translocation (regulatory particle AAA ATPase,
Rpt1-6) [28, 29]. Further details are outlined in section 1.2.4.

1.2.1 Structure and dynamics of the 20S core particle
The 20S CP is a 730 kDa hetero-multimeric protein complex that forms a barrel-like structure consisting of
four stacked rings [30, 31] (Figure 1A). The outer two rings contain seven α-subunits each, numbered
α1-7. The α-ring forms a pore in its center, the size of which is regulated by conformational changes. The
centrally protruding N-termini of the α-subunits function as a gate allowing the regulated entry of proteins
for degradation [30]. Indeed, N-terminally truncated α3-containing mammalian proteasomes degrade
fluorogenic substrates and poly-ubiquitinated proteins faster than wild-type (WT) proteasomes [32].
Physiologically, gate opening is regulated by interaction with proteasome activators, the mechanism of
which was described originally for Trypanosoma brucei 11S activator co-crystallized with yeast
proteasome: C-terminal extensions of the 11S subunits protrude into pockets of the α-subunits for allosteric
regulation [33]. This was similarly found in other regulatory particles across different species [25, 34, 35].
Additionally, allosteric regulations between catalytic as well as non-catalytic β-subunits and gate opening
and regulator binding were reported [36–38]. A large fraction of proteasomes in cells exists as free 20S
13
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CPs, which are largely latent in vitro [39], but were recognized to facilitate ATP-independent degradation
e.g. of oxidized proteins or proteins with intrinsically disordered regions ([27, 40–43] and section 1.5.2).
The inner two rings of the 20S CP consist of seven β-subunits each. Only three β-subunits in each ring
have catalytic activity for peptide hydrolysis [44, 45] (Figure 1A-B). In standard proteasomes these are
β1c, β2c and β5c (c-subunits for “constitutive”) [30, 46]. Apart from these standard or constitutive active
β-subunits, four alternative catalytically active subunits can substitute at the position of their constitutive
counterparts in the 20S CP. Two alternative subunits were first identified as major histocompatibility
complex (MHC) locus encoded genes [47–49]. They were found to be expressed in lymphoid tissues as
well as under the influence of the pro-inflammatory cytokine interferon-γ (IFN-γ) and are hence called
i-subunits for “immuno-“ subunits [45, 50, 51] (section 1.3). As such the three immuno-subunits β1i (also
called low molecular mass polypeptide (LMP)2), β2i (multicatalytic endopeptidase complex-like
(MECL)-1) and β5i (LMP7) are incorporated into newly synthesized proteasomes building the so-called
immunoproteasome [52–54]. Restricted to the thymus, cortical thymic epithelial cells (cTECs) and
partially also thymic dendritic cells (DCs) furthermore express the fourth alternative subunit, β5t [55, 56].
Another tissue-specific proteasome isoform exists in testis and in particular in spermatids (reviewed in
[57]). Besides standard and immunoproteasomes in which all β-subunits would be either c-subunits or
i-subunits, respectively, the β-subunit diversity mathematically allows for 33 different β-subunit
combinations in one 20S CP, but only 15 are possible given mutual incorporation dependencies of
particular subunits [58]. Hence, mixed proteasomes exist in which c-subunits and i-subunits are together
incorporated into one 20S CP (Figure 1C and further outlined in section 1.2.3).

1.2.2 Peptide hydrolysis in the 20S CP
The barrel-shaped structure of the 20S CP results in three interior chambers inside the proteasome that
arise at the interfaces between the rings [30, 31] (Figure 1B). The inner chamber between the two β-rings
is where peptide hydrolysis occurs. The active β-subunits show different activities: β1c, β2c and β5c have
caspase-like, trypsin-like and chymotrypsin-like protease activities, respectively [21, 22, 30, 50]. I.e. β1c
cleaves preferably after acidic amino acids, while β2c cleaves after basic residues and β5c preferably after
hydrophobic amino acid side chains. The substrate preferences are based on peptide binding grooves near
the catalytically active centers that favor binding of particular polypeptide side chain residues in the
respective P1 to P3 and P1’ to P3’ positions relative to the cleavage site. Central to hydrolysis is the
N-terminal threonine residue of the active β-subunits. A nucleophilic attack at the peptide bond carbonyl-C
atom leads to a tetrahedral intermediate followed by an acyl-enzyme bound intermediate that is hydrolyzed
to achieve the newly formed amino- and carboxyl-termini of the two peptide products [59, 60] (Figure
1D). Cleavage products generated by the 20S CP range in size from 3 to 22 amino acids in length (3-30 in
archaea), the bulk of which is rapidly degraded by peptidases in the cytosol after release from the 20S CP
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[61, 62]. The cleavage preferences between constitutive and immuno-subunits differ from each other [63,
64]. Even though both β5c and β5i have chymotrypsin-like activity, β5i accepts bulky amino acids better
than β5c [31, 65]. LMP2 (β1i) has also chymotrypsin-like activity and hence replaces the caspase-like
activity of β1c. It enhances cleavage after basic and hydrophobic residues and reduces cleavage after acidic
residues [66, 67]. In contrast, the substitution of β2c by MECL-1 does not change the trypsin-like activity
at the β2 position and it has remained elusive why this subunit substitution occurs [68]. The 2.9 Å
resolution crystal structure of mouse immunoproteasome revealed details about the differences between
standard and immunoproteasomes. Several amino acid exchanges between β5c and β5i result in an
increased S1 pocket size of β5i and an overall higher hydrophilicity (Figure 1E) [31]. Noteworthy, the
higher hydrophilicity and changed electron density around the active center of β5i indicate a kinetic
advantage for peptide hydrolysis via attraction of water molecules and stabilization of the tetrahedral
intermediate state [31]. These features make LMP7 (β5i) special as they indicate a faster peptide cleavage
ability by LMP7-containing proteasomes. In line with this, a principal component analysis of available
mammalian CP crystal structures revealed that while β5c undergoes a conformational change upon peptide
ligand binding, the ligand-free structure of β5i already clusters with ligand-bound β5c structures [69].
Moreover, molecular dynamics simulations indicate a cluster transition upon removal of ligands in β5c, but
not in β5i. Together this indicates that β5i is structurally pre-formed for optimal peptide binding and
hydrolysis in contrast to β5c [69]. A comprehensive integration of modelling with experimental data by
Liepe et al. further supports faster degradation of small peptides by immunoproteasomes compared to
constitutive proteasomes taking allosteric positive and negative interactions of peptides with the CP into
account [70]. These publications provide structure- and molecular dynamics-based models that might
contribute to explain superior antigen processing and protein degradation capacity of immunoproteasomes
reported in vitro or in vivo [71–74]. Nevertheless, the relevance of these observations remains controversial
as i) ubiquitination and ATP-hydrolysis dependent protein unfolding and peptide entry into proteasomes
before hydrolysis were reported as the rate-limiting step of proteasome degradation kinetics [28, 70, 75–
77], and ii) the findings were partially challenged by failure of independent reproduction [78] or
contrasting results in other studies ([79, 80]), which will be further outlined in section 1.5.2.

1.2.3 Assembly of proteasomes and immunoproteasomes
Assembly of eukaryotic proteasome 20S CPs takes place after de novo synthesis of proteasome subunits
[42] in an ordered fashion that is aided by the specialized chaperones PAC1, PAC2, PAC3, PAC4 and
Ump1/POMP [81, 82]. The PAC1-PAC2 complex initiates proteasome core particle assembly to form the
α-ring of one half-core-particle. The α-ring subsequently serves as the assembly site for the β-subunits,
which is aided by the PAC3-PAC4 complex. Using siRNA against individual subunits and detecting the
appearance of intermediate complexes, the order of β-subunit incorporation was first determined for
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Figure 1: Structure of the 20S Core Particle and its peptidolytic activity
A) Schematic representation of the barrel-shaped structure of the 20S CP with β-subunit positions and catalytic activities of the active β-subunits.
B) Ribbon representation of the 20S CP with threonine residues of active β-subunits marked in blue, red and purple. Taken from Tanaka et al.2012
[45]
C) Schematic representations of standard proteasomes, mixed proteasomes and immunoproteasomes. Immuno-subunits are marked in red, while
standard or constitutive subunits are marked in blue.
D) Biochemical reaction mechanism of peptide hydrolysis in the 20S CP. Adapted from Ruschak et al. 2011 [60] and modified.
E) Schematic comparison between the substrate channels of β5c and β5i subunits. The active threonine is marked in red. Adapted from
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standard proteasomes [83] and later for immuno- and thymoproteasome core particles [84]. Catalytically
active β-subunits are first synthesized as precursors containing N-terminal propeptides that protect the
active threonine residues in the catalytic β-subunits from Nα-acetylation [85]. Furthermore, the first
incorporated subunit, β2, contains a C-terminal tail extending around the consecutively incorporated β3
subunit which is necessary for assembly [83]. The propeptides of β2 and β5 are also indispensable for
mammalian proteasome maturation [83, 86]. Notably, in standard proteasomes β4 incorporation is then
preceding β5 incorporation, whereas in immunoproteasomes β2i and β1i can simultaneously assemble on
the α-ring and β5i incorporation is not dependent on β4 [83, 84]. Standard CP intermediates containing β2,
β3, β4, β5, β6 and β1 typically incorporate β7 as the last subunit before assembly of the half-core-particles
to the mature 20S CP, a step that requires both autocatalytic as well as trans-catalytic cleavage of the
propeptide sequences [46, 87, 88]. When immuno- and standard proteasome subunits are both present in
the same cell, immunoproteasome subunits are preferentially assembled into mature 20S CPs [89, 90].
Even though β5i/LMP7 is incorporated after β2i/MECL-1 and β1i/LMP2, formation of proteasomes
containing MECL-1 and LMP2 largely depends on LMP7 incorporation as the maturation of the half-core
particles to mature 20S CPs depends on LMP7. The preferential assembly of immunoproteasomes is also
attributed to the higher affinity of the immunosubunit LMP7 to the IFN-γ inducible assembly chaperone
POMP (proteasome maturation protein) [91]. After full assembly of mature 20S CPs POMP is degraded
immediately and cells showing impaired CP maturation e.g. due to lack of the LMP7-propeptide
accumulate POMP [92]. In spite of preferential assembly, mixed compositions of fully assembled 20S CPs
are possible and were detected [93–95]. However, the composition variety is limited by the mutual
incorporation dependencies and it was reported that 15 theoretically possible mature CP types could be
identified with site-specific probes in Raji cells [58]. The authors interpreted their results assuming that
LMP2 and MECL-1 are exclusively incorporated into LMP7-containing CPs. In contrast, the β5c subunit
was reported to at least partially compensate for the loss of LMP7 in MECL-1 and LMP2 containing
proteasomes [96], but reduced LMP2 and MECL-1 incorporation and precursor accumulation have been
reported in LMP7-deficient lymphocyte blasts [86]. The interpretation of how strictly LMP2 and MECL-1
depend on LMP7 for incorporation thus differed between studies, indicating that LMP7-deficiency
reduces, but not fully abrogates incorporation of LMP2 and MECL-1. Nevertheless, it is possible that
particular mixed proteasome compositions only occur in gene-knockout models, but do not represent
compositions as they would naturally occur in unmodified and healthy organisms, where the mixed
compositions seem to be limited to β1c-β2c-β5i and β1i-β2c-β5i (reviewed in [97] and Figure 1C).
Once proteasomes are fully assembled, they compose relatively stable, long-lived protein complexes.
When Heink et al. compared the half-lives of standard proteasomes with immunoproteasomes they found
that independent of IFN-γ immunoproteasomes had a much shorter half-life of about 27 h in T2 cells as
compared to standard proteasomes with about 133 h mean half-life [91]. Hence, they concluded that
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immunoproteasome expression is only a transient response. In contrast, Nandi et al. reported that the halflives of proteasomes in IFN-γ treated H6 cells (containing immunoproteasomes) and in non-treated H6
cells (containing standard proteasomes) are not significantly different from each other [53]. Interestingly, a
recent study using improved peptide-ion-based mass spectrometry for analysis of protein half-lives in nondividing cells has unraveled the half-lives of proteasome subunits in primary B cells, monocytes, NK cells
and hepatocytes. Not only do the authors find supporting evidence that protein-complex subunits show
coherent turnover rates, but they also find much longer half-lives of the immunosubunits LMP2 and
MECL-1 (PSMB9 and PSMB10) of more than 150 h as opposed to the standard subunits β1 (PSMB6) or
β2 (PSMB7) of only about 20 to 30 h [98]. In contrast, hepatocytes showed significantly longer half-lives
of standard proteasome subunits with mean half-lives between 109 and 210 h, while immunosubunits were
not detected in hepatocytes [98]. Whether peptide fragments from specific subunit proteins detected by this
method were in fact incorporated into mature CPs or not might have to be further taken into account.
Nevertheless, it appears that the longevity of immuno- or standard proteasomes is a cell-type-dependent
and possibly activation-status-dependent characteristic of cells.

1.2.4 Role of regulatory particles for proteasome and immunoproteasome function
The 19S regulator: The 19S RP (also PA700) consists of two sub-complexes. Rpn1, Rpn2, Rpn10, Rpn13
and Rpt1-6 form the so-called base while the subunits Rpn3, Rpn5-9, Rpn11-12 and Rpn15 form the lid of
the 19S RP [29]. The 19S RP is best studied for its role in binding, unfolding and translocating
ubiquitinylated-protein substrates for degradation by the proteasome 20S CP. Based on independent work
by the Baumeister laboratory and the group of A. Martin an insight into the structure of the 19S RP
containing proteasomes was achieved using cryo-electron microscopy [99–101]. In contrast, classical x-ray
crystal structures of RPs could not be obtained before [45]. The six AAA-type ATPases Rpt1-6 form a
hetero-multimeric ring that can be further subdivided into three dimers binding together via coiled-coil
interactions. Rpt2, 3 and 5 were originally identified as regulators of 20S CP gate opening via conserved
hydrophobic-tyrosine-X motif (HbYX) containing C-terminal protrusions that interact with pockets in the
α-ring subunits of the 20S CP [102–104]. Recently, high resolution EM-reconstruction led to the discovery
that also Rpt1 and Rpt6 take part in gate opening via non-conserved HbYX-independent motifs, while
HbYX-motif interactions of the Rpt2, 3 and 5 subunits with the 20S CP alone are insufficient for gate
opening [105, 106]. The ATPases of the base are vital for translocation of the substrates into the 20S CP
and undergo a complex cycle of conformational changes as characterized using non-hydrolyzable
nucleotide-derivatives [105]. Thus, conformational states of the 19S base could be assigned to substrateaccepting state (s1), commitment state (s2) and substrate-processing states (s3 and s4) [105, 107], which
were similarly found even within intact cells [108, 109]. Rpn10 and Rpn13 are direct binders of
ubiquitinated substrates while Rpn1 can contribute to substrate binding by indirect substrate delivery via
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ubiquitin-like and ubiquitin-associated domain protein receptors (UBL-UBA-receptors) that are not part of
the 19S RP [101, 110–113]. Rpn2 was implicated in stabilizing Rpn1, Rpn10, Rpn13 and the
deubiquitinating enzyme Rpn11, which facilitates ubiquitin-removal from the substrates before entry into
the 20S CP [100, 110].
The PA28αβ and PA28γ regulators (11S regulator, REG): The mammalian 11S regulatory particle exists in
two isoforms composed of either (proteasome activator of apparent molecular weight 28 kDa) (PA28)α
and PA28β subunits [114, 115] or as a ring of PA28γ. Like immunoproteasome β-subunits, also PA28αβ is
IFN-γ inducible and upregulated for example in dendritic cells (DCs) during maturation [116].
Interestingly PA28αβ locates primarily to the cytoplasm, while PA28γ has been identified as a primarily
nuclear cap particle, which is not induced by IFN-γ, but rather reduced [117, 118]. Whether a preferential
interaction between the PA28αβ regulator and immunoproteasomes exists, has remained controversial.
Groettrup et al. originally observed a changed quality and quantity of peptides generated by PA28αβcapped CPs, but did not detect preferential interactions with LMP2- and LMP7-containing proteasomes
[119]. In contrast, combined liquid chromatography – mass spectrometry (LC-MS) analysis of the
proteasome supramolecular complexes from different cell lines indicated that PA28αβ would preferentially
interact with immunoproteasomes in intact cells [27]. A more recent in vitro analysis using thermophoresis
revealed equal affinities of iCPs and cCPs towards PA28αβ and no difference in protein degradation
between iCPs and cCPs capped with PA28αβ [120]. However, PA28αβ modifies peptide cleavage of CPs
and hence peptide generation for antigen presentation [118, 119, 121, 122]. An overall enhanced ability to
degrade short peptide substrates was reported [114, 115] as well as an enhanced ability to degrade oxidized
proteins [123] when 20S CPs were bound to PA28αβ. However, IFN-γ inducible immunoproteasomes have
major effects on MHC-I restricted CD8+ T cell epitope generation, while for PA28αβ this was only
reported for some epitopes [124] and other studies did not observe a direct influence on MHC-I restricted
antigen presentation or CD8+ T cell responses for PA28αβ [125, 126].
The PA200/Blm10 regulator: PA200 was identified as a proteasome activator in the nucleus that is
involved in DNA repair [127]. It also stimulates the degradation of fluorogenic substrates by proteasomes
in vitro [127] and facilitates gate opening of the 20S α-subunits [128]. Its ortholog bleomycin-sensitive 10
cap (Blm10) was studied in yeast and plays a role in proteasome assembly [34, 129–131].
The PI31 regulator: An opposing role compared to the abovementioned particles was described for PI31.
This prolin-rich protein was found to impair immunoproteasome assembly and hence impairs MHC-I
antigen processing [132]. Even though PI31 inhibits proteasome activity in vitro, an overall impact of PI31
on cellular proteostasis was not found [132, 133]. In contrast, studies using the Drosophila melanogaster
DmPI31 indicated that PI31 is vital as its loss of function resulted in lethality (reviewed in [45]). Data by
Fabre et al. suggests that PI31 preferentially interacts with standard proteasomes, but not
immunoproteasomes [27].
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1.3 Tissue expression of immunoproteasomes
The subunit composition of proteasomes varies between different tissues and in response to inflammatory
cues. Specialized subunits of the immunoproteasome have been found in mammalian species including
human, mouse and rat, whereas, in contrast, no evidence could be obtained for the existence of
immunoproteasomes in chicken for example [134]. Most early studies on immunoproteasomes focus on
their function in antigen processing (section 1.4) and thus tissue expression analysis rather focused on
antigen presenting cells (APCs), target tissues for CD8+ T cells and on the IFN-γ induced changes of
proteasome composition in the course of inflammation. However, two studies revealed already in 1993 and
1997 that lymphoid tissues express immunoproteasomes in the absence of inflammation and
immunosubunits were detected in liver and lung of mice [135, 136]. The significance of steady state
immunoproteasome expression in hematopoietic cells was increasingly investigated after it became
apparent that antigen-processing independent cell-intrinsic functions of immunoproteasomes must exist in
T cells and B cells [50, 137–139]. Basal expression of immunosubunits is independent of IFN-γ [140, 141].
However, upon treatment of cells with IFN-γ in vitro, immunoproteasomes and PA28αβ are induced [52,
119, 142] and infection of mice with viral or fungal pathogens led to a replacement of the vast majority of
proteasomes by immunoproteasomes in inflamed tissues [140, 141, 143, 144]. Neuronal cells, in contrast,
were found to be special with respect to immunoproteasome induction: Kremer et al. reported that only
little amount of immunoproteasome was induced in the brain of mice compared to other organs even after
intracranial infection with lymphocytic choriomeningitis virus (LCMV) [143]. Expression of
immunosubunits was furthermore restricted to microglia and the nuclei of astrocytes [143]. Nevertheless,
immunoproteasome expression in the brain might be involved in the pathogology of neurodegenerative
diseases (outlined in section 1.8.1). Generally, the immunoproteasome has been studied quite extensively
for its function in antigen processing. As the work presented here focusses primarily on antigen processing
independent functions, the role of immunoproteasomes in antigen presentation is only briefly introduced in
section 1.4. Section 1.5 will then contain a more extended introduction into functions of proteasomes and
immunoproteasomes in cellular homeostasis and signal transduction.

1.4 Proteasomes and immunoproteasomes in MHC-I antigen presentation
Conventional αβ-T cells are activated upon engagement of their T cell receptor with a cognate peptideMHC complex on an APC. CD8+ T cells (cytotoxic T lymphocytes, CTLs) recognize peptides on MHC
class I complexes. The bulk of MHC-I peptides is generated by the proteasome in the cytosol and
subsequently transferred into the ER by TAP-transporters to be loaded onto MHC-I molecules inside the
secretory endomembrane compartment and is then transported to the cell surface [44, 50, 145, 146].
A large fraction of these peptides derives from proteins rapidly degraded after translation at the ribosome,
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so called defective ribosomal products (DRiPs), but peptides are also generated from the overall proteome
of a cell [147–149]. Another fraction of antigenic peptides is derived from the endo-lysosomal pathway
and delivered to the MHC-I system via a process called cross-presentation. This is essential when the
source of antigen is not the APC’s own cytosol, but endocytosed material, e.g. from a pathogen that does
not directly infect the APC or from tumor cells. Thus, cross-presentation plays a major role in CD8+ T cell
priming by DCs [150, 151]. Peptides are also presented on MHC-I in the absence of inflammation, but
self-peptides/self-antigens normally do not elicit an immune response under physiological conditions
[152]. The C-terminal residues of antigenic peptides function as anchor residues to fit into MHC-I peptide
binding grooves, which are allele-specific, best accept hydrophobic or basic C-terminal residues and which
are stabilized by peptide binding [153]. Hence, the quality of proteasome cleavage products has an
influence on their antigenic properties as the C-termini of peptides are determined by the proteasome
[154]. The appropriate length of 8-10 amino acids for MHC-I loading is further achieved by cytosolic
aminopeptidases and ER-residing peptidases, which process N-terminally extended peptides generated by
the proteasome [154–157]. Several studies showed that the quality of peptides generated by
immunoproteasome subunits is better suited for MHC-I loading. As mentioned above, LMP7 accepts bulky
hydrophobic residues better than β5c and LMP7-deficient cells show even ~50% less MHC-I surface
expression compared to WT cells [31, 50, 158]. The substitution of β1c by LMP2 changes the proteolytic
activity from caspase-like to chymotrypsin-like activity, yielding more peptides appropriate for MHC-I
loading. LMP2-deficient mice show altered peptide cleavage and CD8+ T cell responses [67]. However,
immunoproteasomes are not always the “better” antigenic peptide producers as some antigens are
destroyed by immunoproteasome subunits and are therefore rather produced by cells containing standard
proteasomes. This was reported for particular Epstein-Barr-Virus epitopes and melanoma-derived antigens
[159]. This mechanism also exists in cases where the immunoproteasome is needed for antigenic peptide
generation, depending on structural features of LMP7 and not on the proteolytic activity [160, 161]. It was
also demonstrated that β1c containing proteasomes destroy the UTY246-254 epitope generated in male HYmice, which is preserved when LMP2 incorporates at the position of β1c showing that not the cleavage
specificity, but the structural presence of LMP2 in the CP is important in this case [162].
Despite their different proteolytic activities, it seems that cCPs and iCPs do not show absolute qualitative
differences in generating unique, non-overlapping peptide products. Instead, the quantities in which
particular peptides are generated by iCPs or cCPs differ, changing the quantitative accessibility in the pool
of suitable peptides available for MHC-I loading [163]. Nevertheless, a functional influence of this
difference on antigen presentation-dependent immune functions and T cell repertoire generation has been
well documented as described above [72, 93, 124, 159–162, 164–168].
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It should be emphasized that the response of a CTL to peptide MHC-I on target cells depends on both, its
pre-selection during thymic development as well as its initial priming by DCs. Cortical TECs were first
described to lack immunoproteasome expression, which was only induced upon pathogenic infection or
IFN-γ treatment [141]. In contrast, Tanaka and colleagues showed that cTECs express mainly the
specialized form called thymoproteasome, in which the alternative subunit β5t is incorporated together
with β2i and β1i [56, 169]. Instead, mTECs highly express immunoproteasomes (but also standard
proteasomes), which is also true for DCs that can be involved in negative selection [141]. Furthermore, the
initial CD8+ T cell priming in the periphery by DCs also depends on immunoproteasomes. Different
peptide repertoires in positively and negatively selecting cells were hence proposed as a mechanism to
avoid autoimmunity [51]. In 2016, Rock and colleagues provided evidence for the peptide switching model
of antigenic selection in the thymus, as mice deficient for the four alternative subunits (β1i, β2i, β5i and
β5t) show massive loss of thymocytes during negative selection [170]. This indicated that the peptides
presented during positive selection and negative selection must normally be different from each other.
Therefore, immuno- (and thymo-) proteasomes in the thymus play an important role in generating the
T cell repertoire that must be suitable for recognizing foreign antigen without elicitation of an immune
response against self-peptides.

1.5 Proteasomes and immunoproteasomes in cellular homeostasis and signal
transduction
1.5.1 Role of proteasomes for nutrient availability and amino acid recycling
The ratio of protein synthesis and protein breakdown within a cell needs to be tightly regulated and
adjusted according to intracellular and extracellular cues like shortage of amino acid supply for de novo
synthesis or activation and growth signalling mediated via surface receptor stimulation. Besides uptake of
amino acids via amino acid transporters or their synthesis via mostly citric acid cycle dependent metabolic
intermediates, amino acids are also recycled after protein breakdown by the proteasome. Shortage of amino
acid supply has been shown to be a factor driving cells into apoptosis under conditions of proteasome
inhibition [171]. A central nutrient status sensor in cells is the mechanistic target of rapamycin complex
(mTORC) pathway, which is inhibited upon nutrient deprivation. Zhao et al. reported that inhibition of
mTORC with the synthetic inhibitor molecule Torin1 or pharmacologically with rapamycin increases the
rate of K48-ubiquitination and degradation of long-lived proteins in cells [172]. In line with this Rousseau
and Bertollotti find TORC1/mTORC1 (yeast/mammalian) inhibition to be inducing both regulatory
particle assembly chaperones (RAC) and proteasome subunits and identify Mpk1/ERK5 to be involved in
this regulation [173]. At the same time mTORC1 hyperactive signaling resulting from tuberous sclerosis
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complex (TSC)1 knockout increases proteasomal degradation by inducing Nrf1/Tcf11 expression, which in
turn activates expression of standard proteasome subunits (section 1.6 and [174]). Interestingly, the mTOR
pathway has been found to also modulate immunoproteasome assembly as PRAS40 tethers precursor
proteins of β1i, β5i and β6 until PRAS40 gets phosphorylated by mTORC1. Consequently,
immunoproteasome precursors are released from PRAS40 for assembly of functional iCPs [175]. Taken
together, it has now become established that mTORC signaling not only regulates protein homeostasis and
amino acid supply via autophagy induction, which for example occurs upon mTORC1 inhibition with
rapamycin [176], but also via regulating essential components of the ubiquitin proteasome system.

1.5.2 Removal of misfolded, damaged and oxidized proteins
A bona fide function of proteasomes is the control of protein homeostasis in cells, i.e. the removal of
proteins that are not properly folded, damaged by stress conditions like reactive oxygen species (ROS)
formation or degraded on the basis of regular protein turnover. Misfolded proteins can be derived directly
from protein translation in form of DRiPs (section 1.4). An inflammatory challenge like exposure to the
pro-inflammatory cytokine IFN-γ enhances the formation of DRiPs, which are cleared by the proteasome
[73]. Similarly, oxidative stress results in more proteasome substrates. While the formation of ROS can be
triggered by environmental influence like certain drugs, toxins or ionizing radiation, ROS also plays a role
as an intrinsically caused result of biochemical processes within cells. Normal mitochondrial ATPproduction by oxidative phosphorylation produces superoxide anions as byproduct, which can be
converted to hydrogen peroxide [177]. Macrophages are known to functionally use the production of ROS
by NADPH-oxidase for killing of intracellular bacteria, a process called respiratory burst [178]. Family
members of the NADPH-oxidase complex (Nox) are inducible in a wide range of cell types. Similarly to
enhanced DRiP formation, enhanced oxidative stress is promoted by IFN-γ challenge as IFN-γ induces
Nox isoforms like Nox1 resulting in increased ROS production [179, 180]. Nox1 is also highly expressed
in lymphoid cells and was found to influence T helper cell polarization [181]. When the canonical antioxidant mechanisms of cells including ROS-alleviating enzymes like superoxide dismutase or ROSscavenging molecules like glutathione cannot counteract the oxidizing effects of ROS, the resulting
imbalance is what is called “oxidative stress”. It was found that degradation of oxidized proteins is mainly
performed by uncapped 20S proteasomes instead of 26S proteasomes [182]. Also it was demonstrated that
proteasome activity could be modulated by poly-ADP-ribosylation [183], which can be a consequence of
oxidative stress induced DNA-damage. Interestingly, immunoproteasomes as well as PA28αβ were
reported to be up-regulated by oxidative stress after exposure to H2O2 [184] or nitric oxide species [185]. It
appeared that purified immunoproteasomes from mouse embryonic fibroblasts (MEFs) were to some
extent superior in degrading oxidized proteins as compared to standard proteasomes [184]. Data pointing
to an in vivo relevance of this finding came from Seifert et al. who showed that LMP7-deficient cells were
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less capable of degrading oxidized proteins and poly-ubiquitin conjugates [73]. As a consequence they
report enhanced disease severity of experimental autoimmune encephalomyelitis (EAE), a mouse model
for multiple sclerosis [73]. In line with this, St-Pierre et al. recently reported that LMP7/MECL-1 doubledeficient mice show reduced mTEC survival and enhanced thymic involution explained by higher
proteostasis stress burden resulting from promiscuous gene expression during negative selection, which
cannot be sufficiently alleviated in cells lacking immunoproteasomes [186]. Also, Opitz et al. reported that
LMP7-deficient mice show more severe Coxsackievirus B3 (CVB3) induced myocarditis partly because of
impaired poly-ubiquitin-conjugate clearance [74]. Nevertheless, the requirement for immunoproteasomes
to efficiently degrade poly-ubiquitin-conjugates in cells has remained controversial. Nathan et al. did not
find the same results as reported by Seifert et al. with the same or very similar experiments [78] coming to
the conclusion that immunoproteasomes and standard proteasomes do not differ in their ubiquitinconjugate degrading ability. Similarly, Hewing et al. neither observed differences in poly-ubiquitin
conjugate clearance after IFN-γ challenge nor after exposure to H2O2 in bone marrow (BM) derived
macrophages from WT or LMP7-deficient mice [79]. De Verteuil et al. report to observe no differences in
poly-ubiquitin conjugate clearance in DCs [167]. In LMP2-deficient B cells, Yewdell and colleagues did
not observe differences in poly-ubiquitin conjugate clearance compared to WT cells [139]. Since the
discrepancies between the findings of these studies remain unresolved, it is still not fully clarified, whether
immunoproteasomes are superior over standard proteasomes in clearing poly-ubiquitin-conjugates and/or if
such superiority might be strongly cell-type and stimulus dependent. Therefore, further work is required
for contributing to clarification of this question.

1.5.3 Role of proteasomes in signal transduction
Engagement of signaling pathways as induced by extracellular or intracellular receptor stimulation often
results in altered transcriptional activity of the cell [187]. Transcriptional regulation involves the tight
control of the transcription factors that induce certain gene expression profiles. One means of controlling
transcription factor activity is via their targeted degradation. The probably best characterized involvement
of proteasomes in immune cell signaling and gene transcription is found in nuclear factor kappa B (NF-κB)
signal transduction (details about this pathway are outlined in section 2.3.3 as part of the TCR signal
transduction). Impairing NF-κB signaling is also part of the molecular mechanism of proteasome treatment
in multiple myeloma ([188] and section 1.8.3). It has been controversially debated whether
immunoproteasomes and standard proteasomes play different roles for the regulation of NF-κB signaling.
Impaired NF-κB processing and IκBα degradation due to the lack of LMP2 were reported as molecular
characteristics in NOD-mice, in LMP2-deficient mice and in T2 cells lacking LMP2 and LMP7 [189, 190],
but the results were challenged by others [191–194]. Schmidt et al. reported impaired nuclear p65
accumulation in MEFs from LMP7-deficient mice after IFN-γ-pre-treatment and tumor necrosis factor
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(TNF) stimulation [195]. Yewdell and colleagues showed a slightly delayed IκBα degradation in LMP2deficient B cells [139]. Visekruna et al. found enhanced degradation of in vitro-translated IκBα by 20S CP
purified from tissues of patients with inflammatory bowel disease (IBD) in which immunoproteasome
expression was elevated [196]. They furthermore reported enhanced processing of p105 by
immunoproteasomes [196] and another study also claims to have identified an influence of
immunoproteasomes on the alternative pathway of NF-κB signaling [197]. However, recently Bitzer et al.
showed that the lack of immunoproteasomes had no influence on IκBα phosphorylation or degradation as
well as on p65/p50 nuclear translocation and DNA-binding in MEFs and peritoneal macrophages [194].
Moreover, several studies using selective immunoproteasome inhibitors came to the conclusion that
immunoproteasome inhibition does not impair NF-κB signaling [198–200]. Another prominent example is
the tumor suppressor p53, which plays a central cellular role in response to stress conditions. Under normal
conditions p53 is mainly controlled by mouse double minute protein 2 (MDM2), which acts as an E3 ligase
to target p53 for proteasomal degradation [201]. Multiple stress factors can release p53 from its repressors
to allow for its activity as a transcription factor. Besides its role as a tumor suppressor p53 as well as other
“classical” tumor suppressors were found to play important physiological roles in immune cells ranging
from pathogen sensing over cytokine production to orchestration of inflammation [202]. Several further
signaling pathways involved for example in oxidative stress (e.g. hypoxia-inducible factor, HIF1α),
proteostasis stress (section 1.6) or cell cycle progression (e.g. cyclins and cyclin-dependent-kinase
inhibitors) are regulated by the proteasome [203, 204]. Targeted degradation of transcription factors like
p53 or STAT transcription factors is also a pathogenic mechanism shared by several viruses [205–207].
Hence, the proteasome plays a pivotal role for regulation of certain transcription factors and cell signaling
pathways.

1.6 Proteostasis stress, stress response pathways and apoptosis
Dysregulation of normal protein homoeostasis can lead to an accumulation of poly-ubiquitinated proteins
and oxidized or otherwise damaged proteins in the cell. Therefore, pathological alterations of the UPS can
result in disease manifestations such as neurodegeneration. However, cells are to some extent capable of
adjusting to stress conditions. Depending on the damage that is caused by stress conditions cells might
eventually undergo apoptosis.
Keap1-Nrf2: Nuclear factor erythroid-derived 2 related factor (Nrf2) is broadly expressed at steady state,
but rapidly degraded by the proteasome with a half-life of only about 12 minutes [208]. The degradation is
promoted by Kelch-like ECH-associated protein 1 (Keap1) dimers, which sequester Nrf2 in the cytosol by
interacting with two N-terminal domain regions of Nrf2. Thus, Keap1 promotes a conformation of Nrf2 in
which several lysine residues between these domains are optimally exposed for poly-ubiquitination,
25

Chapter I – Introduction – Proteasomes and Immunoproteasomes
thereby inducing Nrf2 degradation [209]. Activation of the Nrf2 pathway is induced in the presence of
oxidative stress and upon proteasome dysfunction [210]. Under oxidative stress conditions the
destabilizing conformational influence of Keap1 on Nrf2 is disrupted. Nrf2 can subsequently accumulate
and translocate to the nucleus where it binds to antioxidant response elements (ARE) in the promotor
regions of many genes including standard proteasome subunits and PA28αβ [211, 212]. In contrast,
immunoproteasome subunits were not found to be regulated by Nrf2 even though Psmb8/β5i contains the
Nrf2-responsive ARE consensus sequence upstream of the gene [211, 212]. Interaction of mutated p53
with Nrf2 was found to be a common mechanism of cancer cell resistance to proteasome inhibitor
treatment [213].
Nrf1/TCF11: While Nrf2 also accumulates and translocates to the nucleus under conditions of proteasome
inhibition [208], its main function seems to be the de novo proteasome subunit expression in response to
oxidative stress. In contrast, it was found that the up-regulation of standard proteasome subunits, but not
immunoproteasomes, in response to proteasome inhibition described by Meiners et al. [214] was rather
attributed to Nrf1 (orthologue of human TCF11) [208, 215]. Nrf1 showed higher efficiency than Nrf2 to
induce expression of PSMB6/β1c via the ARE promotor element, while Nrf1 and Nrf2 both relied on
synergistic co-operation with the MafG transcription factor [208]. In MEFs deficient for Nrf1, but not in
Nrf2-deficient MEFs, the up-regulation of representative members of PSMA-, PSMB-, PMSC-, and
PSMD-subunits in response to proteasome inhibition was abrogated [215]. In line with the results of
Meiners et al. [214] also bortezomib treatment rather suppressed immunoproteasome subunits instead of
inducing them indicating that Nrf1 does not drive immunoproteasome expression [216]. In the
physiological state, Nrf1/TCF11 is inserted into the ER-membrane via its N-terminal domain in a Sec61
dependent manner [208, 217, 218]. Furthermore, Nrf1 is glycosylated which was reported to negatively
regulate Nrf1 stability and transcriptional activity [219]. Cytosolic de-glycosylation is required for
transcriptional activity of Nrf1 [220]. Nrf1 has been shown to be short-lived and rapidly degraded by the
proteasome [221]. The current model of Nrf1 turnover is that Nrf1 is inserted into the ER in N cytosol/Clumen
orientation, glycosylated within the ER, retro-translocated in a p97/VCP-dependent manner, then deglycosylated, cleaved and rapidly degraded by the proteasome [220, 222]. It was first reported that the
proteasome itself would be responsible for Nrf1 processing when it is partially inhibited, while Nrf1
processing would be abrogated when the proteasome is fully inhibited [216]. However, it later became
clear that high-dose proteasome inhibition results in aggregation of Nrf1 in insoluble fractions obscuring
that Nrf1 can be processed independently of proteasomes by DNA damage inducible 1 homologue 2
(DDI2) [223–225]. A role of Nrf1 in the absence of pharmacological proteasome inhibition was reported in
mice conditionally deficient for Nrf1 in the liver, revealing that ARE-driven genes exist that are
preferentially induced by Nrf1, but not by Nrf2 [226, 227]. Furthermore, Nrf1 was reported to be involved
in glucose metabolism regulation [228] and most recently in ER-cholesterol homeostasis [229].
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Unfolded Protein Response / Integrated Stress response: The well-established term “unfolded protein
response” (UPR) goes back to the discovery that misfolded proteins in the ER can induce reactions to
consequently up-regulate ER-chaperone genes in mammalian cells and in yeast [230–232]. Thus, the UPR
is conventionally seen as an ER-stress-response pathway. However, misfolding stress and accumulation of
damaged proteins can also occur in other cellular organelles as well in the cytoplasm. Anne Bertolotti
recently proposed to refer to different subcellular responses after misfolding stress as to the “ER-UPR” for
the ER-stress-response associated UPR, the “mito-UPR” for mitochondria-associated induction of
mitochondrial chaperones in response to misfolding stress and to the “cyto-UPR” for responses to protein
misfolding in the cytoplasm as classically described in the heat shock response system [233].
The classical UPR as an ER-stress response is mediated by three major pathways [234]. Misfolding in the
ER lumen leads to activation of the ER-membrane resident protein kinase RNA-like endoplasmic
reticulum kinase (PERK) by oligomerization and auto-transphosphorylation. PERK phosphorylates
eukaryotic initiation factor 2α (eIF2α), which results in dampening of total protein synthesis [235].
Phosphorylated eIF2α also induces activating transcription factor (ATF)4, which activates downstream
transcription of metabolic pathways, antioxidant pathways, autophagy and apoptosis [234, 236]. PERK
also activates the Nrf2 pathway (described above) by phosphorylation of Nrf2 [237]. As the
phosphorylation of eIF2α can be induced by at least four kinases reacting to different and also ERunrelated stress stimuli, eIF2α phosphorylation can be regarded as a more general marker for cellular stress
response reactions and is hence a sign of the “integrated stress response” [236]. Another ER-membrane
resident factor is endoribonuclease inositol-requiring enzyme 1-alpha (IRE1α), which is also activated via
oligomerization and auto-transphosphorylation. It acts as an mRNA splicing enzyme that at low levels of
ER-stress quite selectively splices the mRNA of X-box binding protein (XBP)1, resulting in an active
protein product XBP1s from the spliced mRNA. XBP1s induces genes involved in lipid synthesis, ERassociated degradation (ERAD) and protein folding [234, 238]. IRE1 can also induce mitogen activated
protein kinase (MAPK) signaling [239] (see also section 2.3.5). The third arm of the UPR is activated via
another ER-membrane resident protein, ATF6. Upon stress, ATF6 is transported from the ER to the Golgi,
where the cytoplasmic domain is cleaved off and translocates to the nucleus [240]. Active UPR promotes
ERAD and enhances ER-chaperone levels like BiP/Grp78. Thus, the UPR helps cells to adapt to ER-stress,
which is especially important in cells with an extended secretory system like B plasma cells [241, 242].
Noteworthy, also T cells depend on ER-function – especially upon activation – as cytokine production, cell
blasting and increasing nutrient-uptake require the secretory system [243]. Another stress response
pathway initiated is autophagy, which was shown to preserve cell viability when proteasomal degradation
is insufficient and when ER-stress occurs [210, 244]. Prolonged, strong activation of the UPR does not
promote cell survival, but induces apoptosis, a mechanism contributing to clinical efficacy of proteasome
inhibitors (sections 1.7 and 1.8). A simplified overview of stress response pathways is shown in Figure 2.
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Figure 2: Simplified schematic overview of selected cellular stress response pathways.
A) Nrf2 is regulated in the cytosol by Keap1, which promotes Nrf2 ubiquitination and degradation by the proteasome. In response to oxidative
stress, Nrf2 is released from the negative regulation by Keap1 and subsequently translocates to the nucleus for gene regulation.
B) Nrf1 is co-translationally integrated into the ER membrane, where it is glycosylated. In a p97/VCP-dependent manner, Nrf1 is retro-translocated
to the cyosol, de-glycosylated and cleaved by DDI2. Under physiological conditions, Nrf1 is rapidly degraded by the proteasome. In response to
proteasome inhibition, cleaved Nrf1 accumulates and induces proteasome gene expression in the nucleus.
C) The three-armed pathways of the unfolded protein response (and integrated stress response) are mediated via PERK-eIF2α, IRE1-XPB1 and/or
ATF6. Phosphorylated eIF2α halts global translation, but promotes ATF4 induction. See text for details and references.

Apoptosis: Apoptosis induction can be generally divided into the intrinsic and the extrinsic pathway of
apoptosis. The latter plays a major role in target-cell killing by immune cells via Fas/FasL [245, 246].
Sustained pro-apoptotic UPR, however, initiates the intrinsic pathway, in which mitochondrial
permeabilization and cytochrome c release into the cytoplasm initiate activation of caspases. One marker
for pro-apoptotic activation of the UPR is the accumulation of CCAAT-enhancer-binding protein
homologous protein (CHOP, also GADD153), which is induced upon prolonged PERK activation and
inhibits anti-apoptotic Bcl-2 (B cell lymphoma 2) signaling [247–249]. Bcl-2 has been shown to be
regulated by NF-κB [250] and normally counteracts the pro-apoptotic action of Bcl-2 associated X protein
(BAX)-like superfamily and the action of BH3-only proteins at the ER-membrane [251]. Conventionally
used molecular markers for apoptosis induction are cleavage of caspase-3 and cleavage of poly-ADPribose polymerase (PARP-1). The latter is commonly used as an apoptosis marker as the cleaved PARP
N-terminal fragment actively inhibits overall PARP function in the cell, abrogating its DNA-repair
capacity [252]. After their effector function phase, activated T cells are eliminated from the periphery by
activation induced cell death (AICD), which involves the extrinsic pathway of apoptosis, but is also
partially Fas/FasL-independent [253–256].
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1.7 Proteasome and immunoproteasome inhibitors
After the discovery of proteasomes natural products and chemicals were identified that modulate the
activity of this complex in vitro [22]. Proteasome inhibitors were initially developed to study mechanisms
of muscle atrophy and were then used as tools to investigate the function of the proteasome complex [257].
Peptide aldehydes had been described as calpain inhibitors before and were then identified as proteasome
inhibitors that are still widely used for in vitro studies today (mainly MG-132, Z-LLL-al) [65, 258–261].
E.g. they were used to identify the peptide generating function of proteasomes for MHC-I mediated
antigen presentation (experiments were performed with the inhibitor MG115) [262] and the proteasomedependency of NF-κB signaling [263, 264]. However, it was the peptide aldehyde derived dipeptidyl
boronic acid compound bortezomib (PS-341) that was the first proteasome inhibitor to be approved by the
FDA in 2003 for the treatment of patients suffering from multiple myeloma (Velcade®, Millenium
Pharmaceuticals) [265–267] (section 1.9.3). Today, Bortezomib is a first-line treatment option in multiple
myeloma (MM) together with other chemotherapeutics like lenalidomide and dexamethasone and
approved in at least 73 countries [268]. Bortezomib is also used as a scaffold molecule in searching for
new site-specific proteasome inhibitors [269]. Carfilzomib (PR-171) is a second-generation proteasome
inhibitor [270] used in MM patients after unsuccessful first-line treatment [271]. It belongs to the class of
epoxyketones that irreversibly modify active site threonines. Interestingly, the inhibitory mechanism of
expoxyketones reported to form a covalent morpholine-ring structure based on crystal structure of 2.6 to
2.9 Å resolution [31, 272–274] was challenged by Schrader et al. providing evidence for a 1,4 oxazepane
seven-membered ring-structure based on 1.9 Å resolution structures of human proteasomes co-crystallized
with the epoxyketone inhibitors oprozomib, epoxomicin or Dihydroeponemycin [275] (Figure 3D).
A third proteasome inhibitor was approved in 2015: The orally available Ixazomibcitrate (MLN9708),
which is hydrolyzed in water to generate the active form Ixazomib (MLN2238) [276, 277].
Natural proteasome inhibitors: A natural product that inhibits the 20S proteasome is the Streptomyces
spec. metabolite lactacystin. It preferentially targets the chymotrypsin-like activity, but also inhibits the
other 20S subunits [278]. Its mechanistic action depends on its derivatization in aqueous solution below pH
8.0 to form an active β-lactone, which forms an irreversible acyl-ester adduct at the active threonine [279].
Lactacystin-treatment of Jurkat cells and murine splenocytes led to reduced IL-2 and IFN-γ secretion,
while IL-4 was reduced in splenocytes, but elevated in Jurkat cells [280]. Similar effects of lactacystin
were also found in splenocytes from LMP7/MECL-1 double deficient mice [281]. Lactacystin also induced
apoptosis in patient-derived B cell chronic lymphocytic leukemia cells (B-CLL) [282]. More potent than
lactacystin was the Actinomycete-derived compound epoxomicin, which was found to also mainly target
the chymotrypsin-like activity but also trypsin-like and caspase-like activities with lower potency [283,
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284]. Epoxomicin later on gave rise to the development of carfilzomib and other epoxyketone inhibitors
described below [285].
Subunit selective (immuno-) proteasome inhibitors: Apart from natural products and clinically approved
proteasome inhibitors the list of newly developed synthetic 20S CP targeting drugs has expanded
significantly within the past decade. The first immuno-subunit-selective compound reported was UK-101,
which is structurally also based on epoxomicin [286]. In the prostate cancer cell line PC3, UK-101
seelctively modified LMP2 in a covalent fashion leading to shifts in electrophoretic mobility. While UK101 (in contrast to epoxomicin) did not impair NF-κB degradation, it did induce poly-ubiquitin conjugate
accumulation and apoptosis [287].
The first compound described as an LMP7-selective inhibitor also belongs to the class of epoxyketones:
ONX 0914 (formerly PR-957) [199]. It has at least 10-fold selectivity for LMP7 over β5c and was used in
a wide range of pre-clinical studies (see section 1.8). ONX 0914-soaked crystals of mouse immuno- and
standard proteasomes revealed the basis for its selectivity. LMP7-selectivity is mainly attributed to the S1
pocket, where the Met45 conformation allows ONX 0914 to bind to the larger S1 pocket of LMP7. While
ONX 0914 can in principle also inhibit LMP2, steric hindrance by Phe31 of LMP2 counteracts its binding
[31]. Only at high concentrations (above 300 nM) ONX 0914 broadly inhibited proteasome subunits [199].
Treatment of splenocytes with ONX 0914 reduced their IFN-γ and IL-2 secretion and Th17 polarization
was impaired by ONX 0914 treatment [199, 288]. On the contrary, splenocytes lacking LMP7 were not
affected by ONX 0914, substantiating LMP7-selectivity [199]. In contrast to UK-101, no poly-ubiquitinconjugate accumulation was observed by ONX 0914-treatment up to 300 nM and ONX 0914 in Molt4
cells also did not impair NF-κB signaling in an NF-κB reporter cell line [199, 287]. An even more selective
LMP7 inhibitor of the epoxyketone class is PR-924, which has 130-fold LMP7-selectivity over β5c in
human proteasomes and showed pro-apoptotic efficacy in multiple myeloma cell lines [289].
The number of developed epoxyketone-based compounds has vastly expanded in recent years for both
LMP7-selective as well as β5c-selective compounds ([290, 291] and Basler et al., 2018, see section 12.5).
Other compound classes with highly subunit-selective inhibition profiles include oxathiazolones [292],
N,C-capped dipeptidomimetics [293, 294], non-competetive reversible asparagine ethylenediamine-based
compounds [295] and dipeptide boronates [162]. Of the immunosubunit-selective inhibitors, only the ONX
0914-related compound KZR-616 has reached clinical trial phase so far (Clinical trial identifier:
NCT03393013). An overview of different inhibitors used in clinical and pre-clinical applications as well as
their modes of Thr1-inhibtion is shown in Figure 3 (see Ettari et al. 2018 [277], Cromm & Crews 2017
[65] and Huber & Groll 2012 [272] for extended reviews).
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Figure 3: Proteasome and immunoproteasome inhibitors and their molecular inhibition modes.
A) Structures of the clinically approved proteasome inhibitors Bortezomib, Carfilzomib and Ixazomib. Occupancies of substrate binding pocket
sites are indicated in blue (Cromm & Crews 2017 [65]).
B) Structures of the experimentally used epoxyketone inhibitors ONX 0914 and PR-825 with substrate binding groove occupancies indicated in
blue. Modified after Cromm & Crews 2017 [65] and Huber & Groll 2012 [272]
C) Structures of the novel LMP7-specific inhibitor PRN1126 (Basler et al., 2018, section 13.5), the broad spectrum proteasome inhibitor MG-132
and the LMP2-selective boronate inhibitor ML604440 (Ettari et al. 2018 [277]) .
D) Two proposed molecular modes of Thr1 inhibition by inhibitors with epoxyketone warhead as proposed by Huber & Groll 2012 [272] and
Schrader et al. 2016 [275]. Brackets denote compounds which were used in crystal structures to elucidate the inhibitory modes.
E-F) Molecular modes of Thr1 inhibition by inhibitors with aldehyde warhead (E) and boronate warhead (F). Modified after Huber & Groll 2012
[272]
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1.8 Proteasomes and immunoproteasomes in pathophysiology and aging
Dysfunction of the proteasome or immunoproteasome can lead to a variety of disease phenotypes. In 2010,
Torrelo et al. described a rather rare syndrome under the name CANDLE (Chronic Atypical Neutrophilic
Dermatosis with Lipodystrophy and Elevated temperature) [296]. This and several independent reports of
patients with similar disease syndromes could be linked to mutations in the LMP7 immunoproteasome
subunit, the immunoproteasome assembly chaperone POMP and in some cases other proteasome subunits
[297–299]. Patients suffer from lipodystrophy, wasting, skin lesions, recurrent fevers and overall autoinflammatory manifestations including elevated type-I interferon levels [300]. At the cellular level, this is
accompanied by accumulation of ubiquitinated proteins in cells and hence cellular protein stress, which is
elevated when stress-inducing environmental factors like virus-infections, cold or physical exercise occur
[297, 301, 302]. However, whether the ubiquitin-conjugate-induced stress is the key feature leading to the
inflammatory dysfunction or whether the loss of a selectively immunoproteasome-dependent molecular
mechanism is rather responsible, remains unclear [301, 302]. Importantly, in spite of ubiquitin-conjugate
accumulation, the NF-κB pathway was found to be non-impaired in the experiments of Arima et al.,
indicating that reduced overall capacity to degrade proteins does not necessarily affect particular
degradation-dependent pathways controlled by the proteasome [302]. The mutations detected in patients
were found to affect either the catalytic activity of mutated subunits alone or in combination with a
structural disruption of individual subunits or the whole immunoproteasome particles [301, 302]. In
contrast, a seemingly opposite role for the immunoproteasome was reported by Kimura et al, finding that
LMP7-deficient mice were protected from high-fat-diet induced obesity and showed reduced adiposetissue-associated inflammation [303]. In this case, however, LMP7 was genetically deleted and the cells
did not express non- or malfunctioning variants of the protein. Nevertheless, LMP7-deficiency, LMP7inhibition with ONX 0914 as well as one of the missense mutations in LMP7 were reported to impair
adipocyte differentiation [301, 304]. It has remained a matter of debate how the different underlying details
of impaired LMP7 function can influence the impact on inflammatory processes, which will be further
outlined in Chapter IV Discussion.

1.8.1 Proteasomes and immunoproteasomes in neurodegenerative diseases
The UPS has long been appreciated to play a role in neurodegenerative diseases like Parkinson’s disease
(PD), Alzheimer’s disease (AD), Huntington disease (HD) and Amyotrophic Lateral Sclerosis (ALS) [305,
306]. A shared feature of these pathologies is the inclusion of misfolded protein aggregates with toxic
impact on the respective cell. While dysfunction of the UPS and induction of inducible proteasome
subunits was reported in a mouse model for familial ALS [307–309], the mechanisms of how such
dysfunctions are caused in the cell have remained largely unknown. Only recently, the use of cryo-electron
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tomography has revealed accumulation of proteasomes within poly-GA aggregates in a stalled substrate
processing state possibly explaining how proteasomes are disturbed in this particular form of aggregates
that similarly occur in some ALS patients [108]. In contrast, poly-Q fibrillary aggregates as found in
neurons of HD patients did not sequester proteasomes or other large molecules, but seemed to disturb the
ER membrane network, thereby exerting their toxic effects to the cell [108, 109]. This is in line with
previous reports that N-terminal huntigtin (N-htt) fragments did not directly inhibit proteasome function
[310] and that proteasome subunit activities were not reduced in brain extracts from a conditional mouse
model for HD [311]. The observed induction of immunoproteasome subunits in those brain extracts was
rather attributed to secondary inflammatory cues than to cell-intrinsic responses of neuronal cells after
formation of inclusions [311, 312]. A potential role for immunoproteasomes in regulating neuroinflammation and the respective cytokine environment has also been suggested in AD, which is
accompanied by amyloid plaque formations and tauopathy in CNS neurons and in immunoproteasome
expressing brain regions. Plaque formation was found to be increased in aged humans, mice and rats
compared to younger individuals [313–317]. However, mechanistic explanations for impaired proteostasis
in AD are lacking and only limited conclusions can be drawn from in vitro studies showing proteasome
impairment by amyloid-protein oligomers [318]. Interestingly, inhibition of the de-ubiquitinating enzyme
USP14 showed that boosting proteasomal activity could enhance the cellular capacity to degrade proteins
prone to aggregation in neurodegenerative diseases, including tau protein and TDP-43 [319, 320]. The
efficiency of proteasomal degradation can also be regulated by posttranslational modification at the 19S
regulatory cap. Cyclic-AMP activated protein kinase A (PKA) phosphorylates Rpn6 at Ser14 and enhances
proteasomal degradation capacity [321]. Attempting enhancement of proteasome capacity has thus arisen
as a potential treatment option in neuropathologies involving protein aggregates [322]. The relevance of
impaired proteasome function in PD is not fully elucidated. It was found that α-synuclein, which
aggregates in PD patient neurons, can be degraded by the proteasome in a ubiquitin-independent manner as
it has features of an intrinsically disordered protein [323, 324]. Impairment of proteasome activity in
α-synuclein overexpressing neuroblastoma cells was reported, but in vitro data did not support the idea of a
direct inhibitory effect of α-synuclein on proteasome function [325]. On the other hand, mutations in
Psmc4 (Rpt3) as well as a mutation in Psmb9 (LMP2) were found to be associated with increased risk to
develop PD [326, 327]. Taken together, despite the several reports about immunoproteasome induction in
neurodegenerative diseases, it seems that their contribution is rather confined to processes of neuroinflammation as also evidenced in models of intracranial virus-infection and inflammation after injury
[143, 328, 329] instead of regulating the overall proteostasis capacities of cells in the brain differently than
standard proteasomes in response to pathological aggregates.
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1.8.2 Proteasomes and immunoproteasomes in infectious diseases
In spite of the relatively low and cell-type restricted immunoproteasome expression in the brain,
immunoproteasome-deficiency influenced LCMV-induced meningitis as LMP7-deficient mice had a
delayed onset of disease symptoms [143, 328]. This was likely attributed to less infiltration of the brain by
epitope-specific CTLs, but altered presentation of peptides by brain resident and infiltrating APCs might
contribute as well [328]. MECL-1-deficient mice showed about 20% reduced CD8+ T lymphocytes and a
reduced generation of some LCMV-epitope specific CTLs [164]. Immunoproteasome inhibition with ONX
0914 also attenuated LCMV-induced meningitis [328]. Reduced generation of influenza nucleoproteinspecific CTLs and ~60% reduced CD8+ T lymphocytes were reported in LMP2-deficient mice [67]. Yet,
clearance of LCMV from infected mice was not generally altered in mice lacking immunoproteasome
activity [330].
Another virus-infection model, in which ONX 0914 showed beneficial effects is Cocksackie B3 virus
(CB3V) induced myocarditis, where ONX 0914 dampened inflammation by reducing macrophagemediated heart tissue-damage [331]. In contrast, immunoproteasome-deficiency enhanced susceptibility to
CB3V-induced tissue damage and the authors report on enhanced poly-ubiquitin conjugates and increased
oxidatively damaged proteins in LMP7-deficient splenocytes, but excluded altered virus-specific CTL
responses as an underlying mechanism [74]. Later, the same group identified the cardio-protective protein
pentraxin-3 (ptx-3) to depend on LMP7. They also showed that ONX 0914-treatment reduced ptx-3
expression in macrophages, likely via reducing ERK- and p38-phosphorylation [200]. Hence, ONX 0914
could have a negative outcome for disease-severity, but its beneficial effect via reduced macrophageinfiltration and cytokine secretion seems to be superior [200, 331]. Ptx-3 is a primarily macrophage- and
neutrophil-derived secreted protein which is involved in pathogen clearance via interaction with the
complement system [332]. Reduced Ptx-3 expression was confirmed by Kirschner et al. who showed that
LMP7-deficient mice have an impaired ability to clear Streptococcus pneumoniae infection [333]. They
reported that WT BM-derived macrophages express both standard and immunoproteasomes, but that
LMP7-deficiency alters c-Jun and ATF2-signaling in response to LPS-stimulation [333]. Similarly, an
influence on LPS-stimulated TLR4-signaling via signal transducer and activator of transcription (STAT)1,
STAT3 and interferon regulatory factor (IRF)3 had been reported in thioglycollate-elicited macrophages
from LMP7/MECL-1 double-deficient mice before [334]. Further studies have shown a role for
immunoproteasomes in bacterial and protozoan infection: In contrast to WT mice, LMP7-deficient mice
succumbed to infection with Toxoplasma gondii [169]. Upon infection with Listeria monocytogenes
LMP7-deficient mice were less competent to clear the bacteria from the liver, but not from the spleen
compared to WT mice [335]. The relatively reduced numbers of CD8+ T cells in MECL-1-deficient mice
remained also during the course of L. monocytogenes infection, but this was attributed to T cell-intrinsic
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effects [138]. Likewise, altered peptide-processing and CD8+ T cell responses were reported to result in
impaired immunity to the protozoan parasite Trypanosoma cruzi in mice deficient for all three
immunoproteasome subunits [336]. As immunoproteasome inhibition with ONX 0914 was shown to
impair Th17 polarization in the course of autoimmune disease models (section 1.8.4), the impact of ONX
0914 treatment on fungal infection with Candida albicans was tested, because Th17 cells play an
important role in controlling fungal dissemination [337, 338]. ONX 0914 affected both T helper cells as
well as antigen-presenting innate immune cells and mice treated with ONX 0914 showed exacerbation of
candidiasis with enhanced neutrophil recruitment to the kidney, likely as a result of fungal dissemination
[337]. In summary, immunoproteasomes were shown to play important roles in the course of infectious
disease pathologies by both antigen-processing dependent and independent means, but insights into the
mechanistic basis for these effects are limited, especially for adaptive immune cells.

1.8.3 Proteasomes and immunoproteasomes in malignant diseases and transplant rejection
Multiple Myeloma is a plasma cell cancer with an incidence of ~140,000 per year worldwide in which
abnormal plasma cell proliferation and antibody production result in anemia, increased risk of infection,
kidney damage and ultimately death of patients [268]. The development of bortezomib provided a
treatment for this type of cancer and was used in patients since its approval in 2003 [266, 268], but relapses
after initially successful treatment and development of bortezomib-resistance are still major issues [339].
The clinical introduction of carfilzomib has meanwhile added a second-line treatment option [340].
Bortezomib is also used in mantle cell myeloma [341]. Both inhibitors were also experimentally or
clinically tested in other cancer types like acute myeloid leukemia [342] or non-Hodgkin-lymphoma [343]
showing successful anti-tumor activity in these studies. Likewise, proteasome inhibition has also been
implicated as a potentially successful treatment of Waldenström macroglobulinemia, another type of B cell
lymphoma, in preclinical or clinical studies [344–346]. In contrast to blood cell cancers, the treatment of
solid tumors with proteasome inhibitors was so far less successful. Nevertheless, phase I trials with
Ixazomib in patients with solid tumors have been conducted [347] and it was reported that combination
therapy with IFN-α might be efficacious in melanoma [348]. Of note, two groups have recently shown that
ONX 0914 was effective in treating inflammation associated colon cancer in different colon cancer models
in mice [349, 350]. These findings give rise to widening the clinical applicability possibly also to solid
tumors. A hallmark of many cancer cells is an extraordinarily high metabolic activity required for
neoplastic proliferation. As cancer cells hence need high amounts of metabolites for anabolic synthesis of
new organelles and membranes, the tricarboxylic acid (TCA) cycle intermediates are exploited for
anabolism, which results in enhanced anaplerosis and reduced oxidative phosphorylation in the
mitochondria [351]. ATP-synthesis is then mainly driven by glycolysis instead of the respiratory chain.
This anaerobic ATP production in spite of sufficient oxygen in cells is called “Warburg effect” [352]. As a
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consequence, enhanced protein synthesis in highly metabolically active and proliferating cells as well as
mutations in protein coding sequences in tumor cells lead to more proteasome substrates and stronger
dependency on protein homeostasis capacity [353, 354]. Indeed, enhanced capacity to degrade misfolded
proteins was identified to promote tumorigenesis [355]. Plasma cells produce antibodies in large quantities
and especially rely on a functioning ER-secretory system and UPR [241, 356]. Plasma-cell-derived
proliferating lymphoma cells like multiple myeloma cells are therefore especially affected by proteasome
inhibition, which leads to apoptosis by inducing unresolvable proteostasis stress, impairing proteasomedependent signaling pathways and activating the terminal UPR [354, 357]. Of note, the approved
treatments with proteasome inhibitors together with lenalidomide and dexamethasone are accompanied by
several severe side effects like anemia, extremity pain, nausea, diarrhea, rashes, neuropathy and others
[358, 359], which limits broader application.
Another pathological situation, where plasma cells cause damage to the body is the chronic antibodymediated rejection after organ allograft transplantation. Bortezomib also showed efficacy to inhibit
allograft transplant rejection [360] and recently Li et al. provided evidence that ONX 0914 is as efficient in
preventing chronic rejection as bortezomib in a rat kidney transplantation model [361]. In contrast, skin
allograft survival could not be prolonged with ONX 0914 [362].

1.8.4 Proteasomes and immunoproteasomes in autoimmune diseases
Since the initial description of ONX 0914 in 2009 and the concomitant demonstration of its anti-autoinflammatory effects in experimental rheumatoid arthritis (RA) and type I diabetes [199], several studies
investigated possible beneficial roles of immunoproteasome inhibition in a variety of mouse models of
auto-immunity. Ichikawa et al. showed that ONX 0914 treatment of lupus-prone mice reduced disease
severity, decreased autoantibody production, decreased plasma cells in spleen and BM and reduced IFN-α
production from plasmacytoid dendritic cells (pDCs) [363]. The effect on autoantibody production was
milder in a mouse model for Hashimoto thyroiditis and only significant with ONX 0914 doses close to the
maximum tolerated dose (MTD) of 30 mg/kg. Still, overall thyroiditis scores were already reduced at
2-10 mg/kg [364]. Basler and Mundt et al. found that ONX 0914-treatment reduced symptoms of EAE.
Importantly, they showed that the effect of ONX 0914-treatment depended on BM-derived cells and
demonstrated that both targeting LMP7 in WT mice as well as targeting β5c in LMP7-/- mice reduced
disease severity [80]. Thus, the effect of ONX 0914 in this model was mediated by blocking the
chymotrypsin-like activity at the β5-position, irrespective of its occupancy by β5c or LMP7. Mice lacking
LMP7, LMP2 or MECL-1 were instead equally prone to EAE-induction as WT mice [80, 365], which was
not in line with a previous report demonstrating higher EAE-susceptibility of LMP7-deficient mice [73]. In
contrast, both immunoproteasome deficiency as well as inhibition protected mice from development of
dextran sulfate sodium (DSS)-induced colitis [195, 366, 367]. Impaired Th1 and Th17 polarization and
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effector cytokine secretion in vitro and in vivo were associated with the effects of ONX 0914 in these
models [80, 288, 366] and an altered STAT-signaling in response to IL-6 and IL-12 was reported by Kalim
et al. as potentially involved in the underlying mechanism [288]. While several studies showed an effect of
immunoproteasome inhibition on T cell cytokine production [80, 199, 366], a comprehensive mechanistic
explanation for the beneficial effects of ONX 0914 in these autoimmune pathologies is still lacking today.

2 LYMPHOCYTES AND THEIR ROLE IN AUTOIMMUNE DISEASES
Immunity against pathogens is provided by physical barriers, humoral factors like the complement system,
innate immune cells as well as adaptive immune cells. While innate immune cells sense pathogens by
pattern recognition receptors (PRRs) to detect pathogen-associated or damage-associated molecular
patterns (PAMPs, DAMPs), adaptive immune cells, which are comprised of T and B lymphocytes, acquire
antigen-specificity and provide adaptive immunological memory. Both arms of immunity can be
dysregulated in autoimmune pathologies, where inflammation is induced in the absence of a foreign
pathogen [152]. Of note, innate cells of lymphoid progenitor origin have been long known: NK cells are
able to kill target cells in spite of having no antigen-specific receptors [368]. Conceptual understanding of
“innate lymphocytes” has greatly expanded within the past decades as the innate lymphoid cells (ILCs)
were discovered and characterized. These cells show remarkable similarities to CD4+ T helper cell
polarization states and are now recognized to be involved in responses to infection, anti-tumor responses as
well as in inflammatory diseases [369, 370]. Accumulating evidence suggests that ILCs and adaptive
T helper cells are often synergistically involved in immune responses and, therefore, in referring to type-1,
type-2 and type-3 immune responses recent research articles most often include both types of cells [371–
373]. However, ILCs are not further investigated in this work and experiments with respect to activation
and polarization of lymphocytes were mainly based on in vitro purified cell populations. Hence, this
introduction is restricted to T and B lymphocytes.

2.1 B cells and humoral immunity
2.1.1 B cell development and activation
B lymphocytes derive from common lymphoid progenitor cells in the BM. Immature B cells bear
membrane bound immunoglobulin receptors of the IgM class (mIgM), the specificity of which is a result
of V(D)J-gene rearrangement during maturation. Central tolerance mechanisms in the BM help to deplete
auto-reactive B cells before final maturation and peripheral tolerance control in the spleen give rise to
mature naïve IgM+ and IgD+ B cells [374]. Unless activated, B and T lymphocytes are small spherical
cells and depend on oxidative phosphorylation-derived ATP for migratory mobility while circulating
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through blood and secondary lymphoid tissues [375]. Most B cells are activated with the help of T helper
cells in the germinal center of a lymph node [376]. However, T cell-independent B cell activation can
occur in innate-like B1-cells and in marginal zone B cells [377]. B cell activation leads to clonal expansion
and a transition to antibody-secreting states. In germinal center B cells this is accompanied by somatic
hypermutation and affinity maturation, metabolic changes and an extension of cytoplasm and ER [241].
Besides short-lived extra-follicular plasmablasts, long-lived plasma cells and memory B cells are formed
during and after infection. Memory B cells provide protection upon re-challenge with the specific pathogen
[378]. However, B cells do not only produce antibodies, but also secrete cytokines and serve as
professionals APCs, thereby being involved in inflammatory responses to pathogens by multiple means
[379]. Both human and mouse B cells are marked by the CD19 lineage marker (B cell co-receptor) and are
activated via the B cell receptor (BCR). B cell activation signaling resembles T cell receptor mediated
activation signaling, but shows some distinct differences. As this work primarily focusses on T cells and
T cell receptor signaling, BCR-induced signal transduction will only be introduced along with TCRsignaling where important differences are highlighted. A T-independent polyclonal stimulus to activate
B cells is lipopolysaccharide (LPS) derived from gram-negative bacteria, which triggers toll-like receptor 4
(TLR4). Thus, dual BCR and TLR-signaling can also induce B cell responses independent of follicular
T cell help [380]. A synergistic co-stimulatory signal for BCR-induced activation is provided via CD40,
which engages the alternative pathway of NF-κB signaling [381–383] (section 2.3.3).

2.1.2 Plasma cells and autoantibodies in autoimmune diseases and transplant rejection
Despite the existence of autoantibodies also in healthy individuals, presence of autoantibodies (mainly
anti-nuclear antibodies, ANAs) is a classical diagnostic element in autoimmunity [384]. Primarily-B-celldriven autoimmune pathologies include systemic lupus erythematosus (SLE), Hashimoto thyroiditis,
Sjögren’s syndrome and myasthenia gravis [385]. B cells also contribute to other autoimmune pathologies
like multiple sclerosis, rheumatoid arthritis (driven by both T and B lymphocytes) and play major roles for
rejection after organ transplantation [385, 386]. SLE is marked by the formation of spontaneous germinal
centers and the secreted autoantibodies can lead to vascular damage and immune complex
glomerulonephritis ultimately leading to kidney failure [387]. Clinical attempts to target B cell pathologies
have included cytostatic drugs and monoclonal antibodies against CD19 and CD20 (Rituximab) [388,
389]. A major issue is that established strategies to deplete B cells are poorly successful to deplete longlived non-proliferating plasma cells. While memory B cells are re-activated upon re-challenge, long-lived
plasma cells in the BM produce antibodies, but do not respond to secondary challenge with antigen [378].
Hence, cytostatic and classical immunosuppressive drugs help to overcome acute rejection, but fail to
deplete long-lived plasma cells [390, 391]. Similarly, while rituximab-treatment depletes peripheral blood
memory B cells, sufficient cell amounts survive in lymphoid organs and inflamed tissues to mount a
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memory response [385]. These also contribute to T cell activation as APCs in allograft rejection and
autoimmunity [386]. Proteasome inhibition with bortezomib showed clinical efficacy for treatment of
refractory SLE [392]. Similarly as observed in murine model studies, proteasome inhibition reduced type-I
interferons, decreased autoantibody levels and decreased plasma cells, but left non-activated peripheral
blood B cells largely unaffected [392, 393]. In contrast, Mulder et al. report an overall inhibitory effect of
bortezomib and ONX 0914 also on naïve human B cell subsets in vitro [394]. The beneficial effects of
bortezomib in SLE are also mediated via impairment of pDCs [395]. As mentioned above, effectiveness of
ONX 0914 in a lupus mouse model and recently also for preventing chronic rejection in a rat allograft
kidney transplant model has been shown [361, 363]. The high demand for functioning ER and secretory
pathways in plasma cells likely results in high susceptibility to proteasome inhibition, but evidence at the
molecular level remains to be demonstrated. Additionally, by which mechanism naïve B cells would be
affected by immunoproteasome inhibition, has also not been shown yet.

2.2 T cells and T helper cell subsets
The T lymphocyte arm of adaptive immunity arises from BM-derived T cell precursors that migrate to the
thymus for further development and maturation. Like the BCR, the T cell receptor (TCR) is a result of
somatic gene recombination during development. First, a pre-TCR is established by β-chain rearrangement
and subsequent to productive signaling, the α-locus is re-arranged to give rise to a TCR with almost
random specificity, albeit some genetic bias [396]. The interaction of the CD4+CD8+ double positive (DP)
thymocyte TCR with either MHC-I or MHC-II on thymic epithelial cells paves way for ultimate lineage
fate decision as CD8+ T cells (MHC-I) or CD4+ T cell (MHC-II) [397, 398]. Thymocytes thus undergo
positive selection by productive interaction with MHC and are subsequently depleted by negative selection
in case of too strong interaction with self-peptide-MHC presented on either cTECs, mTECs or intrathymic
DCs according to the affinity model of thymocyte selection [399]. Self-reactive CD4+ T cells can also give
rise to natural regulatory T cell formation in the thymus [400, 401]. Self-peptide-MHCs include selfantigens derived from promiscuous gene expression, a hallmark and unique feature of mTECs, regulated
by autoimmune regulator (Aire)-dependent and independent pathways [402]. Notably, immunoproteasome
and thymoproteasome play important roles in shaping the CD8+ T cell repertoire via antigen processing
and possibly also via alleviating proteostasis-stress in mTECs (sections 1.4 and 1.5.2.).
Mature, naïve T cells can thus be subdivided into the CD8+ cytotoxic lineage with important roles in
immunity against intracellular bacteria, viruses as well as tumorigenic cells and the CD4+ arm of T helper
cells. Both are primarily activated for the first time in the LN after DCs have migrated from inflamed
tissues where they have taken up antigen to the draining LN. Of note, DCs themselves are a group of
heterogeneous subtypes like dermal DCs, Langerhans cells, LN-resident DC subsets, monocyte-derived
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DCs or plasmacytoid DCs [403]. Interestingly, some CD8+ T cell responses are not elicited by DCs that
have themselves taken up antigen in the periphery, but instead by LN-resident DCs that have received
antigens from immigrating DCs. Also, CD4+ T cells have been implicated to provide the additional
activation cues to LN-resident DCs that are not themselves activated by local DAMPs and PAMPs [404].
Thus, in a process called dual recognition some but not all CD8+ T cell responses depend on CD4+ T cell
help to fully license DCs for efficient CD8+ priming via CD40/CD40L interaction and via enhancing DCintrinsic innate pathways [403, 405–408]. Once primed and activated by a DC, CD8+ T effector cells
interact with somatic cells via the almost ubiquitously expressed MHC-I molecules. Effective recognition
of the cognate p-MHC on a target cell induces target cell killing by the CTL via Fas/FasL-interaction and
directed secretion of granzymes and perforins into the immunological synapse between the CTL and the
target cell [409].
CD4+ T helper cells play major roles for orchestrating adaptive immune responses and cooperate also with
CD8+ T cells and B cells. Thus, in most autoimmune diseases, helper T cells are involved, even if the
pathology is mainly driven by autoantibody-producing B cells for example [152]. Therefore, a detailed
understanding of CD4+ T cells and means to interfere with auto-inflammatory dysregulation of CD4+
T cells is of high interest. The classical Th1/Th2 paradigm of the late 1980s was based on the observed
functional differences between Th cell subclasses secreting different hallmark cytokines [410]. While the
number of distinguished subclasses has expanded since then, they are still mainly defined by their cytokine
profiles and additionally via hallmark transcription factors. Helper T cell subsets now include Th1, Th2,
Th17, Th9, Th22, regulatory T cells (Tregs) as well as follicular helper T cells (Tfh), the latter of which are
also characterized by surface markers and their localization to lymph node follicles in vivo [411]. Th9 and
Th22 cells have been connected to skin inflammatory diseases and/or to tumor immunity and
autoimmunity, but their functions are still less well characterized and understood [412, 413]. T helper cell
polarization depends on the nature of antigen recognition via the T cell receptor as well as on the local
environment at the site of T cell activation which skews T cell polarization towards a particular type
mainly via cytokine signals but also via co-stimulatory molecules [414]. Not all principles underlying
T cell priming and polarization instructions by DCs are fully understood. Nevertheless, many key factors
orchestrating T cell polarization and many functions of the polarized subclasses have been determined and
are briefly introduced for the most extensively characterized helper cell polarization states. These sections
include the notion of relevant signal transduction pathways involved in establishing or maintaining the
polarization states. Details on the TCR-induced pathways will then be introduced in section 2.3. An
overview of the Th cell polarization pathways, the cytokine environments promoting their differentiation
and hallmark effector cytokines produces by polarized Th cells is shown in Figure 4.
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Figure 4: Schematic overview of
T helper cell polarization
Besides TCR signaling strength
the main signals to promote
polarization of a naïve T cell
towards a particular polarization
state is the cytokine environment
promoting the expression of
hallmark transcription factors or
receptors (AHR, aryl hydrocarbon
reptor). Polarized T helper cells
furthermore produce effector
cytokines involved in their
functions in the tissue.
Furthermore, considerable
plasticity allows partial repolarization of helper T cells in
changing environments (not
shown). Image taken from Kaplan
et al. 2015 [412] and modified
after Mirshafiey et al. 2015 [413]

2.2.1 Th1, Th2 and Th17 polarization
Th1 cell polarization is triggered by IL-12 and IFN-γ via STAT4 and STAT1 signaling and induces the
hallmark transcription factor T box transcription factor (T-bet) [415]. Intracellular bacteria like Listeria
monocytogenes, intracellular parasites like Leishmania major as well as virus-infections drive DCs to
promote Th1 polarization [416, 417]. However, several other cell types can produce IFN-γ during the
course of an infection, thereby stabilizing Th1 states at sites of infection. These include NK cells,
macrophages, Th1 cells themselves, type-1 ILCs, CTLs and others [368, 370, 417]. Th1 cells can promote
CD8+ T cell responses as mentioned above. In the peripheral tissue, Th1 cells promote the inflammatory
environment against the invading pathogen, but interestingly, Th1 cells are also producers of tissueprotective IL-10 in protozoa-infections [418, 419]. A well described role of Th1 cells is the so-called
classical macrophage activation, in which Th1 cells amplify phagocytosis and oxidative burst responses in
macrophages via both cytokines and direct cell contact as macrophages present antigens from
phagocytosed material on MHC-II. The resulting M1 polarized macrophages also produce Th1-, but also
Th17-stabilizing cytokines [420]. Excessive activation of M1 macrophages and Th1 cells contributes to
tissue damage and fibrosis [421].
Th2 priming by DCs has become more characterized in recent years. Multiple mechanisms can induce Th2
responses depending on the origin of antigen or allergen. TCR strength was found to modulate Th2
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polarization and DCs involved in Th2 polarization seem to have a semi-mature state in that they upregulate MHC-II and co-stimulatory molecules, but do not secrete polarizing cytokines [417, 422, 423].
Furthermore, granulocytes like basophils and eosinophils play a role in modulating DC functions and
providing IL-4 and IL-13 for Th2 polarization [417, 424, 425]. In vitro, CD4+ T cells are skewed towards
Th2 by IL-4 via STAT6, but STAT6-independent pathways for Th2 polarization exist [426, 427]. IL-2 can
for example contribute to Th2 polarization via STAT5 to induce IL-4R expression [428]. The hallmark
transcription factor is GATA3 and Th2 cells secrete IL-4, IL-5, IL-13, IL25 and formerly IL-9, while IL-9
secreting cells are meanwhile independently characterized as Th9 cells [426, 429, 430]. Th2 cells are
involved in helminth infections, asthmatic and allergic diseases, fungal infections and environmental cold
[431–433].
The cytokine IL-12 is a heterodimer composed of the p35 and the p40 subunits. However, the p40 subunit
is a shared subunit of IL-12 and IL-23 [434]. Before the description of Th17 cells, the shared subunit has
led to confusing results as both IFN-γ-deficient mice as well as IL-12p35-deficient mice developed severe
EAE, which was not in line with the view that Th1 cells would be pivotal effector cells contributing to
autoimmune pathologies. In contrast, IL-12p40 deficient mice were resistant to EAE [435]. The reason
became clear when the role of IL-23 for Th17 cells was identified, which were described as a distinct
lineage in 2005 [436–438]. The primary signals for Th17 polarization are IL-6 and TGF-β while IL-23
stabilizes Th17 cells during terminal differentiation [439–441]. IL-6 induces STAT3-phosphorylation,
which promotes expression of the transcription factor RAR-related orphan receptor (ROR)γt [442, 443].
Notably, IL-6 also inhibits the induction of forkhead box protein 3 (Foxp3)-expression by TGF-β, a
cytokine which is shared by the polarization programs of Th17 and Treg cells [440]. However, STAT3signaling can also limit Th17 cells. In high-density cultures of human memory CD4+CD45RO+ T cells reactivation under pro-Th17 conditions can lead to a transient STAT3-signaling peak resulting in upregulation of the ATP-hydrolyzing ectonucleotidase CD39, which impairs Th17 polarization [444]. Th17
cells secrete pro-inflammatory cytokines IL-17A, IL-17F, IL-22 and GM-CSF (granulocyte macrophage
colony stimulating factor), the latter of which was found to be a major driver of auto-immune pathology in
EAE and RA [373, 445–447]. Thus, dysregulated Th17 responses contribute to autoimmunity. With
respect to pathogens, Th17 cells play an important role in mucosal tissues in response to fungal infections
like C. albicans infection, which stimulate C-type-lectins on APCs to promote secretion of pro-Th17
cytokine profiles [338, 448], but Th17 cells are also involved in responses against intracellular bacteria
[449]. Th17 cells recruit and activate neutrophils [450] and contribute to epithelial barrier integrity via
IL-22 [451]. Notably, γδT cells in mucosal tissues are also a source of early IL-17 production in response
to infection [452].
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2.2.2 Regulatory T cells
Tregs play a central role in controlling inflammatory responses and are distinguished in peripherally
induced Tregs originating from naïve CD4+ CD25– T cells and thymus-derived natural Treg cells
(CD4+ CD25+ nTregs or tTregs). In vitro induced Tregs (iTregs) can be obtained by TCR-activation in the
presence of IL-2 and TGF-β, which are the factors likely also underlying Treg induction in the periphery in
vivo (peripherally induced Tregs, pTregs). Both, TGF-β-induced SMAD3 signaling as well as IL-2Rβmediated STAT5 signaling were found to promote expression of Foxp3 that was identified as the hallmark
transcription factor of Tregs [453–458]. At the same time, IL-2/STAT5 inhibits Th17 polarization [459].
Even though exogenous IL-2 promotes Treg formation, TGF-β1 signaling suppresses endogenous IL-2
production in T cells via SMAD3-dependent and independent means and functional activation of T cells is
ameliorated by TGF-β1, but independently of SMAD3 [460]. Repression of IL-2 is furthermore governed
by Foxp3 itself [461, 462]. In fact, consumption of external IL-2 is one mechanism, how Tregs exert their
functional role in suppressing pro-inflammatory T cell activation as Tregs express the trimeric high affinity
IL-2 receptor, internalize and degrade the IL-2-IL-2-receptor complex upon binding and recycle the
IL-2Rα chain (CD25) [463, 464]. Furthermore, Treg cells can suppress IL-2 production in conventional
T cells by direct cell-contact attenuating NF-κB nuclear accumulation in target T cells [465–467]. As the
partially overlapping requirements of cytokine stimuli for Th17 and Treg polarization indicate, the
respective transcriptional programs were described to be cross-regulated. While IL-6 signaling can inhibit
Foxp3 expression, Foxp3 can likewise inhibit RORγt [468, 469] and the contributions of different stimuli
and signaling pathways in shaping the polarization outcome are still being further investigated.
Interestingly, polarization states of Th1, Th17 or Treg cells are appreciated to be no terminal cell fates, but
are marked by dynamic plasticity. Th17 cells can lose their IL-17 expression and start to express Foxp3 to
become functionally suppressive cells [470, 471]. Indeed, the suppressive function of Treg cells was found
to be primarily governed by Foxp3 itself. Foxp3 interacts with TCR-induced transcription factors NFAT
and RUNX1 and competition with AP-1 and NF-κB for NFAT binding contributes to IL-2 suppression
[464]. Recently, Foxp3 was found to preferentially bind to active chromatin-regions, but it forms different
complexes to either activate Foxp3-activated genes or to repress Foxp3-repressed genes by excluding other
activating transcription factors from the respective enhancer sites [472]. Thus, Foxp3 acts as a passive
repressor, while active repression in complex with the EZH2 cannot be fully ruled out [473]. Foxp3
mediated exclusion of ELF-1 and ETS-1 from enhancer region binding is in line with previous reports
showing that reducing MEK/ERK-signaling, which acts upstream of ETS-1, promotes Treg formation and
impairs Th17 formation, in part also by regulating Foxp3 expression ([474, 475] and section 2.3.5).
Exposure to self-antigens during thymic development of T cells can trigger clonal deletion [399].
However, medullary development in particular is permissive for self-reactive T cells by inducing natural or
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thymus-derived Tregs (tTregs). A high affinity TCR-stimulation in the medulla is required, but not
sufficient to induce tTreg formation [476, 477]. The precise contributions of TCR-induced signaling
pathways and concomitant accessory signals to tTreg formation are only partially explored and overlap
with iTreg formation to some extent, but are also distinct. Thymus-derived Tregs express Foxp3 and are
positive for the CD25/IL-2Rα already at the naïve state. When they emerge from the thymus tTregs are
functionally mature, i.e. they do not require additional T cell priming in the periphery to exert suppressive
functions [464].

2.3 Signal transduction via the T cell receptor and co-stimulatory molecules
Signal transduction via the TCR is engaged upon multiple occasions throughout the life of a T cell and can
lead to a variety of different functional outcomes ranging from clonal deletion in the thymus, T cell
activation and polarization in the periphery to target cell killing by a CTL. While emerging insight into the
specific differences between different occasions of TCR-triggering has been documented, many canonical
pathways are shared in TCR-induced signaling. As a detailed description of differences in T cell activation
is beyond the scope of this work, TCR signaling will be introduced with a primary focus on T cell priming
of naïve T cells and re-activation of primed cells in the periphery. Furthermore, many signaling pathways
are similar between BCR and TCR signaling and selected differences are mentioned within the following
sections, but details on BCR signaling will not be further outlined.

2.3.1 Signaling initiation and proximal signaling
TCR signaling is initiated by interaction of the TCR with its cognate peptide-MHC (pMHC) on the surface
of an APC. In spite of several decades of TCR research, until today it is not fully understood how the
signal is initially converted from the cell exterior to the cell interior and how the TCR can so delicately
discriminate between self-peptides and agonist-peptides even though the difference in affinity is sometimes
only as small as 10-fold [478]. The TCR complex is composed of the TCRα and TCRβ chains (except for
γδ T cells) and the CD3 chains CD3γ, CD3δ, 2 x CD3ε and 2 x CD3ζ leading to an eight-component
complex. None of the TCR complex components has intracellular kinase activity, but the CD3 chains
contain in total ten cytosolic immunoreceptor tyrosine-based activation motifs (ITAMs) in one TCRcomplex (CD3γ, CD3δ and CD3ε contain one ITAM each, CD3ζ chains contain three ITAMs each with
each ITAM bearing two tyrosine residues for phosphorylation). Several not mutually exclusive models for
initial TCR-mediated activation have been proposed based on experimental investigation as well as
computational modeling [478, 479]. Details on initial TCR triggering are beyond the scope of this
introduction, but an overview of some interesting aspects of this complex topic will be provided. TCR
crosslinking by multiple TCR-pMHC interactions was proposed to induce TCR clustering and initiate
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signaling and crosslinking is likely involved in the anti-CD3ε mediated stimulation widely used for in vitro
T cell activation [480, 481]. As the TCRαβ dimer has only very short cytoplasmic tails, mechanical signal
transduction does not occur via conventional conformational change of a receptor, but conformational
change is transmitted to the CD3-chains in the TCR complex in an allosteric fashion [482]. This for
example involves bifurcation of the CD3ζ chains when in complex with the TCR, but close alignment
when bound to pMHC [483]. Accessibility of CD3ε ITAMs for tyrosine kinases like non-catalytic region
of tyrosine kinase adaptor protein (Nck) was also reported to rely on a conformational change and TCR
clustering upon activation [480] and the ITAM sequestration model might account for the fact that p56Lck
(Lck) is found in active conformation already in resting cells [478, 484]. Cholesterol was shown to play a
role in signaling via the TCR complex by promoting formation of TCR nanoclusters in the absence of
pMHC interaction, however promoting the inactive TCR complex conformation [485–487]. Additionally,
mechanical force also contributes to stability of single agonist-pMHC-TCR interactions (catch-bonds),
while it destabilizes non-agonist-pMHC-TCR interactions [488]. Interestingly, it has been demonstrated
that T cells are able to recognize even only one to a few cognate pMHC molecules on the APC surface to
elicit T cell activation [489]. Even in the presence of only one cognate pMHC molecule TCR clustering
follows as a downstream event, which might be explained by models like serial triggering of several TCRs
by one p-MHC [490], endogenous signal amplification of primed complexes towards other TCR
complexes that have not engaged a specific pMHC [491] or by changes in the membrane
microenvironment leading to complex clustering in lipid rafts [478]. Signal propagation then depends on
interaction with cytosolic kinases, with Lck being of particular importance [492, 493]. CD4 or CD8 coreceptor binding to MHC-II or MHC-I, respectively, brings Lck into proximity with the TCR complex as
Lck interacts with CD4 or CD8 and is anchored to the plasma membrane via myristoylation and
palmitylation [494, 495]. Upon TCR and co-receptor engagement, Lck phosphorylates the tyrosineresidues in the ITAMs of the TCR complex and in the subsequently recruited non-receptor tyrosine kinase
ZAP70 (ζ-chain associated protein of 70kDa), which binds to phosphorylated ITAMs via SH2-domains
(B cells lack ZAP70, but express Syk, which acts functionally largely equivalent to ZAP70 in T cells).
Furthermore, Lck contributes also to recruitment of Nck, the role of which for TCR-mediated ERK
activation and actin rearrangement has only become more characterized in recent years [495–498]. The
digital nature imposed on particular signaling pathways by multimodal feedback enhancement is outlined
in the following sections. Activity of Lck is regulated by the membrane spanning phosphatase CD45 in a
dual manner. On the one hand, CD45 de-phosphorylates Tyr505 in Lck, which is an inhibitory
phosphorylation resulting in an inactive conformation of Lck. Thus, CD45 would contribute to Lck
activity. On the other hand, the activating Tyr394 phosphorylation in Lck can also be de-phosphorylated
by CD45, thereby counteracting Lck activity [478]. Interestingly, another phosphorylation site in Lck has
been identified only recently and mutations of this Tyr192 were found to impair CD45-mediated de45
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phosphorylation of the inhibitory sites in Lck, thereby shedding new light on the mechanistic regulation of
Lck [499]. Regulation by CD45 is central to the kinetic segregation model which is also based on the
finding that CD45 can also de-phosphorylate TCR-complex components, but this model could not alone
account for experimental findings [478, 479]. The proximal signal initiation at the level of the TCR
complex already influences the distinct downstream signaling events. For example, analysis of signal
propagation from TCR-complexes with several phosphorylation-incompetent mutant CD3 chains has
shown that the multiplicity of ITAMs has an impact on the functional outcome of T cell activation. TCRcomplexes with WT ITAMs can promote both, cytokine secretion as well as proliferation. In contrast,
TCR-complexes with only two or four functional ITAMs could fully elicit ZAP70-phosphorylation,
downstream ERK-signaling and IL-2, IFN-γ or TNFα secretion, but they were not sufficient to induce
c-Myc expression and proliferation due to impaired clustering of TCR-complexes to central
supramolecular activation clusters (cSMACs) [500] from which CD45 is excluded independent of ZAP70
[501]. The proximal signal propagates downstream via ZAP70, as it initiates assembly of the linker of
activated T cells (LAT)-signalosome, which together with SLP76 forms a scaffold for binding of several
effector molecules (an equivalent scaffolding function in B cells is exerted by SLP-65/BLNK) [502–504].
Phospholipase Cγ1 (PLCγ1, PLCγ2 in B cells) is recruited and activated in concert with IL-2 inducible
tyrosine kinase (ITK). PLCγ1 cleaves phosphatidyl-inositol-4,5-bisphophate (PIP2) in the plasma
membrane to generate inositol-triphosphate (IP3) in the cytosol and the membrane-embedded
diacylglycerol (DAG) [505]. While IP3 is a potent initiator of Ca2+ NFAT signaling (section 2.3.4), DAG
provides a membrane site for recruitment of protein kinase C theta (PKCθ) via its C1 domain as well as for
RasGRP. The DAG-mimetic chemical phorbol-12-myrisate-13-acetate (PMA) stimulates this pathway and
is hence used for TCR-complex independent T cell activation [506, 507]. DAG thus induces another
branching point in canonical T cell activation signaling as RasGRP is involved in MAP kinase signaling
(section 2.3.5) and PKCθ acts as an upstream initiating molecule for NF-κB pathway engagement (section
2.3.3). The LAT-signalosome also initiates Vav1-mediated actin cytoskeleton re-organization and
activation of the c-Jun N-terminal kinase (JNK, also stress-activated protein kinase, SAPK). ZAP-70 and
Vav1 initiate the p38 pathway via Rac1 (section 2.3.5). Early, proximal signaling is engaged within
seconds after in vitro stimulation [508]. For in vivo pMHC-mediated activation that can distinguish
between small differences in antigen affinities more complex kinetic proofreading models for initial
activation have been proposed [478, 479].

2.3.2 Co-stimulatory signaling
T cells that receive an activating TCR stimulus in the absence of co-stimulation become anergic, i.e. they
do not respond to secondary TCR stimulation (even in the presence of co-stimulation) or die from AICD
[509–511]. Several co-signaling molecules were identified to play roles in different T cell – APC
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interactions. Co-signaling can be either stimulatory or inhibitory depending on the context of TCRengagement [512]. The probably most intensively characterized co-stimulatory signaling is B7-CD28
interaction. The B7-1 (CD80) and B7-2 (CD86) receptors are either constitutively expressed at low level
on the surface of an APC or are inducible upon inflammatory stimuli or recognition of DAMPs/PAMPs.
B7-1/B7-2 interact with CD28 expressed on T cells during initial activation or upon re-stimulation in the
periphery and this provides pro-proliferative, pro-survival and cytokine-production-enhancing stimulatory
signals for T cell activation, most of which depend on enhancing TCR-dependent gene expression,
essentially contributing to IL-2 expression [513–516]. CD28 co-stimulation was also shown to be essential
for GM-CSF production by CD4+ T cells via regulating the expression of the upstream transcription factor
Dec-1/BHLHE40, which promotes Csf-2 expression (the gene for GM-CSF) [517, 518]. Therefore, the
mechanisms of TCR-stimulation with CD28 co-stimulation are of major importance in pro-inflammatory
and auto-immune T cell activation. In contrast, B7-1/B7-2 interaction with the structurally similar
cytotoxic T lymphocyte antigen (CTLA)-4 has an inhibitory function for effector T cell activation and
contributes to the inhibitory functions of Tregs [519, 520].
The stimulatory signals provided by CD28 co-stimulation converge on TCR-induced pathways in multiple
ways, promoting important events for downstream signal propagation. For example, the cytoplasmic tail of
CD28 contains a YMNM-motif which acts as a target sequence for phosphorylation by Lck and Fyn. These
kinases bind to proline-rich regions in CD28 via SH-3 domains [521, 522]. Phosphorylated YMNM-motifs
enable binding of phosphoinositide-3-kinase (PI3K) via the p85 subunit (in B cells CD19 functions directly
as a LAT-like molecule and PI3K as well as Vav bind to CD19 cytoplasmic tails, thus contributing CD28like function to B cell activation [503]). PI3K increases the local concentration of phosphatidylinositol3,4,5-triphosphate in the plasma membrane which is a membrane binding hub for pleckstrin-homology
(PH) domain containing proteins like AKT and phosphoinositide-dependent kinase 1 (PDK-1).
Furthermore, the PI3K-PDK1 axis promotes protein kinase C theta (PKCθ) activation, thereby directly
contributing to the TCR-induced activation of PKCθ via PLCγ1 and diacylglycerol (DAG). PLCγ1 activity
is itself promoted by CD28-PIP3-recruited ITK. The role of these signaling molecules as well as other
partners of CD28 including GADS, SLP76 and GRB2 will be outlined in the following sections about
canonical T cell signaling pathways. A simplified schematic overview of proximal TCR and CD28 costimulatory signaling and the downstream pathways that are initiated is shown in Figure 5.
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Figure 5: Simplified schematic overview of proximal TCR signaling events and CD28 co-stimulation (exemplified for a CD4+ T cell).
Upon recognition of the cognate p-MHCII via TCR and CD4 co-receptor binding, Lck becomes active and phosphorylates ITAMs in the CD3
chains. ZAP70 binds to phosphorylated ITAMs and gets both, auto-/trans-phosphorylated and phosphorylated by Lck. ZAP70 can directly initiate
the p38 pathway and induces assembly of the LAT signalosome which acts as a signaling hub for several effector molecules. ITK-activated PLCγ1
produces DAG and IP3 initiating NF-κB activation, MEK-ERK pathway and Ca2+ NFAT signaling. CD28 co-signaling via binding to costimulatory molecules CD80-CD86 converges on TCR-induced signaling e.g. via PI3K-PDK1 and contributes to mTOR complex signaling via
AKT thereby amplifying and promoting TCR activation. Vav1 activates both cytoskeletal re-organization as well as the JNK pathway. Dotted lines
marked with “+p” inidicate modification by phosphorylation. Small yellow circles indicate phosphorylation.

2.3.3 Nuclear factor kappa B (NF-κB) signaling in T cells
The NF-κB pathway in canonical T cell activation is under control of both, the TCR-induced signal as well
as the CD28-mediated co-stimulatory signal, which leads to activating phosphorylation of PKCθ [522,
523]. However, TCR-mediated signaling not only provides the membrane-recruitment hub for PKCθ, but
also induces an activating PKCθ-phosphorylation via GCK-like kinase (GLK) which is regulated by the
LAT-signalosome component SLP76, that can also bind to the CD28 cytoplasmic tail [506]. In turn, active
PKCθ signaling initiates the so-called CBM-complex assembly (CARMA-1/Bcl-10/MALT1). This
complex, which is modified by K63 ubiquitination, activates the inhibitor of kappa B kinase (IKK)
complex consisting of IKKα, IKKβ and NEMO (NF-κB essential modifier, also named IKKγ) [14, 506].
Cross-regulation with other pathways like Ca2+-calcineurin signaling contributes to CBM-complex
activation (section 2.3.4). It is the IKK complex which finally acts on IκBα by phosphorylating it at two
serine-residues which precedes its ubiquitination and degradation by the proteasome. Proteasome
inhibition thus normally leads to an accumulation of phosphorylated IκBα because of its impaired
degradation and hence prevents NF-κB activation. The NF-κB family contains five members in mammals:
RelA/p65, RelB, c-Rel, p105/p50 (NF-κB1) and p100/p52 (NF-κB2) [524]. The family members
functionally act as dimers, most prominently as p50:p65, p50:c-Rel or p65:c-Rel dimers [524, 525]. The
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IκBα-sequestered NF-κB dimer cannot exert its functional activity as a transcription factor unless pathway
engagement induces IκBα degradation. Therefore, the proteasome is a well-known regulator of this
essential signaling pathway that is required for full T cell activation and function. An additional role of
proteasomes for NF-κB signaling is the partial processing of NF-κB subunit pre-cursors. The canonical
pathway as described above (Figure 6A) involves mainly p50:p65 dimers. In contrast, the non-conical
pathway of NF-κB activation involves CBM-complex independent NF-κB inducing kinase (NIK) in
concert with IKKα, which induce phosphorylation and ubiquitination of the precursor p100/NF-κB2
subunit [526]. As a consequence, the IκB-like domain of p100 is degraded by partial proteasomal
processing allowing dimers containing the resulting p52 to enter the nucleus. The role of non-canonical
NF-κB activation via NIK in T cells is less well characterized than the canonical pathway. However,
PKCθ-mediated canonical signaling is rapidly engaged after TCR/CD28-stimulation, while NIK-mediated
non-canonical signaling depends on de novo protein synthesis and consequent processing of p100 [523].
A role for NIK in Th17 and Tfh polarization has been found [527]. NIK itself is furthermore regulated via
targeted degradation induced by TNF-receptor (TNFR) associated factor 3 (TRAF3) together with cIAP1

Figure 6: Schematic overview of canonical and non-canonical NF-κB signaling and the involvement of proteasomes exemplified for T cells
A) Canoncial NF-κB signaling is rapidly engaged upon stimulation via both TCR and CD28 (compare also Figure 5). In brief, TCR signaling via
LAT signalosome, SLP76-GLK and PLCγ1 converge with CD28-PI3K-PDK1 signaling to activate PKCθ. Subsequently the CBM-complex of
CARMA1-MALT1-BCL10 is activated which in turn activated the IKK-complex. CBM-complex activity is additionally modulated via Ca2+calcineurin. IKK-complex mediated phosphorylation and degradation of IκBα releases the p65:p50 dimer from cytosolic retention and allows
nuclear translocation and active gene transcription.
B) Non-canonical NF-κB pathway engagement has slower kinetics and depends on de novo gene expression. In the absence of the activating
receptor ligation, TRAF3 in complex with cIAP destabilizes NIK to promote its degradation by the proteasome (dashed lines). Activation of the
non-canonical pathway (exemplified for stimulation via ICOS in T cells or CD40 in B cells) requires TRAF2-cIAP-mediated disruption of the
TRAF3 inhibitory NIK regulation by promoting TRAF3 degradation and subsequent NIK accumulation. NIK induces IKKα activation which leads
to phosphorylation and ubiquitination of the p100 precursor of NF-κB2. By partial processing via the proteasome, p100 is converted into p52 by
removal of the IκB-like portion of p100. Thus, the p52:RelB dimer can translocate to the nucleus for active gene transcription (see text for details).
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and cIAP2. Induction of the non-canonical pathway involves degradation of TRAF3 as TRAF2 re-directs
and the E3-ubiquitin ligases cIAP1 and cIAP2 via non-degrading ubiquitin-linkages to promote TRAF3
ubiquitination and degradation, thereby allowing NIK to accumulate [527–530]. Thus, particular costimulatory or cytokine signals can engage non-canonical NF-κB signaling in T cells with functional
relevance as shown in the EAE mouse model [531]. Another IκBα-independent pathway of NF-κB
activation in T cells is direct phosphorylation of p65 by several possible kinases [532–534]. Notably,
alternative NF-κB signaling via CD40 can be induced in both B cells and T cells [381–383, 535]. Figure 6
provides an overview of canonical and non-canonical NF-κB activation in T cells highlighting the
involvement of proteasomes in both pathways.

2.3.4 Calcium signaling and nuclear factor of activated T cells (NFAT)
Divalent calcium ions (Ca2+) act as second messengers in cells and take part in TCR-induced T cell
activation (Figure 7). Numerus Ca2+ binding proteins in the cytoplasm, sarco-/endoplasmatic reticulum
Ca2+ ATPase (SERCA) and controlled Ca2+ ion channels allow a tight temporal and spatial regulation of
Ca2+ in the cytosol, which typically contains a ~10,000-fold lower Ca2+ concentration than the extracellular
fluid and a ~4,000 fold lower concentration than the lumen of the ER [536, 537]. TCR activation induced
DAG and IP3 formation (section 2.3.3) precedes the opening of ER-resident calcium-release channels
resulting in a peak of increased Ca2+ in the cytoplasm. Additional Ca2+ influx into the cytoplasm is
consequently mediated via store-operated calcium entry (SOCE) as depletion of Ca2+ from the ER activates
opening of calcium-release activated calcium channel (CRAC) in the plasmamembrane. SOCE is induced
by the interaction of STIM1 with the CRAC component Orai1 via ER-plasmamembrane apposition at the
immunological synapse [537, 538].
Cytosolic Ca2+ is rapidly bound by calcium-scavengers like calmodulin. Caldmodulin in turn activates the
calcineurin phosphatase which de-phosphorylates nuclear factor of activated T cells (NFAT), a
transcription factor retained in the cytosol by hyper phosphorylation before activation [539]. Two of the
four NFAT homologues are of primary importance in T cells: NFAT1 (NFATc2) and NFAT2 (NFATc1)
[536, 540, 541]. Upon de-phosphorylation of NFAT it translocates to the nucleus for binding to target
DNA sequences. Hence, NFAT de-phosphorylation and nuclear translocation is a downstream readout of
the calcium signaling pathway in T cells. Using the Ca2+ ionophore ionomycin circumvents the upstream
TCR signaling to provide Ca2+ entry immediately through the plasma membrane and is experimentally
used for T cell stimulation. In contrast, the immunosuppressive drugs cyclosporine A (Neoral®, Novartis)
and FK506 (Tacrolimus, Prograf®, Astellas) inhibit calcineurin mediated NFAT activation [539, 542].
Furthermore, calcineurin inhibition by cyclosporine A also impairs NF-κB signaling as Bcl-10 is dephosphorylated by calcineurin for sustained CBM-complex activity [543].
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Figure 7: Ca2+-NFAT signaling
in T cell activation (modified
after Hogan et al. 2010 [536]).
A) Ca2+ concentrations are low in
resting T cells compared to
extracellular fluid. ER-resident
SERCA transports cytosolic Ca2+
into the ER. NFAT is highly
phosphorylated in resting T cells
(e.g. by kinases CK, GSK2 and
DYRK) and is retained in the
cytosol.
B) TCR engagement triggers
PLCγ1 mediated IP3 generation
which binds to IP3R at the ER to
release ER calcium stores. Upon
depletion of ER Ca2+, store
operated calcium entry (SOCE) is
mediated via STIM-Orai1.
Elevated cytosolic Ca2+ binds to
Calmodulin (CaM) and activated
calcineurin to de-phosphorylate
NFAT allowing it to enter the
nucleus. External Ca2+ entry can
also be triggered
pharmacologically by the Ca2+
ionophore ionomcyin.

2.3.5 MAP-kinase signaling pathways
Mitogen activated protein kinase (MAPK) signaling pathways are conserved mostly three-tiered cascades
of enzymes that activate each other in a directed upstream-to-downstream fashion. Generally, pathway
engagement involves a MAPK kinase kinase (MAP3K, e.g. Raf) that phosphorylates a MAPK kinase
(MAP2K, e.g. MEK), which in turn phosphorylates a MAPK (e.g. ERK). Such cascades are thought to
allow signal amplification and cross-branching with other pathways at different tiers. The three major
MAPK pathways that are also involved in T cells are: The Raf-MEK-ERK pathway, the JNK pathway and
the p38 signaling pathway.
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Ras and extracellular-signal-regulated kinase (ERK) – the Ras-Raf-MEK-ERK pathway
The small GTPase Ras is tailored to the membrane via its C-terminal membrane targeting motif (CAAX).
It is inactive in it GDP-bound form and gets activated upon exchange of GDP for GTP with the help of
activating Ras guanine-nucleotide exchange factors (RasGEF). In TCR signaling, the RasGEF son of
sevenless (SOS) which is recruited to the LAT signalosome via growth factor receptor-bound protein 2
(Grb2), and also the Ras guanosyl-releasing protein 1 (RasGRP1), which is activated by DAG as well as
PKC, activate Ras [502, 507]. Interestingly, the combined activation of Ras by RasGRP and SOS are a
critical component of the analog-to-digital conversion of Ras-MEK-ERK signaling modality in T cells.
GTP-bound Ras allosterically activates SOS, thereby promoting its own activation by SOS. Thus, while a
TCR stimulus of low strength activates ERK signaling via RasGRP, Ras-MEK-ERK signaling intensity
does not correlate to the TCR stimulus strength once a certain threshold is reached. Instead, the positive
feeback loop of Ras-SOS-Ras activation elicits maximal signaling engagement in an all-or-nothing
response [507, 544]. In contrast, PMA-treatment-elicited Ras-MEK-ERK signaling correlates in its
intensity with the PMA concentration which mimics DAG concentration in the plasma membrane [544].
Basal ERK pathway engagement via RasGRP1 has been reported to preserve tonic signaling induced
TCRα expression (compare also 2.3.7). Active Ras recruits Raf, which in turn phosphorylates and activates
the MAPK/ERK kinases MEK1 and MEK2 which are the primary activators of ERK [545, 546]. MEK1/2
phosphorylate ERK1/2 at both threonine and tyrosine residues in the Thr-Glu-Tyr (TEY) motif within the
activation loop. This modification activates ERK kinase activity but also allows its shuttling from the
cytosol to specific subcellular locations, mainly the nucleus via binding to importin 7 [547]. More than 250
substrates modified by active ERK1/2 have been identified, including important transcription factors
involved in proliferation like c-Myc, Elk-1 and c-Fos [546, 547].
Alternative pathways of ERK phosphorylation were found in peripheral T cells. Independent of LAT and
independent of Ras a complex consisting of B lymphocyte adaptor molecule of 32 kDa (Bam32), PLCγ1
and the serine/threonine kinase p21 activated kinase (PAK)1 can activate ERK. This complex leads to
direct Raf phosphorylation with consecutive S217/S221 phosphorylation of MEK by Raf and to direct
MEK phosphorylation at S298 via PAK1 [507, 548]. Furthermore, Lck and CD28 mediated PKCθ
activation contributes to RasGRP activity inducing ERK signaling via Ras, independently of LAT [507].
Several negative feedback regulators of T cell signaling act on the Ras-MEK-ERK signaling pathway.
While Ras shows slow intrinsic GTPase activity, the Ras-inactivating hydrolysis of GTP to GDP is
promoted by Ras GTPase activity promoting proteins (RasGAP). For example, DOK1 and DOK2 are
adaptor proteins associating with Grb2 and ZAP70 with known negative regulator function for this
pathway via recruitment of RasGAP, counteracting Ras activity [549]. In contrast, members of the dual
specificity phosphatases (DUSP) can directly interfere with ERK via de-phosphorylation (section 2.4).
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c-Jun N-terminal kinase (JNK) pathway
The three mammalian JNK family members (JNK1, JNK2 and JNK3, the latter of which is not expressed
in T cells) exist in 10 total isoforms between ~46 kDa and ~54 kDa resulting from alternative splicing
[550]. JNK (also stress-activated protein kinase, SAPK) signaling is involved in T cell signaling in a
complex manner. Mice expressing dominant negative (dn)JNK1 showed reduced negative selection [551],
but loss of JNK2 in combination with dnJNK1 or JNK1 deficiency resulted in normal thymocyte
development [552], implicating that the balance of JNK1/JNK2 plays a role for apoptosis during negative
selection. In contrast to the readily activated MEK-ERK pathway, primary naïve CD4+ T cells express
very low levels of Jnk1 and Jnk2 mRNA, which is inducible upon prolonged T cell stimulation along with
their upstream kinases MKK4 and MKK7 [550, 553]. Naïve splenic murine T cells activated via either
anti-CD3, anti-CD28 or the combination of both did not induce JNK activation as measured by c-Jun coprecipitation in an early study [554], but transient early JNK phosphorylation peaks (5-15 min) are
detectable in purified splenic T cells upon anti-CD3/CD28 activation in vitro as reported by newer studies
[555, 556]. However, JNK proteins were reported to be dispensable for early T cell activation and were not
essential for IL-2 production, but influenced T cell differentiation and effector cytokine production [552,
557]. In contrast, antigen experienced effector T cells and Jurkat cells show relatively fast JNK activation
[550, 553, 558] and JNK stabilized IL-2 mRNA in activated Jurkat cells [559]. In these cases JNK
activation is also synergistically regulated by CD28 and TCR as Vav1 recruitment to CD28 via GRB2 and
PIP3 as well as the ZAP70 induced Vav1-phosphorylation act as upstream signal inducers of the small Gprotein Rac (for which Vav1 serves as a GDP/GTP exchange factor) and the subsequent JNK
phosphorylation [521, 558, 560]. Differential roles were reported in CD8+ T cells where loss of JNK1
decreased LCMV-specific CTL responses, decreased IL-2Rα expression and resulted in failure of JNK1-/mice to resolve Leishmania major infection [561–563]. In contrast, JNK2-deficiency enhanced IL-2
production and increased LCMV-specific CTL responses, but impaired Th1 polarization and IFN-γ
production [561, 562]. Interestingly, both JNK and ERK phosphorylation have been found as part of IRE1
mediated unfolded protein response influencing cell death / cell survival decisions of prolonged ER stress
[239, 564].
JNK phosphorylates the transcription factor c-Jun which is a part of the AP-1 complex together with c-Fos
induced by ERK [550, 558], but also by JNK mediated Elk1 phosphorylation under stress conditions [565].
It was reported that JNK2 preferentially associates with c-Jun in unstimulated cells and destabilizes c-Jun,
while JNK1 phosphorylates and stabilizes c-Jun upon activation, possibly explaining the abovementioned
differences also in T cells [566, 567]. Furthermore, synergistic action of c-Jun and NFAT1 promotes IL-2
expression [568] and JNK signaling is promoted by Ca2+ signaling but impaired by cyclosporine A [558],
which is likely attributed to both synergistic NFAT1-c-Jun activity, but also to cross-regulation of
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calcineurin with the CBM-complex (section 2.3.4), as JNK is also activated downstream of PKCθ via the
CBM-complex, CYLD and TAK1 [569–571]. TAK1-JNK promotes survival of activated T cells [572].
p38 signaling pathway
The 38 kDa sized p38 family of MAP kinases consists of four members (p38α, p38β, p38γ and p38δ).
MAPK p38 signaling is activated upon stimulation of naïve T cells and synergistically induced by TCR
and CD28 stimulation [550, 554, 560]. While MKK4 can activate both, p38 and JNK, MKK3 and MKK6
specifically activate p38 [550]. Upstream Vav1 signaling as described above initiates MKK3, MKK6 and
MKK4 to promote p38 phosphorylation in the activation loop, which can be selectively recognized and
phosphorylated by different upstream kinases for different p38 isoforms [573]. In parallel, direct
phosphorylation of p38 at Tyr323 by ZAP70 is an alternative p38 activation mechanism in T cells, which
induces consecutive p38 auto-phosphorylation at Thr180 in the Thr-X-Tyr activation loop motif of p38α
and p38β [574]. T cells lacking this alternative pathway activation show reduced auto-immunity in EAE
and CIA [575]. Indeed, alternative and classical p38 activation have partially opposing functions, as the
classical p38 pathway inhibits, while the alternative pathway promotes NFATc1 and IRF4 expression
[576].
A schematic overview of the three major MAPK pathways in TCR-induced signaling is presented in
Figure 8. The functional relevance of MAPK pathways in T cell activation, polarization, cross-regulation
of cytokine signaling pathways, autoimmune pathologies, cancer and other pathophysiological settings is
complex and a detailed description is beyond the scope of this introduction. However, some aspects related
to this work are briefly summarized: Sustained ERK phosphorylation as opposed to transient ERK
phosphorylation shapes the outcome of T cell activation and polarization [422]. TGF-β signaling can
transiently impair ERK sustainment, while IL-6 signaling can promote ERK signaling. ERK-inhibition was
associated with enhanced Treg formation and reduced Th17 polarization [474, 475]. B-Raf mediated
sustained ERK-signaling is necessary for CD69 and IL-2 expression [577]. These are examples showing
that T cell receptor signaling outcomes are among other ways shaped by fine-tuning of the ERK signaling
pathway (see also section 2.3.8).
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Figure 8: Schematic overview of MAPK pathways in TCR-induced signaling (compare also Figure 5)
A) The Ras-Raf-MEK-ERK pathway plays a central role in T cell activation. Due to the SOS-Ras-positive feedback loop, TCR stimulation alone is
sufficient to induce ERK signaling in a digital signaling modality, but CD28 co-signaling also activates Ras-MEK-ERK signaling. Activated Ras
leads to Raf phosphorylation via recruitment to the plasma membrane and conformational change of Raf. Raf in turn directly phosphorylates
MEK1/2 leading to subsequent ERK phosphorylation. Notably, Raf and MEK1/2 can be also activated LAT-independently in T cells via Bam32PAK1. Downstream substrates of ERK exist both in the cytosol and in the nucleus, where a majority of substrates are transcription factors.
Negative regulators of ERK phosphorylation are dual specificity phosphatases existing both in the cytosol (e.g. DUSP6) as well as in the nucleus.
ERK activity promotes c-Fos induction, which forms the AP1 complex together with c-Jun. See text and references therein for details.
B) JNK and p38 signaling are primarily activated via Rac (and Cdc42, not shown) upon GDP-GTP exchange by activated Vav1. ZAP70 can
furthermore directly phosphorylate p38, which leads to additional auto-phosphorylation of p38 at different residues. Rac activated MEKK4 can
induce both p38 via MKK3 and MKK6 as well as JNK via MKK4. JNK2 preferentially binds and destabilizes c-Jun in unactivated cells, while
JNK1 phosphorylates and stabilizes c-Jun, leading to differential effects of JNK1 or JNK2-deficiency. Several pathways including the CBMcomplex together with CYLD, TAK1 and MKK7 activate JNK signaling, which is also part of the ER stress response. Phosphorylated c-Jun forms
the AP1 complex together with ERK-induced c-Fos, but also functions in concert with NFAT. However, JNK signaling is important in activation
of antigen experienced, but not prominently in naïve T cells upon primary activation. Downstream effects of p38 are not further outlines in the
cartoon. See text and references therein for details.

2.3.6 Mechanistic target of rapamycin (mTOR) signaling and immunometabolism
The mTOR pathway plays a central role for integration of metabolic cues and TCR-activation as well as
CD28-co-stimulatory signaling. PIP3 generated by CD28 co-stimulation recruits both AKT and PDK1
allowing for PDK1 mediated AKT phosphorylation at Thr-308 [578]. While this phosphorylation precedes
mTOR complex 1 (mTORC1) activation via phosphorylation of tuberous sclerosis complex 2 (TSC2), full
activation of AKT also requires Ser473 phosphorylation downstream of mTORC2 (PI3K-related kinase,
PIKK in complex with Rictor) [579]. Rapamycin treatment primarily inhibits mTORC1 signaling, but has
only minor effects on mTORC2 [352]. The TCR mediated activation of mTORC1 depends on Ras-MEKERK signaling, which is needed for sustained mTORC1 activation [580, 581]. Downstream effector
molecules of mTORC1 are p70 S6 kinase and 4E-BP1 [582]. T cells deficient for mTOR show enhanced
Treg polarization and it was found that mTORC1 promotes Th1 and Th17 differentiation while mTORC2
55

Chapter I – Introduction – Lymphocytes and their role in autoimmune diseases
is critical for Th2 polarization [583, 584]. Signaling via mTOR plays also a central role in the metabolic
reprogramming from resting T cells to the activated T cell state. Resting cells predominantly use oxidative
phosphorylation to generate ATP for their migratory capacity [375, 585]. Upon activation, T cells switch to
anaerobic glycolysis in spite of sufficient oxygen (“Warburg” effect, a hallmark of cancer cells, see [586]
and section 1.8.3). This glycolytic switch is accompanied with enhanced glycolysis-derived ATP
production, while TCA cycle derivatives are used for anabolic demands and de novo protein synthesis.
Thus, T cells share metabolic features with many cancers, for which the Warburg effect was originally
described [375]. Up-regulation of glycolysis and glutaminolysis depend on co-stimulatory signaling and
IL-2, the absence of which lead to T cell anergy. In particular glutamine uptake is also dependent on ERK
signaling [587, 588]. Furthermore, T cell activation depends on autophagy, which is negatively controlled
by mTOR signaling when nutrient supply is sufficient [589, 590]. Importantly, it was shown that
macroautophagy plays a role for degradation of cytosolic contents (i.e. including soluble proteins) in T cell
activation which contributes to degradation of negative regulators of T cell signaling [591, 592]. However,
early activation markers CD69 and CD25 after overnight activation were not affected by Atg5-deficiency
in T cells, which renders them autophagy-incompetent [593].

2.3.7 TCR signaling strength
While the term “TCR signaling strength” is not a clearly defined modality (i.e. some articles only refer to
the pMHC-TCR binding affinity as “strength”, while others refer to the total duration and magnitude of the
activation stimulus including co-stimulatory signaling) it has become established, that signaling strength
has an important impact on T cell activation and polarization outcomes [422]. Even T cells that are not
activated by cognate peptide-MHC recognition depend on tonic signaling induced by self-peptide-MHC
engagement in the periphery, which is necessary to preserve responsiveness towards pathogens [594]. The
abovementioned dependency of TCRα expression on tonic basal ERK signaling is just one example of how
T cells might adjust TCR signaling strength during their life-time, a concept described as “TCR tuning”
[422, 507, 595, 596]. Weak and transient signaling will result in different activation outcomes as opposed
to strong and sustained signaling [422]. As mentioned above, modulating factors are the affinity of TCR to
p-MHC as well as the multiplicity of TCR-p-MHC interactions and co-stimulatory signals. In line with the
concept of digital signaling in T cells, single T cells can be fully activated to secrete cytokines by single
p-MHC-TCR interactions and show TCR clustering in the presence of only one cognate p-MHC [489].
Increasing numbers of p-MHC-TCR interactions on a single cell do not increase the amount of cytokine
produced per cell, but increase the likeliness that cells respond and thus the number of responding T cells
[489]. TCR strength and clustering are also important to drive Myc expression and proliferation [500, 597].
With respect to polarization it was demonstrated in vivo that the quality of the TCR stimulus can be the
dominant determinant for Th1 versus Th2 fate decision over the cytokine milieu, because the TCR signal
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quality influences cytokine receptor expression in T cells [598]. However, how TCR strength is
qualitatively signaled at the molecular level in T cells is not fully understood. Modeling implied that TCR
strength discrimination can be signaled via negative feedback regulators towards initially digital ERK
signaling [599]. Interestingly, a recent report by Allison et al. shows that the concept of digital ERK
activation is not sufficient to describe activation in CD4+ T cells. Indeed, the authors provide evidence that
the ERK signaling sustainment, which they measure at about 3.5 h after activation, translates TCR
signaling strength into AP-1 responsive genes [600]. Similarly, insight into the influence of strength on
molecular events guiding polarization was recently obtained for Th2 cells: The transcription factor IRF4 is
directly dependent on TCR signaling strength and exerts its function in complex with basic leucine-zipper
transcription factor ATF-like (BATF) transcription factors [423]. Increasing IRF4 changes the gene
expression landscape via the different affinities of the BATF-IRF4 complex to enhancer regions in BATFIRF4-dependent genes. Thus, weak signaling will initiate only genes with high affinity enhancers to
BATF-IRF4, whereas low affinity target genes are only induced upon increasing BATF-IRF4 occupancies.
Among the highly sensitive genes responding to weak signaling in Th2 cells was DUSP6, suggesting that
DUSP6 might be involved in fine-tuning TCR signaling strength [423]. ERK signaling was shown before
as a signaling pathway involved in polarization fate decision (section 2.3.5). Taken together, alterations of
T cell activation signaling strength including the Ras-MEK-ERK pathway are appreciated to have effects
on the outcome of T cell activation and polarization.

2.3.8 Functional outcome of T cell activation
While engagement of intracellular signaling complexes after T cell stimulation is a matter of seconds to
several minutes in primary peripheral T cells [601], functional consequences can be measured by upregulation of cell surface markers and cytokine secretion within a few hours after activation. Two of the
earliest markers for T cell activation are the up-regulation of the C-type lectin CD69 on the T cell surface
and the secretion of IL-2, which are driven by NF-κB and MAPK pathways [602–606]. CD69 is a
stimulation induced leukocyte activation marker, but its physiological role has only become more
characterized within recent years. In two different models of arthritis CD69-/- mice showed opposing
disease susceptibilities. Injection of anti-type II collagen antibodies into CD69-/- mice induced milder
arthritis than in WT mice [607]. In contrast, immunization of CD69-/- with collagen II in complete Freund’s
adjuvant (CFA) resulted in exacerbated arthritis compared to WT mice [608]. While having no direct
influence on T cell proliferation in the LN [609], CD69 expression promotes lymphocyte retention in the
LN by interacting with S1P1 in the surface and favoring its internalization [610]. In 2014, galectin-1 on the
surface of DCs and macrophages was identified as a specific ligand for CD69, which modulated T cell
polarization [611]. Both galectin-1 and CD69 restrain Th1 and Th17 responses, while promoting Treg and
Th2 formation [611–613]. Moreover, in 2016, CD69 was found to regulate the L-type amino acid
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transporter 1 (LAT1)-CD98 complex in the plasma membrane and CD69-deficiency attenuated skin
inflammation in response to IL-23. However, CD69-deficiency did not alter mRNA levels of Slc7a5,
which encodes LAT1 [614]. Hence, CD69 plays a role in metabolic regulation of immune cells as both
S1P1 and LAT1-CD98 mediated glucose uptake regulate mTOR signaling [615]. Depending on the disease
model and cell types investigated, CD69-deficiency thus shows different effects with respect to pro- or
anti-inflammatory regulations and the role of CD69 needs to be further elucidated in the future. In vitro,
however, CD69-deficiency showed no direct influence on lymphocyte activation and proliferation [616].
The secretion of IL-2 from activated T cells is another early activation hallmark. It has been first described
as a major inducer of T cell proliferation [617] and is an important co-stimulatory signal for a fully
functional T cell response [463]. CD4+ T cells produce higher amounts of IL-2 than CD8+ T cells upon
primary activation. The interleukin-2 locus is a highly regulated transcriptional target of TCR and costimulatory stimulation driven T cell activation [618, 619]. Ras-MEK-ERK signaling contributes to IL-2
expression via Egr-1 and the AP-1 transcription factor [620–623]. Notably, for both expression of IL-2 and
CD69 the sustainment of ERK signaling was reported to be a critical regulator. When ERK
phosphorylation sustainment, but not initial ERK phosphorylation peak was only slightly reduced by
shRNA directed against Kidins220, expression of IL-2 as well as CD69 were significantly reduced [577].
Likewise, impairment of ERK signaling sustainment, but not initial ERK activation, with siRNA against
Sos-1 resulted in reduced IL-2 and CD69 up-regulation [624]. In general, IL-2 plays a double role for the
immune system in that it both promotes T effector cell responses as well as in promoting Treg survival and
function, which in turn suppresses T effector cell responses [625]. Autocrine IL-2 signaling and transient
high peaks of IL-2 signaling are involved in effector T cell differentiation towards Th1, Th2 and Treg and
in CTL expansion [428, 619, 625]. In contrast, IL-2 rather constrains Th17 differentiation [459].

2.4 Dual specificity phosphatases and their role in T cell signaling
Kinase mediated phosphorylation as one of the major post-translational modifications involved in immune
cell signaling is controlled and negatively regulated by phosphatases. Similar to the specificity of kinases
for particular target residues, protein phosphatases can be distinguished as ser/thr-phosphatases (e.g.
protein phosphatase PP2A), protein tyrosine phosphatases (PTP) and dual specificity phosphatases (DUSP)
which can de-phosphorylate both, ser/thr phosphorylation sites as well as tyr-phosphorylation sites. The
balance of phosphorylation and de-phosphorylation is a pivotal determinant of immune cell activation
status and phosphatase inhibition is sufficient to initiate T cell activation [626]. This introduction focuses
on the family of DUSPs and those family members reported to be specifically involved in MAPK
signaling, particularly MEK-ERK signaling.
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2.4.1 Dual specificity phosphatase family overview
Common substrates for DUSPs (also: MAP kinase phosphatases, MKP) are the MAP kinases, in which
both phosphorylations within the Thr-X-Tyr motif can be de-phosphorylated by DUSPs. Depending on
classification criteria, 25 to 43 proteins are classified as DUSP [627, 628]. Within the 25 DUSPs sharing
sequence homology of the phosphatase domain, 11 also share the kinase interaction motif (KIM) or MAP
kinase binding domain (MKB) and these are referred to as “typical” DUSPs. In contrast, 14 atypical
DUSPs lack the MKB/KIM of which two are non-active pseudophosphatases (DUSP24/STYX and
DUSP27) [627]. Importantly, also pseudophosphatases can have a regulatory function for MAPK signaling
by acting as anchoring proteins scavenging target molecules at particular locations within the cell [629].
DUSPs have been implicated in regulation of signal integration by different input stimuli [630, 631]. The
peak and duration of ERK phosphorylation can be highly variable depending on the sources of input
signals. For example, it was reported that altered ERK signaling was mediated by the induced degradation
of DUSP1 and DUSP6 in a fibroblast cell line after growth factor stimulation in combination with
lactoferrin co-stimulation; hence these DUSPs were interpreted as central signal integration molecules
[630, 631]. This example points to a general feature appointed to many DUSPs in cellular signaling to
function as signal integrators. Depending on basal state expression in comparison to activation induced
expression and further depending on the kinetics of the latter (e.g. as immediate early genes or as delayed
early genes), DUSPs can influence signaling pathways in multiple complex ways: i) autoregulation of a
pathway by expression of its own negative regulator, ii) pathway memory regulation by expression of a
negative regulator upon first signal engagement that influences the signaling pathway upon re-challenge
with the same signal, and iii) cross-talk between pathways by induction of a negative regulator downstream
of pathway A, that negatively regulates pathway B [631].
DUSPs differ with respect to their cellular localization as well as regarding their substrate specificities. For
example, the first identified DUSP (DUSP1 /MKP-1) was initially described as an ERK-dephosphorylating
phosphatase [632]. However, later studies using MEFs derived from MKP-1-deficient mice revealed that
DUSP1 was likely more selective for p38 and JNK [633]. Substrate binding properties and substrate
specificity also show distinct biochemical features between DUSPs. Some DUSPs are activated via
conformational changes upon binding of their substrate, which is reported for example for DUSP1,
DUSP2, DUSP4 and DUSP6, but not for DUSP5 or DUSP10 [631]. Table 1 provides an overview of
selected DUSPs including their main substrate preferences and reported cellular localization. This
introduction includes only DUSPs for which a role in T cells was reported. Details are only covered for
DUSP5 and DUSP6, which are the most relevant DUSPs for the results of this work. For further details see
review articles by Caunt & Keyse 2013 [631], Huang & Tan 2012 [627] and Low & Zhang 2016 [634].

59

Chapter I – Introduction – Lymphocytes and their role in autoimmune diseases
Table 1: Overview of selected DUSPs, their main substrates, cellular localization and domain structure. “Typical” DUSPs share the kinase
interacting motif (KIM) and show specificity towards different MAPK. This table was taken from [627] and modified according to [653, 654, 663,
751, 752]. Main substrate for DUSP8 according to *[653] or **[654].

2.4.2 Expression and potential functions of dual specificity phosphatases in T cells
A gene expression database meta-analysis in 2010 revealed that several MAPK specific DUSPs are
globally expressed in immune cells including DUSP1, DUSP2, DUSP4, DUSP5, DUSP6, DUSP7,
DUSP10 and DUSP16 [635]. DUSP1-deficiency resulted in impaired T cell activation and reduced
severity of EAE. Mechanistically, DUSP1-deficiency was accompanied with enhanced JNK and p38
phosphorylation and reduced NFATc1 nuclear translocation [636]. Conversely, DUSP1 was found to
function in an apoptosis-preventive manner in T acute lymphoblastic leukemia (T-ALL), hence promoting
cancer progression [637]. DUSP2/PAC-1 was originally cloned from human T cells, characterized as an
inducible nuclear phosphatase [638] and shown to de-phosphoryate ERK2 [639]. More recently, STAT3
was reported as a novel DUSP2 substrate in T cells and DUSP2-deficiency led to enhanced colitis severity
in mice accompanied with exacerbated Th17 polarization [640]. DUSP3/VHR is an ERK and JNK specific
phosphatase in T cells [641]. Its activity is regulated by ZAP70 dependent Tyr138 phosphorylation, which
promotes its inhibition of the ERK2-Elk1 pathway [642]. DUSP4 has been characterized as an ERK and
JNK specific phosphatase [643] and is itself both induced by ERK signaling as well as post-translationally
modified [644]. Interestingly, phosphorylation of DUSP4 by ERK stabilizes DUSP4 whereas ERK
inhibition results in enhanced degradation by the proteasome [645]. In contrast, not DUSP4
phosphorylation, but direct binding of DUSP4 to ERK or JNK enhances catalytic activity of DUSP4 [645,
646]. However, CD4+ T cells from DUSP4-deficient mice were hyper-proliferative in vitro due to
enhanced CD25 up-regulation and increased STAT5-phosphorylation, but no influence on ERK, JNK or
p38 was detected during T cell activation [647], which resulted in enhanced Treg formation and reduced
Th17 polarization and concomitantly decreased susceptibility to EAE in DUSP4-/- mice [648, 649]. Details
on DUSP5 and DUSP6 in T cells are outlined in section 2.4.3. DUSP7/Pyst2/MKPX was also reported as
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an ERK-selective DUSP, which was highly expressed in cells derived from acute myeloid leukemia
patients, but was detectable in T cells only after TCR-stimulation [650]. In contrast, another study reported
that DUSP7 was not induced by T cell stimulation, but constitutively expressed and degraded after
prolonged activation and that it de-phosphorylated ERK in vitro and reduced NFAT-AP1 promoter activity
in reporter cell assays [651]. Only recently, it was reported that a reduced expression of DUSP7 was found
in T cells derived from seropositive RA patients compared to healthy individuals [652]. DUSP8 was
discrepantly described as ERK specific [653] or as JNK and p38 specific [654] and only implied to
regulate JNK activity in response to oxidative stress in Jurkat cells in one study [655], but comprehensive
data about a role in T cells is lacking. Data on DUSP9 is also quite limiting and it was reported to be
expressed selectively in plasmacytoid DCs but not in unstimulated CD4+ or CD8+ T cells [656]. However,
it shares sequence similarity to DUSP6 and was also reported to be ERK1/2 specific [657, 658].
DUSP10/MKP5 was described as a primarily JNK specific phosphatase [659]. A function in CD4+ T cells
and DCs was demonstrated as two studies showed increased IFN-γ secretion from DUSP10-/- T cells,
which was boosted by co-culture with DUSP10-/- DCs [660, 661]. Reduced survival rates of mice after
LCMV-WE infection were accompanied by enhanced IFN-γ and TNFα levels in serum, but in vitro
proliferation was reduced in T cells from DUSP10-deficient mice and a partial protection from EAE
induction was observed [660]. In contrast to DUSP10, both proliferation and cytokine secretion were
enhanced in T cells from DUSP14/MKP6-deficient mice [556]. DUSP14 expression was reported to be
CD28-stimulus dependent and DUSP14 interacted with the CD28 cytoplasmic tail. Expression of a
dnDUSP14 in T cells resulted in enhanced JNK and ERK phosphorylation [662]. Interestingly, while
enhanced ERK and JNK phosphorylation were also observed in DUSP14-KO T cells after stimulation, a
direct binding and de-phosphorylation of TAB1 at Ser438 was also detected [556]. DUSP16/MKP7 was
found to be inducible by anti-CD3 stimulation in T cells and its expression peaked within 3 h of activation
in naïve T cells whereas in vitro differentiated Th1, Th2 and Th17 cells showed a constitutive DUSP16
expression that was not further induced after TCR stimulation [663]. Deficiency of DUSP16 in T cells led
to increased IL-2 secretion and to reduced Th17 cell differentiation. Interestingly, blockade of IL-2 with
scavenging antibodies rescued Th17 differentiation of DUSP16-deficient cells, indicating that DUSP16 is
needed to restrain IL-2 production, likely by dephosphorylating ERK and JNK, which were more strongly
phosphorylated in activated DUSP16-deficient T cells compared to WT cells [663]. Taken together,
several MAPK selective DUSPs have been identified as modulators of T cell activation, but most detailed
characterizations have been performed for DUSP5 and DUSP6, which are separately introduced in the
following section.
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2.4.3 Regulation and functions of DUSP6 and DUSP5 in T cells
Functions for DUSP6 in T cells have been reported by several groups. Bertin et al. found that DUSP6 was
rapidly induced in CD4+ T cells with either anti-CD3/CD28 stimulation or LPS-treatment. In DUSP6-/T cells, ERK phosphorylation was enhanced compared to WT cells within 1 h after anti-CD3/CD28
stimulation [664]. Furthermore, DUSP6-deficiency enhanced IFN-γ secretion, but did not affect IL-2
secretion from T cells. Combined IL-10- and DUSP6-deficiency enhanced colitis severity in the IL-10
colitis model. Taken together, DUSP6 appeared to be a suppressor of the pro-inflammatory CD4+ T cells
response [664]. In line with these findings, Gonzales-Navajas et al. found that LPS-induction of DUSP6 in
T cells decreased subsequent TCR-activation-induced IFN-γ secretion which was functionally controlled
using siRNA against DUSP6 [665]. Also DUSP5 was shown to play a role for T cell functions.
Overexpression of DUSP5 in splenic murine T cells reduces their proliferative capacity [666]. When mice
were genetically modified to overexpress DUSP5, type-II collagen induced arthritis was strongly
attenuated and less p-ERK positive and p-STAT3 positive CD4+ T cells were found as tissue infiltrates
[667]. A recent study by Kidger et al. showed how DUSP5 can act as a promoter of cytosolic ERK
signaling in spite of being a nuclear ERK anchoring and dephosphorylating enzyme. By anchoring ERK in
the nucleus, DUSP5 impaired direct negative feedback from ERK to the upstream kinase Raf [668]. In
contrast, in cells expressing feedback-insensitive mutant B-Raf, ERK signaling is generally enhanced and
DUSP5 acted as a suppressor of ERK phosphorylation throughout the cell [668].
DUSPs are regulated by a complex combination of transcriptional regulation, regulation of mRNA stability
via RNA binding proteins and micro-RNAs, as well as regulation at the protein level by phosphorylation,
ubiquitination and degradation by the proteasome. These layers of regulation were described in more detail
for DUSP6 and DUSP5. First, DUSP6 expression is induced by the MEK/ERK pathway itself, which was
described in fibroblast growth factor stimulated NIH-3T3 cells [669]. In human T lymphoblasts, IL-2
contributes to DUSP6 expression as DUSP6 is down-regulated after IL-2 withdrawal [670]. Also DUSP5
is regulated by IL-2 signaling as identified in the CTLL-2 cell line [671] and serum stimulated NIH-3T3
cells express DUSP5 in an ERK-dependent manner [672]. In the MCF-7 breast cancer cell line both
DUSP6 and DUSP5 were expressed by phorbol ester stimulation in a MEK/ERK-dependent and PKCdependent manner. However, siRNA against the ERK-downstream transcription factor Ets-2 only
abolished DUSP6 expression, but not DUSP5 expression, which in contrast was abolished by siRNA
against c-Jun [673]. Interestingly, the MEK/ERK pathway not only induces DUSP6 and DUSP5
transcriptionally, but also influences them at the post-translational level. ERK2 directly interacts with
DUSP6 to induce phosphorylation of DUSP6 at Ser159 and Ser197, which leads to their subsequent
ubiquitination and degradation by the proteasome [674]. Ser197, but not Ser159 is furthermore
phosphorylated by the mTOR pathway [675]. Also DUSP5 was shown to be regulated by ubiquitination
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and degradation by the proteasome [672]. Of note, Marchetti and colleagues observed, that the
phosphorylation of DUSP6 does not change its phosphatase activity, indicating that degradation-primed
DUSP6 still retains its catalytic function [674]. In line with the findings that DUSP6 is induced and also
degraded by ERK signaling it was observed in vascular smooth muscle cells that DUSP6 has only a rather
short protein half-life of less than 30 min [676]. Xie et al. also show that the ubiquitination of DUSP6 is
enhanced in the presence of SM22α in these cells [676]. More recently, Cheng et al. identified protein
kinase PKN2 in colon cancer cells as an activator of DUSP6 via direct interaction with the DUSP6 linker
region. ERK-regulation via PKN2-DUSP6 had a negative influence on cytokine secretion from colon
cancer cells, thus suppressing M2 macrophage polarization, which is depending on IL-4 and IL-10 [677].
As outlined above, ERK signaling strength and duration vary depending on cell type and context of signal
initiation [422, 678] and DUSPs have been discussed to play a role in the regulation of how contextspecific signaling is regulated by a cell [631]. With respect to TCR signaling, DUSP6 and DUSP5 were
implicated to mediate TCR strength responses, as both are among the several target genes regulated by
miR-181a [679]. This micro-RNA is highly expressed in DP thymocytes, but also in CD4+ T cells,
whereas it is relatively less expressed in polarized Th1 or Th2 cells. Increased miR-181a expression
augments T cell responses by enhancing p-ERK and p-Lck levels and increasing IL-2 secretion.
Exogenous overexpression of miR-181a insensitive DUSP6 reduced p-ERK levels back to or even below
control levels, thus indicating that the enhanced phospho-ERK levels might be due to absence of DUSP6,
but are at least counteracted by DUSP6-restoration in the cells [679]. Interestingly, prolonged in vitro
activation of CD4+ T cells with anti-CD3/anti-CD28 antibodies leads to degradation of miR-181a [680],
which in turn is likely to permit higher DUSP6 and DUSP5 expression. The role of the miR-181a
regulation of DUSP6 in T cells is further supported by the finding that mice deficient for the precursor mir181ab1 show enhanced DUSP6 protein levels and reduced p-ERK levels in DP thymocytes as well as in
CD4+ SP thymocytes [681]. Notably, human miR-181a is more strongly expressed in umbilical cord blood
as compared to adult peripheral blood [682]. The amount of miR-181a in T cells is also higher in humans
at 20-35 years of age and was found to be declined in 70-85 year old humans, whereas DUSP6 protein
levels increase with age [683, 684]. Also, the peak of ERK phosphorylation after in vitro activation is
lower in T cells from elderly donors compared to younger donors [684]. Most recently, the involvement of
DUSP6 in regulating TCR strength was implicated by the finding that DUSP6 is sensitive to weak TCR
signaling-mediated gene regulation as a target of high BATF-IRF4 transcription factor complex affinity in
Th2 cells (section 2.3.7 and [423]). At the mRNA level, Dusp6 transcripts are further regulated via their
3’UTR, which can modulate mRNA stability due to RNA binding proteins [685]. Taken together, negative
feedback towards MAP kinase signaling via DUSP6 and DUSP5 is a well-described means of signaling
regulation in CD4+ T cells.
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3 AIM OF THIS STUDY
Since the development of the prototype immunoproteasome selective inhibitor ONX 0914 in 2009 [199],
the array of available subunit-selective proteasome inhibitors has increased greatly [65]. A multitude of
studies has demonstrated the potential of these inhibitors for the treatment of autoimmune diseases and
cancer and it was demonstrated that T cell proliferation and polarization were altered by
immunoproteasome inhibition in vitro and in vivo (section 1.8). Apart from influencing MHC-I antigen
presentation, it became clear, that beneficial effects of ONX 0914 must be in part antigen-presentation
independent [68]. Given that many pre-clinical models showing treatment susceptibility with ONX 0914
involve CD4+ T cell responses a direct influence of ONX 0914 on T cells has been shown before.
However, the molecular mechanism underlying this T cell intrinsic effect has remained elusive. Early work
on the mechanistic action of ONX 0914 showed that effects classically associated with proteasome
inhibition like ubiquitin-conjugate accumulation and impaired NF-κB signaling did not apply to
immunoproteasome inhibition [199].
The main aim of this work was to identify novel mechanistic details about the influence of ONX 0914 on
T cell activation at the molecular level. The focus of this work was set on two main issues: 1) The
influence of immunoproteasome inhibition and deficiency on T cell activation signaling and 2) the role of
immunoproteasomes for general protein homeostasis in activated lymphocytes. To study these questions, a
combined approach using ex vivo expanded T cells, primary isolated murine and human T cells as well as
the murine CTL-derived cell line T1 was used. Differentation and functional polarization of CD4+ T cells
in the presence of ONX 0914 and in the absence of immunoproteaosmes were analyzed. ONX 0914
treatment led to impaired early T cell activation, impaired proliferation and impaired Th17 and Treg
polarization. The experiments indicated that ONX 0914 treatment effects were depending on synergistic
LMP2 and LMP7 inhibition, while lack of immunoproteasomes in T cells had no functional effect on
T cell activation as compared to WT cells. Therefore, LMP7-deficient cells served as negative controls to
further investigate the selectively immunoproteasome dependent effects of ONX 0914 treatment. To
further investigate the underlying mechanistic basis of impaired T cell activation, differentiation and
polarization, expanded T cells were used as a model system to identify signaling pathways affected by
ONX 0914 treatment. Consequently, the identified candidate pathways should be tested directly in primary
naïve human and murine T cells. Using this approach, a reduction in ERK signaling sustainment was
identified. Therefore, additional experiments were aimed towards a characterization of the underlying
mechanism leading to reduced ERK signaling. The upstream kinase as well as candidate phosphatases that
might regulate ERK signaling were analyzed. In order to understand how immunoproteasome inhibition
might alter ERK-regulating phosphatases, the identified candidate phosphatase (DUSP6) was characterized
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in more detail with respect to its regulation at the transcriptional and at the protein level in T cells
employing biochemical assays for protein turnover characterization. Finally, it was aimed to test if a
causative functional relationship between the observed accumulation of DUSP6 in ONX 0914 treated cells
and impaired T cell activation and ERK-signaling existed. Using T cells from DUSP6-deficient mice, the
view of a causative relationship was disconfirmed in this study.
Apart from the focus on signal transduction, an influence of immunoproteasome inhibition and deficiency
on proteostasis regulation was investigated. A detailed characertization of the proteasome subunit content
in naïve murine and human lymphocyte populations was performed and unraveled an almost exclusive
dependency of naive lymphocytes on LMP7-containing proteasomes, while LMP7-deficient cells could
fully compensate loss of immunoproteasomes with an almost exclusive standard proteasome composition.
These results served as a basis to further investigate the impact of immunoproteasome inhibition on
proteastasis during lymphocyte activation. It was therefore aimed to characterize if and how
immunoproteasome inhibition (and deficiency) influenced clearance of poly-ubiquitin conjugates during
T cell and B cell activation. The appearance of accumulating ubiquitin-conjugates in ONX 0914 treated
cells gave rise to further investigate the functional consequences of this observation with respect to stress
response pathways and apoptosis. The experiments showed an up-regulation of β5c after T cell and B cell
activation, which was boosted by ONX 0914 treatement. Therefore, the possible involvement of Nrf1 in
mediating up-regulation of β5c was investigated. Finally, it was aimed to test, if the observed amelioration
of T cell activation applied to antigen-specifically activated CD4+ T cell as well. Using TCR-transgenic
SMARTA mice ameliorated T cell activation after ONX 0914 treatment was corroborated in vivo.
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CHAPTER II: MATERIALS AND METHODS
4 MATERIALS
4.1 Chemicals
Chemical substance
2-Mercaptoethanol for synthesis
5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
(CFSE)
Acetic acid, 96%
Acetic acid, glacial
Agarose Premium
Ammonium persulfate
Bovine serum albumin
Brefeldin A
Bromphenol blue
Cycloheximide
Dodecylsulfate Na-salt in pellets (SDS)
Dimethyl sufloxide (DMSO)
Di-sodium hydrogen phosphate dihydrate (Na2HPO4)
Ethanol
Ethidium bromide
Ethylenediamine tetraacetic acid disodium salt
dehydrate (EDTA)
Glycerol
Glycine PUFFERAN
Hydrochloric acid
Ionomycin calcium salt
L-glutamine
LU-001i
Methanol, reinst
ML-604440
Paraformaldehyde
Phorbol 12-myristate 13-acetate (PMA)
Ponceau S
Potassium chloride (KCl)
Potassium dihydrogen phosphate (KH2PO4)
PRN-1126
N,N,N′,N′-Tetramethylethylenediamine (TEMED)
Saponin
Sodium chloride (NaCl)

Supplier (Cat# / order number)
Merck (Cat#805740)
Sigma Aldrich (Cat#21888)
Roth (Cat#X895.2)
VWR (Cat#20104.298)
SERVA (Cat#11381.02)
Sigma Aldrich (Cat#3678)
Sigma Aldrich (Cat#A9647)
Sigma Aldrich (Cat#B6542)
AppliChem (Cat# A2331.0025)
Sigma Aldrich (Cat#D2650)
SERVA (Cat#20765.03)
Sigma Aldrich (D2660)
Carl Roth (Cat#T877.1)
Carl Roth (Cat#9065.3)
Sigma Aldrich (Cat#1510)
Carl Roth (Cat#8043.2)
VWR (Cat#24386.298)
Roth (Cat#3908.2)
VWR (Cat#2052.244)
Sigma Aldrich (Cat#I0634)
Sigma Aldrich (Cat#G3126)
see section 5.4 for origin and supplier
Chemical depository, University of Konstanz
see section 5.4 for origin and supplier
Sigma Aldrich (Cat#158127)
Sigma Aldrich (Cat#P8139)
Sigma Aldrich (Ca#5938.1)
Carl Roth (Cat#6781.1)
Carl Roth (Cat#3904.1)
see section 5.4 for origin and supplier
Sigma Aldrich (Cat#9281)
Sigma Aldrich (Cat#S7900)
Sigma Aldrich (Cat#3957.2)
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Sodium hydroxide (NaOH)
Sodium orthovanadate (Na3VO4)
Sulfuric acid (H2SO4)
Triton X-100
Trizma® base
Tween® 20
Z-Leu-Leu-Leu-al (MG-132)

Sigma Aldrich (Cat#30620)
Sigma Aldrich (Cat#S6508)
Sigma Aldrich (Cat#30743)
Sigma Aldrich (Cat#X100)
Sigma Aldrich (Cat#T1503)
Sigma Aldrich (Cat#1379)
Sigma Aldrich (Cat#C2211)

4.2 Disposables
Disposables
BD Vacutainer, CPT, 2 ml FICOLL
Cellstrainer 40 µm, nylon, sterile
Cellstar® 12-well cell culture plate
Cellstar® 96-well cell culture plate, F-bottom
Cellstar® 96-well cell culture plate, V-bottom
CRYO.S PP, with screw cap, sterile
Light Cycler Capillaries
MACS columns MS, LS
Microplate, 96-well, Microlon®, high binding
Multiply® µStrip Pro 8-strip
Parafilm M
Pre-Separation Filters
Protran 0.45 NC Premium nitrocellulose membrane
Protran 0.45 NC nitrocellulose membrane
RoboStrip® PP low profile white
SD100 Cellometer Cell Counting Chambers
Serological Pipettes
Spectra/PorTM 1 6-8kDa MWCO dialysis kit
Syringe Filter 0.22 µm
Tube 15 ml, 120 x 17 mm, PP, sterile
Tube 50 ml, 114 x 28 mm, PP, sterile
Whatman 3MM-CHR

Supplier (Cat# / order number)
BD Bioscience (Cat#362782)
BD FalconTM (Cat#352340)
Greiner Bio-One (Cat#665180)
Greiner Bio-One (Cat#655180)
Greiner Bio-One (Cat#651180)
Greiner Bio-One (Cat#126279)
Roche (Cat#04929292001)
Miltenyi (Cat#130-042-401 & 130-042-201)
Greiner Bio-One (Cat#655061)
SARSTEDT (Cat#72.991.002)
Sigma Aldrich (Cat#P7793)
Miltenyi (Cat#130-041-407)
GE Healthcare (Cat#10600003)
GE Healthcare (Cat#10600002)
Analytik Jena (Cat#0501000602)
Nexcelom Bioscience (Cat#CHT4-SD100-002)
SARSTEDT (Cat#86.1254.001)
SpectrumTM Labs (Fisher Scientific) (Cat#132645T)
TPP (Cat#99722)
SARSTEDT (Cat#62.554.502)
SARSTEDT (Cat#62.547.254)
GE Healthcare (Cat#3030-917)

4.3 Kits and Reagents
Kit / Reagent
2-Mercaptoethanol (50 mM)
35
S-cysteine/methionine
Acrylamide/Bis Solution 37.5:1
AIM-V® Medium, GlutaMAXTM
AO/PI Staining Solution
Biozym cDNA synthesis kit
Captisol

Supplier
Gibco (Thermo Fisher Scientific) (Cat#313500-010)
Hartmann Analytik (Cat#IS-103)
SERVA (Cat#10688.01)
Gibco (Thermo Fisher Scientific) (Cat#12055-091)
Nexcelom (Cat#CS2-0106-1ML)
Biozym (Cat#331470L)
Ligand (Cat#RC-0C7)
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Chameleon® Duo Pre-stained Ladder
cOmpleteTM EDTA-free protease inhibitor
DCTM protein assay
DMEM Medium GlutaMAXTM
DMEM/F12, no phenol red
dNTP mix
EZviewTM Red Protein A Affinity Gel
FastStart DNA Master SYBR green-I kit
Fetal Bovine Serum
Ficoll-PaqueTM PLUS
Fixation/Permeabilization concentrate
Fixation/Permeabilization diluent
GoTaq® G2 Flexi DNA Polymerase kit
Human serum, male AB plasma
MACS® CD19 MicroBeads, mouse
MACS® CD4 (L3T4) MicroBeads, mouse
MACS® CD4+ T cell isolation kit, mouse
MACS® CD14 MicroBeads, human
MACS® CD4 MicroBeads, human
MACS® CD19 MicroBeads, human
Mouse IL-2 ELISA Ready-Set Go!®
Mouse IL-6, recombinant protein
Murine IFN-γ, recombinant
Odyssey® Blocking Buffer TBS
PageRuler Prestained Protein Ladder
Penicillin-Streptomycin
PhosSTOPTM
Recombinant human TGF-β
Reverse Transcription Kit
RNAse AWAY
RNeasy Mini kit
RPMI Medium 1640, GlutaMAXTM
RPMI Medium 1640, without cysteine /
methionine / glutamine
Sensiscript RT Kit (50)
SmartLadder Small Fragment (SF)
Sodium pyruvate solution (100 mM)
Vybrant® MTT Cell Proliferation Assay Kit

LI-COR (Cat#928-60000)
Roche (Cat#4693132001)
Biorad (Cat#500-0113 / 500-0114 / 500-0115)
Gibco (Thermo Fisher Scientific) (Cat#31966-021)
Gibco (Thermo Fisher Scientific) (Cat#21041-025)
Genaxxon (Cat#: M3018, M3019, M3020, M3021)
Sigma Aldrich (Cat#P6486)
Roche (Cat#12239264001)
Gibco (Thermo Fisher Scientific) (Cat#10270-106)
GE Healthcare (Cat#17-1440-03)
eBioscience (Cat#00-5123-43)
eBioscience (Cat#00-5223-56)
Promega (Cat#: M8291, M8295, M8296, M8297,
M8298, M7806)
Sigma Aldrich (Cat#H4522)
Miltenyi (Cat#130-052-201)
Miltenyi (Cat#130-049-201)
Miltenyi (Cat#130-104-454)
Miltenyi (Cat#130-050-201)
Miltenyi (Cat#130-045-101)
Miltenyi (Cat#130-050-301)
eBioscience (Cat# 88-7024-88)
eBioscience (Cat#14-8061-80)
Peprotech (Cat#315-05)
LI-COR (Cat#927-50000)
Thermo Fisher Scientific (Cat#26616)
Thermo Fisher Scientific (Cat#1514122)
Roche (Cat#4906845001)
Peprotech (Cat#100-21)
Promega (Cat#A3500)
Molecular BioProducts (Cat#7005-11)
QIAGEN (Cat#74104)
Gibco (Thermo Fisher Scientific) (Cat#61870-106)
Sigma Aldrich (Cat#R7513)
QIAGEN (Cat#205211)
Eurogentec (Cat#MW-1800-04)
Gibco (Thermo Fisher Scientific) (Cat#11360070)
ThermoFisher Scientific (Cat#V13154)

4.4 Buffers and solutions
Buffer Name
Blotting buffer

Recipe
1 x running buffer, w/o SDS, 20% methanol
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Cytosolic extraction buffer

5 mM HEPES, 75 mM NaCl, 2.5 mM KCl, 0.5 mM MgCl2, ph 7.4,
0.1% NP-40, 1x PhosSTOP Roche)
FACS buffer
PBS, 2% FBS, 2 mM EDTA, 2 mM NaN3
NET-T
NET-TON with 650 mM NaCl
NET-TON
50 mM TrisHCL, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% Triton
X-100
PBS
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 in
ddH2O, pH 7.4
PERM buffer
FACS-buffer + 0.1% Saponin
Ponceau Red staining solution 500 mg Ponceau S, 1 ml acetic acid
(100 ml)
Running buffer (10 x, 1 L)
30.6 g Trizma base, 144 g glycin
SDS sample buffer (3 x, 26 ml)
8 ml glycerol, 0.4 ml Tris-pH 7, 6 ml 20% SDS
TAE buffer (50 x, 1L)
242 g Trizma base, 57,1 ml glacial acetic acid, 100 ml 0.5 M EDTA
TBS-T
Tris-buffered saline (per L for 10x: 24.8 g Trizma base, 80 g NaCl
pH 7.6), 0.15% Tween-20
Whole cell lysis buffer (&
1% NP-40, 137 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 7.2 at
nuclear lysis)
25°C, 2 mM Na3VO4, 0.15% SDS, 1x PhosStop (Roche), 1x
complete protease inhibitors (Roche), 0.1% sodium deoxycholate

4.5 Oligonucleotides
Name

Sequence (5’-3’)

PCR program
(10 min at 95°C initial
denaturation in all)

CS_mmu_LMP7_for

GAA CAA AGT GAT CGA GAT TAA CCC

95°C 10 s

CS_mmu_LMP7_rev

GTC CTG GTC CCT TCT TGT C

62.5°C 10 s
72°C 10 s

CS_mmu_β5c_for

TGG CCT TCA AGT TTC TCC A

95°C 10 s

CS_mmu_β5c_rev

AGA TCA TGG TGC CCA TAG AC

57°C 8 s
72°C 12 s

mmu_β1c_for

TCG AGT GAC TGA CAA GCT GAC C

95°C 10 s

mmu_β1c_rev

GAA CAG AGT ACA CCT GCC CTC C

62°C 15 s
72°C 20s

mmu_DUSP6_01_for

CCC AAT AGT GCA ACG GAC TC

95°C 10 s

mmu_DUSP6_01_rev

GGG CTT CAT CTA TGA AAG AAA TGG

57°C 8s
72° C 13 s

mmu_CD69_for

CCT TGG GCT GTG TTA ATA GTG G

95°C 10 s

mmu_CD69_rev

GCT TCA GAA ACG TCA TGT CCT

59°C 8 s
72 °C 14 s

38 cycles

38 cycles

40 cycles

40 cycles

40 cycles
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mmu_IL2_for

ACA TTG ACA CTT GTG CTC CT

95°C 10 s

mmu_IL2_rev

TTC CTG TAA TTC TCC ATC CTG C

58°C 8 s
72°C 8 s

mmu_RPL13a_for

TGA AGG CAT CAA CAT TTC TGG

95°C 10 s

mmu_RPL13a_rev

GGT AAG CAA ACT TTC TGG TAG G

57°C 6 s
72°C 15 s

mmu_IPO8_for

GTA CTT TAC AGA CAT GAT GCC TC

95°C 10 s

mmu_IPO8_rev

AAT GAA TAG CGG GAT ACA CTG

56°C 6 s
72°C 11 s

DUSP6_geno_WT-REV

CGA CTC GTA CAG CTC CTG TG

40 cycles

40 cycles

40 cycles

94°C 2 min
94 °C 20 s

DUSP6_geno_MUTREV GCT CTA TGG CTT CTG AGG CG

65° C 15 s

10 cycles

68°C 10 s

DUSP6_geno_COMFOR AAA CTG GGC ACC TTC ATT CA

94°C 15 s
60°C 15 s

28 cycles

72°C 10 s
72°C 2 min

Oligonucleotides were synthesized by Mircosynth and delivered as lyophilized desalted Genomics Scale
products that were re-solubilized to 100 µM stock concentrations in MilliQ H2O. Aliquots were stored at 20°C with a concentration of 50 µM.

4.6 Antibodies for flow cytometry
Epitope/target and fluorophore
anti-mouse CD69-FITC
anti-human CD69-FITC
anti-mouse CD4-FITC
anti-mouse CD4-APC
anti-human CD4-APC
anti-mouse CD25-PE
anti-mouse CD19-APC
anti-rabbit Alexa647 F(ab’)2
anti-rabbit Alexa488 F(ab’)2
anti-mouse TCR Vα2-PE
anti-Foxp3-PE (FJK-162)
anti-IL-17A-APC
anti-IL-17A-FITC

Supplier
eBioscience
Biolegend
BD Pharmingen
eBioscience
BD Pharmingen
Biolegend
Biolegend
Invitrogen
Invitrogen
BD Pharmingen
eBioscience
eBioscience
eBioscience

Catalogue#
Cat#11-0691-85
Cat#310904
Cat#553651
Cat#17-0041-83
Cat#555349
Cat#101904
Cat#115512
Cat#A21246
Cat#A11070
Cat#561078
Cat#12-5773
Cat#17-7177-81
Cat#11-7177-81
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4.7 Antibodies for immunoblotting
Antibody / Epitope
anti-p-ERK1/2
anti-ERK1/2
anti-p-JNK (G9)
anti-p-JNK (8E11)
anti-JNK
anti-p-STAT3 (Tyr705)
anti-STAT3
anti-p-Akt(Ser473)
anti-p-Akt(Thr308)
anti-NFAT1
anti-phospho-p65
anti-NF-κB p65
anti-p-MEK1/2
anti-p-eIF2α
anti-ATF4
anti-p53
anti-PSMB5 (β5c)
anti-PSMB6 (β1c)
anti-PSMB7 (β2c)
anti-Lamin A/C
anti-DUSP10
anti-phospho-p38
anti-p-S6
anti-p-IκBα
anti-IκBα (N-term)
anti-PARP
anti-CHOP
anti-DUSP16
anti-DUSP3 (VHR)
anti-DUSP9 (MKP-4)
anti-DUSP7 (PYST-2)
Mono-and-polyubiquitinated
conjugates monoclonal Ab (FK2)
anti-DUSP4 (MKP-2)
anti-DUSP6 (MKP-3)
anti-DUSP5
anti-TCF11/Nrf1
anti-Nrf2
anti-γ-Tubulin
anti-α-Tubulin
anti-LMP7 (mouse)

Supplier / Origin
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
ENZO Lifesciences

Catalogue# or reference
Cat#4370
Cat#4695
Cat#9255
Cat#4668
Cat#9252
Cat#4113
Cat#9139
Cat#4060
Cat#13038
Cat#5861
Cat#3033
Cat#8242
Cat#2338
Cat#3398
Cat#11815
Cat#2524
Cat#12919
Cat#13267
Cat#13207
Cat#2032
Cat#3483
Cat#9215
Cat#4858
Cat#2859
Cat#4814
Cat#9532
Cat#2895
Cat#5523
Cat#sc-274161
Cat#sc-377106
Cat#sc-137010
Cat#BML-PW8810

BD Biosciences
Abcam
Abcam
Cell Signaling
Cell Signaling
Sigma-Aldrich
Sigma-Aldrich
Polyclonal rabbit antiserum, in house

Cat#610850
Cat#ab220811
Cat#ab200708
Cat#8052
Cat#12721
Cat#T6557
Cat#T5168
Khan 2001 [144]
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anti-LMP2 and anti-MECL-1

anti-IOTA

anti-LMP7 (human)

Polyclonal rabbit antiserum, (provided Guillaume 2010 [93]
by Benoit J Van den Eynde, Ludwig
Cancer Research, Brussels Branch,
Brussels, Belgium)
Monoclonal, IB5, obtained from Klaus Kremer 2010 [143]
Scherrer (Institute Jaques Monod, Paris,
France)
Polyclonal rabbit antiserum, in house
Macagno 1999 [116]

4.8 Antibodies for functional assays
Epitope/target
anti-CD3 clone 17A2
anti-CD28 clone 37.51
anti-CD40 clone 1C10
F(ab’)2 anti-mouse IgG FG Purified
anti-IFN-γ (XMG1.2)
anti-IL-4 (11B11)

Supplier
Biologend (or eBioscience)
Biolegend (or eBioscience)
Biolegend
eBioscience
eBioscience
eBioscience

Catalogue#
Cat#100202
Cat#102102
Cat#102810
Cat#16-5098-85
Cat#14-7311-85
Cat#16-7041-81

4.9 Mouse strains and animal protocols
C57BL/6J (H-2b) mice were originally purchased from Charles River. LMP7-/-[158], and LMP2-/-[67] mice
were kindly provided by John J. Monaco (Cincinnati Medical Center, Cincinnati, USA). SMARTA mice
[686] (SM1-Ly5.1) were provided by the Swiss Immunological Mutant Mouse Repository. DUSP6 -/- mice
[687] were purchased from Charles River. Animals were kept in an SPF environment in the animal facility
at the University of Konstanz. Animal experiments were approved by the review board of
Regierungspräsidium Freiburg (G-16/154, T-16/15TFA and T-18/03TFA).

4.10 Lymphocytic choriomeningitis virus (LCMV)
LCMV-WE was propagated in the L929 fibroblast line, and viral stocks were kept at -70°C [144]. Growth
and titration on L929 cells was performed as described in [688] (kind gift from Ulrike Beck). Mice were
infected i.v. with 4 x 105 pfu LCMV-WE.

4.11 Cell lines
Cell line
CTLL-2

X63-m-IL-2

Origin and description
Reference
Cytotoxic lymphoid line-2 cells originate from C57BL/6 mice immunized
[689]
with F4-5 Friends-virus induced leukemia obligatorily dependent on IL-2
for growth. Provided by Hajo Haase, TU Berlin, Germany
A functional mouse IL-2 gene was inserted into the plasmacytoma cell line
[690]
X63-Ag8.653 resulting in a IL-2 producing cell line.
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T1

Molt4
L929

Mouse CTL clone derived cell line with a TCR specific for a chemically
modified peptide used for photoaffinity labeling. Provided by W. Schamel,
University of Freiburg, Germany (with permission from I. Luescher)
Human T-ALL patient derived T lymphoma cell line
Provided by F. Lehmann-Grube, Heinrich Pette Institut, University of
Hamburg, Germany

[691–693]

[694]
[688]

4.12 Devices and Software
Device
AccuriC6 Plus
Cellometer 2000 Auto
Centrifuge 5471R
ChemiDocTM XRS System
DUOMAX 1030
FACSCalibur
Hydro Speed
Infinite M200 Pro
Leica DMIL LED
Light Cycler
LSRFortessa™
Multifuge 4KR, LH-4000
buckets
Modell 583 Gel Dryer
NanoVue
Odyssey Imager FC
Personal Molecule Imager
pH-meter 766 Calimatic
Power PAC 3000
T3 Thermocycler
Thermomixer C
TProfessional Thermocycler
TopCount NXTTM
Vortex Genie 2
Software
AccuriTMC6 Software
GraphPad Prism®
FlowJo
Image Studio Lite
Inkscape
PerlPrimer
FACS DivaTM
Quantitiy One

Description / Method
Flow Cytometer
Cell Counter and Viability Assessment
Table top centrifuge
Gel Imager
Laboratory shaker
Flow Cytometer
Plate washer
Plate reader for absorbance measurement
Light microscope
Quantitative real-time PCR
Flow Cytometry
Centrifuge

Supplier
BD Biosciences
Nexcelom
Eppendorf
BioRad
Heidolph
BD Biosciences
TECAN
TECAN
Leica
Roche
BD Biosciences
Heraeus

Gel Dryer
Nanodrop liquid absorbance measurement
Near-infrared immunoblotting
Phosphoimager
pH-meter
Power supply in gel-electrophoresis and blotting
Standard PCR
Reaction tube heating/mixing
Quantitative real-time PCR
Microplate Scintillation & Luminescence Counter
Fluid mixer
Supplier / Origin
BD Biosciences
GraphPad Sofware, Inc.
FLOWJO, LLC
LI-COR
freely available under GNU General Public License
freely available under GNU General Public License
BD Bioscience
BioRad

BioRad
GE Healthcare
LI-COR
BioRad
Knick
BioRad
Biometra
Eppendorf
Biometra
Packard
Scientific Industries
Version
1.0.264.21
6.04
V9 and V10
Ver 5.2
0.92.2
v1.1.21
8.0.1
4.6.6
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5 METHODS
5.1 Cell culture and cell stimulation
Cell viability was checked by trypan blue or AO/PI staining before experiments (Nexcelom Bioscience).
Human T cells were isolated from PBMCs of healthy volunteers according to the Miltenyi human CD4+
T cell isolation protocol and cultured in AIM-V medium (2% human serum, 50 µM 2-mercaptoethanol,
10% FBS, 1% Pen-Strep). Cells were activated with the Human T cell activation and expansion kit
(Miltenyi) according to the manufacturer’s protocol.

5.1.1 CTLL2
CTLL2 cells [695] were kindly provided by Prof. Hajo Haase, TU Berlin, and cultivated in RPMI 1640
(10% FBS, 1% Pen-Strep, 50 µM 2-mercaptoethanol, 1 mM sodium pyruvate) in the presence of 30 U/ml
recombinant mouse IL-2. CTLL2 cells were used to assess activity of newly harvested recombinant IL-2
(produced with x63-m-IL2 cells [690], kindly provided by Ulrike Beck) in an MTT assay (section 5.2),
which was afterwards used for cultivation.

5.1.2 T1 cells
T1 cells [691] were kindly provided by Prof. Wolfgang Schamel, University of Freiburg, with permission
from Prof. Immanuel Lüscher, University of Lausanne, and cultured in RPMI 1640, supplemented with
10% FBS, 1% Pen-Strep and 50 µM 2-Mercaptoethanol. Activation was performed with plate-bound antiCD3/CD28 (5 µg/ml in PBS each) (Biolegend/eBioscience).

5.1.3 Primary murine CD4+ T cells and CD19+ B cells
Different lymphocyte populatoins from spleen were isolated with CD19 beads, CD4+ T cell isolation kit or
CD4 beads (Miltenyi) according to the manufacturer’s protocols and cultured in RPMI 1640 +supplements.
T cell activation was performed with plate-bound anti-CD3/CD28 (5 µg/ml in PBS each)
(Biolegend/eBioscience). Murine B cells were activated with 50 ng/ml PMA (pre-solved in DMSO) and
500 ng/ml ionomycin (pre-solved in DMSO) or 5 µg/ml anti-CD40 (Biolegend) and 10 μg/ml F(ab’)2 antimouse IgG (eBioscience). Bulk lymphocytes were enriched with Ficoll-Paque centrifugation using 3 ml
Ficoll-Paque solution and 5 ml cell suspension. Centrifugation was performed in LH-4000 buckets using a
Heraeus Multifuge 4KR at 2000 rpm for 15 min with acceleration preset 6 and deceleration preset 1.
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5.1.4 Primary human CD4+ T cells and CD19+ B cells
Human PBMCs of healthy volunteers were pre-enriched using BD Vacutainer, CPT. Human CD4+ T cells
were purified according to the Miltenyi human CD4+ T cell isolation protocol (CD14+ depletion and
CD4+ MicroBeads isolation) and cultured in AIM-V medium (2% human serum, 50 µM
2-mercaptoethanol, 10% FBS, 1% Pen-Strep). Human CD19+ B cells were purified with CD19+
MicroBeads and cultures in AIM-V medium (2% human serum, 50 µM 2-mercaptoethanol, 10% FBS, 1%
Pen-Strep). T cell activation was performed using the Human T cell activation/expansion kit according to
the manufacturer’s protocol. B cells were activated with 50 ng/ml PMA and 500 ng/ml ionomycin. Blood
donations were approved by the review board of Kanton Thurgau, Switzerland.

5.1.5 Mouse embryonic fibroblasts (MEFs)
Preparation of MEFs was performed from mouse embryos on gestation day 14. Head and liver were
removed, embryos were minced and digested in trypsin/EDTA solution (Invitrogen) for 15 min at 37°C.
Trypsin digestion was stopped with excessive culture medium followed by centrifugation. Cells were
passed through a 100 µm filter and cultured for two days at 37°C, 5% CO2. Aliquots were kryo-conserved
at -150°C (DMEM, 10% DMSO, 20% FBS).

5.1.6 Ex vivo T cell expansion
For ex vivo expansion 1x106 cells/ml were stimulated with 50 ng/ml Phorbol-12-myristate-13-acetate
(PMA) and 500 ng/ml ionomycin for 25 h, followed by cultivation in the presence of 40 U/ml recombinant
m-IL-2. IL-2 medium was renewed on day 4. Cells were either kryo-conserved on day 6 (RPMI 1640, 10%
DMSO, 20% FBS) or used directly on day 7 for experiments. Kryo-conserved cells were thawed 16-20 h
before use and kept overnight in medium containing 30 U/ml IL-2.

5.1.7 In vitro T helper cell polarization
CD4+ T cells were purified from mouse spleens with MACS CD4+ T cell isolation kit. 60.000 to 85.000
cells per 96-well cavity were activated with plate-bound anti-CD3/CD28 antibodies (5 µg/ml in PBS each)
in the presence of polarizing conditions towards either Th17 lineage or Treg lineage or with medium only
(Th0 conditions, non-polarizing). Polarization towards the Th17 lineage was performed with 30 ng/ml IL-6
(eBioscience), 2.5 ng/ml TGF-β (Peprotech), 10 µg/ml anti-IL4 (eBioscience) and 10 µg/ml anti-IFN-γ
(eBioscience) in RPMI 1640 medium. After 3 days, cells were re-stimulated for 4 h with 50 ng/ml PMA
and 500 ng/ml ionomycin in the presence of 10 mg/ml brefeldin A (pre-solved in DMSO at ), followed by
intracellular staining against Foxp3 and IL-17A (both combinations, IL-17A-FITC with CD4-APC or
CD4-FITC with IL-17A-APC were used (section 5.7). Polarization towards the Treg lineage was
performed with 100 U/ml IL-2 (x63-mIL-2 derived, section 5.2), 5 ng/ml TGF-β (Peprotech) and anti75
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IFN-γ (10 µg/ml, eBioscience). On day three, re-activation and intracellular staining were performed as
denoted above.

5.2 Determination of IL-2 activity in a CTLL-2 bioassay
Recombinant mouse IL-2 was used in several assays as cell culture supplement or for stimulation of cells
via the IL-2 receptor. Here, the plasmacytoma cell line X63-m-IL-2 [690] was cultured in IMDM + 10%
FBS and supernatants containing secreted recombinant IL-2 were collected and frozen at -80°C for longterm storage or at -20°C for short-term storage (kind gift from Ulrike Beck). The activity of IL-2 in the
supernatants was determined via its potency to induce proliferation of CTLL-2 cells measured by MTT
assay (Invitrogen, Thermo Fisher Scientific). CTLL-2 cells were seeded at 2 * 105 cells/ml and 100 µl of
cells per well (96-well plate) were cultured for 48 h in RPMI 1640 supplemented with 10 % FBS, 50 µM
2-mercaptoethanol, 1 % Pen-Strep, 1 mM sodium pyruvate and a dilution series of IL-2 containing
supernatants (100 µl volume of dilution series pre-filled to 96-well cavities). Afterwards, 170 µl of the
medium was discarded and 100 µl of DMEM/F12 without phenolred was added. 10 µl of 12 mM MTT
stock solution was added as according to the manufacturer’s protocol (Vybrant® MTT Cell Proliferation
Assay) and the plates were incubated at 37°C 7% CO2 for 2-4 h. Then 100 µl of prepared SDS-HCl was
added and the plates incubated for another 2-4 h. Up to three measurements of absorbance at 570 nm were
performed in a TECAN infinite pro plate reader. The amount of IL-2 containing supernatant resulting in
half-maximal proliferative response was determined as the activity of 1 unit. Thus, the activity could be
measured in repeated assays using the mean of the determined values. For the IL-2 used in this work, the
activity was 15 U/µl.

5.3 Cell viability assessment
For cell viability assessment cells were stained using acridine orange and propidium iodide (AO/PI)
staining solution in a Cellometer 2000 Auto Cell Counter instrument.

5.4 Inhibitor preparation
PRN1126 was provided by Principia Biopharma. ONX 0914 was provided by Christopher J. Kirk (Kezar
Life Science). LU-001i [290, 696] was provided by Herman S. Overkleeft. ML604440 [162] was provided
by Millenium Pharmaceuticals. MG-132 was purchased from Sigma Aldrich. All compounds were
dissolved in DMSO at 10 mM stock concentration and stored at -80°C. Before use, stocks were pre-diluted
to 100 µM concentration in DMSO for use in experimental assays (except for MG-132, which was used
from 10 mM stocks). DMSO therefore served as solvent-control. Each aliquot was only used after the first
thawing of the stock aliquot to avoid repeated freeze-thaw cycles. For in vivo application, ONX 0914 was
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formulated in an aqueous solution of 10% (w/v) sulfobutylether-β-cyclodextrin (Captisol®) and 10 mM
sodium citrate (pH 6). The formulation without ONX 0914 was used as vehicle control. Administration to
mice was performed as an s.c. bolus dose of 10 mg/kg.

5.5 Enzyme-linked immunosorbent assay (ELISA)
Mouse IL-2 ELISA Ready-Set Go! (eBioscience) was used according to the manufacturer’s protocol. In
brief, purified naïve CD4+ T cells were activated by plate-bound anti-CD3/CD28 antibodies in 96-well
flat-bottom plates in RPMI 1640 (50 µM 2-mercaptoethanol, 10% FBS, 1% Pen-Strep) for the time period
of interest. Supernatants were collected and frozen at -80°C until further use. Upon thawing, samples were
appropriately diluted to measure cytokine concentrations in the linear range as indicated by the cytokine
standard dilution series. Absorbance was measured in a TECAN plate reader at 450 nm measurement
wavelength and 570 nm reference wavelength. For comparison between groups, the mean measured
absorbance was plotted in graphs with SD from triplicate experiments. Repeated experiments were
analyzed as outlined in section 5.15 and in figure legends.

5.6 CFSE proliferation assay
Up to 1x107 cells were stained with 1 µM CFSE in 1 ml PBS for 10 min at 37°C, washed twice with PBS
and twice with medium. The initial staining intensity was measured by flow cytometry. Cells were
activated with plate-bound antibodies in the presence of ONX 0914 or DMSO. CFSE dilution was
measured by flow cytometry after 72 h.

5.7 Flow cytometry
Surface staining was performed with antibodies diluted in FACS-buffer (20 min, 4°C) followed by 3 x
washing in FACS buffer before analysis (primary antibody-dilution: 1:150 – 1:500).
For intracellular staining against p-ERK, t-ERK and IκBα all compared samples were handled
simultaneously using a multi-channel pipette to transfer samples between 96-well plates. 120 µl cell
suspension from each 96-well cavity was transferred into 70 µl of 4% PFA. After centrifugation for 1.5
min, supernatants were discarded and cells fixed in pure 4% PFA for additional 5 min, followed by 1 x
washing in FACS buffer. Upon collection of all time-points, surface staining was performed in FACS
buffer for 20 min at 4°C. Afterwards, cells were incubated in 90% of 4°C-cold methanol for 45 min,
washed in FACS buffer and primary antibody staining at 4°C in PERM buffer was performed overnight
(anti-pERK: 1:800, anti-ERK: 1:600, anti-IкBα: 1:500). The next day, samples were washed 3 x in PERM
buffer with ≥15 min incubation time in each step (4°C). Secondary antibody staining was then performed
in PERM-buffer for 2 h at 4°C (anti-rabbit Alexa-647 or anti-rabbit Alexa-488: 1:1000), followed by
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additional 2 x washing in PERM buffer and re-suspension in FACS buffer for analysis. Flow cytometry
was performed with FACSFortessa, FACSCalibur or AccuriC6 instruments (BD) analysis was performed
using AccuriC6 or FlowJo V10 software. Note that in some experiments upon reproduction of the
experiment different flow cytometers had to be used for technical reasons, resulting in different
fluorescence intensities based on different devices. In order to subject all relevant data to analysis, but also
account for this technical experiment to experiment variation, data was then subjected to normalization as
outlined in section 5.15.
Intracellular staining against IL-17A and Foxp3 was performed after surface staining against CD4,
followed by fixation in Fix/Lysis solution (BD) over night. The next day, samples were stained against
IL17A and Foxp3 in PERM buffer for 2-4 h at 4°C, washed and analyzed by flow cytometry using
AccuriC6 or FACSCalibur.

5.8 Preparation of 4% PFA solution in PBS
1 L of 4% PFA was produced by heating 100 ml of 10 x PBS with ~700 ml de-ionized H2O under the
ventilated hood with constant stirring and addition of 40 g PFA at ~60°C. The pH was slowly raised with
1 M NaOH until PFA was dissolved. Upon solvation the volume was filled up to 1 L with de-ionized H2O
and the pH re-adjusted to pH 6.9 with small volumes of HCl solution.

5.9 Generation of cell lysates
Whole cell lysates where generated by lysing cells either after harvesting and centrifugation (6000 g,
1.5 min, 4°C) or directly in plates with ice-cold whole cell lysis (WCL) buffer. Insoluble debris was
discarded after 15 min fullspeed centrifugation (Eppendorf 5417R, 4°C) and supernatants transferred into
new tubes. To preserve post-translational modifications on proteins, the whole lysates were immediately
boiled at 95°C for 5 min in SDS sample buffer and then stored at -20°C.
Nuclear and cytosolic extracts of proteins were fractionated biochemically as follows: Harvested cells were
lysed in cytosolic extraction buffer for 20 – 30 min on ice. Supernatants were transferred into new reaction
tubes and used as cytosolic fractions. Pellets were washed 3 times with 4° cold PBS and boiled in WCL
buffer mixed with SDS sample buffer for 5 min at 95°C. Cytosolic and nuclear fractions were both kept at
-20°C after boiling in SDS sample buffer to preserve post-translational modifications in the lysate. Lamin
A/C was used as a nuclear marker.

5.10 SDS-PAGE and Western blotting
Discontinuous sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) protein separation
was performed using either equal volumes of lysate (normalization on equal cell count in the respective
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experiment) or after protein concentration assessment using DCTM protein assay (Biorad) including reagent
S for detergent-rich samples (normalization on total protein content). Equal volumes/protein amounts were
separated by SDS-PAGE in 8–15% separation gels and 5% stacking gels with the following exemplified
gel compositions:
5% stacking gel (6 ml)
4.1 ml MilliQ-H2O
1 ml acrylamide mix
0.75 ml 1.0 M Tris (pH 6.8)
0.03 ml 20 % SDS
0.06 ml APS
0.006 ml TEMED

10% separation gel (15 ml)
5.9 ml MilliQ-H2O
5.0 ml acrylamide mix
3.8 ml 1.5 M Tris (pH 8.8)
0.075 ml 20 % SDS
0.15 ml APS
0.009 ml TEMED

12% separation gel (10 ml)
4.9 ml MilliQ-H2O
6.0 ml acrylamide mix
3.8 ml 1.5 M Tris (pH 8.8)
0.075 ml 20 % SDS
0.15 ml APS
0.009 ml TEMED

Protein separation was performed in SDS running buffer at constant voltage (55 V during stacking gel, up
to 110 V during separation gel). After SDS-PAGE separation, proteins were blotted onto nitrocellulose
membranes (GE Healthcare, Protran 0.45 NC nitrocellulose for ECL-based immuno-detection or Protran
0.45 NC Premium nitrocellulose membrane for near-IR based immuno-detection) by wet blot using Mini
Trans-Blot® Cell (Biorad) in blotting buffer.

5.10.1 Enhanced chemiluminescence based immuno-detection
For ECL-based detection, membranes were either stained with Ponceau red staining solution before
washing and blocking or were immediately blocked with 3% BSA in TBS-T for 1 h at RT and antibodies
were diluted in 3% BSA in TBS-T (primary Ab overnight, 4°C, secondary for 1–3 h, RT). HRP-coupled
anti-mouse/anti-rabbit secondary antibodies were purchased from Dako. Signal detection was performed
using the ChemiDocTM Gel Imaging System (Biorad) with Super Signal West Pico and/or Femto kits
(Thermo Scientific). Images were quantified by densitometry and processed to jpg-file format using
Quantity One Analysis software (Biorad). PageRuler Prestained Protein Ladder (Thermo Fisher) was used
as a molecular weight marker. Marker locations are indicated in immunoblots where necessary.

5.10.2 Near-IR based immuno-detection
Near-infrared detection was performed according to the LI-COR Odyssey® protocol for quantitative
Western Blotting (LI-COR). Membranes were kept in clean, ponceau-S free and bromphenol-blue free
plastic boxes for all incubation steps. After blotting, membranes were rinsed with H2O and dried at RT for
at least 1 h to enhance protein retention. Afterwards, membranes were blocked with Odyssey® Blocking
Buffer (TBS) (LI-COR). Secondary antibodies: IRDye800CW goat anti-rabbit or anti-mouse and
IRDye680RD goat anti-mouse or anti-rabbit (1:15000). Signals were quantified and images processed to
jpg-file format using the LI-COR Odyssey® Imager and Image Studio Lite Vers.5.2. Chameleon Duo
Prestained Ladder (LI-COR) was used as a molecular weight marker. Marker locations are indicated in
immunoblots where necessary.
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5.11 Radioactive labeling and pulse-chase experiments
In preparation for radioactive labeling, dialysis tubes (SpectrumTM Labs) were sterilized by autoclavesterilization in water, filled with sterile FBS and dialyzed 3 x against 5 L PBS overnight. T1 cells were
seeded at 0.5 – 1 * 105/ml and cultured with 200 U/ml recombinant mouse IFN-y (Peprotech) for 3 days to
induce higher immunoproteasome expression. Consequently 4-5x106 T1 cells per sample were pre-treated
for 2 h with ONX 0914, DMSO or MG-132, followed by activation with plate bound antibodies for 2 h in
the presence of MG-132 or DMSO. Medium was then exchanged to cysteine/methionine-free RPMI 1640
(Sigma Aldrich) supplemented with dialyzed FBS and L-glutamine (20 mg/L) for starvation for 1 h
followed by a 15 min radioactive pulse using 250 µCi/ml (500 µl per sample) of

35

S-labeled

cysteine/methionine (Hartmann Analytic, IS-103) added to starvation medium. Cells were washed with
normal RPMI 1640 and chased 0 min, 20 min and 40 min after the pulse. Medium was then discarded and
cells lysed in the plate in ice-cold whole cell lysis buffer. Total

35

S incorporation was assessed using a

β-counter and lysate amounts were normalized on β-counts for immunoprecipitation against DUSP6. IP
was performed with rabbit anti-DUSP6 (Abcam, ab220811) at 1 µg/sample with 30 µl Protein A beads
(EZview Affinity Gel, Sigma) for 5-6 h at 4 °C. After washing (2x NET-TON (50 mM TrisHCL, pH 8.0,
150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100), 1 x NET-T (NET-TON with 650 nM NaCl)) the
precipitate was boiled in 30 µl SDS sample buffer for 5’ at 95°C. 25 μl per lane were loaded onto SDSgels, which were dried after protein separation and used for autoradiography in a phosphoimager (BioRad).

5.12 RNA extraction and q-RT-PCR
RNA was isolated from -80°C frozen cell pellets using the RNeasy Mini kit (QIAGEN) according to the
manufacturer’s protocol. After RNA purity assessment and concentration determination with a NanoVue
instrument (GE Healthcare) cDNA was synthesized using Oligo-dT-primers (Promega/Biozym) as follows:
Kit reagent
MgCl2
10 x buffer
dNTP mix
RNasin RNAse inhibitor
AMV Polymerase
Oligo-dT Primers
test RNA
PCR grade H2O

Amount per sample
4 µl
2 µl
2 µl
0.5 µl
0.6 µl
1 µl
0.8 µg
Filled 20 µl total volume

For low amounts of RNA from naïve T cells the Sensiscript RT Kit (QIAGEN) was used. Quantitative RTPCR was performed in a Biometra TProfessional Thermocycler and the Roche LightCycler Instrument
(Roche) using the FastStart DNA SYBR green-I kit (Roche). Primers were designed with exon-exon-span
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using

PerlPrimer.

Amplicon

sizes

were

re-calculated

using

the

Primer-BLAST

webtool

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and amplicons were checked via melting curves and/or
agarose gels. Rpl13a and Ipo8 were chosen as housekeeping genes because of their reported stable
expression in unstimulated and stimulated human T cells [697]. Data was analyzed with the 2-ΔΔCt method
[698].

5.13 Mouse genotyping
Tail biopsies were boiled in 600 µl of 50 mM NaOH at 95°C for 45 min to extract crude DNA, followed
by addition of 50 µl of 1 M Tris, pH 8. Crude DNA (2 µl per reaction) was used as template in a PCR
reaction (25 µl total volume per reaction) using the GoTaq® G2 Flexi DNA Polymerase kit (Promega) with
following conditions per 10 reactions:
5x green GoTaq® Flexi Buffer:

100 µl

MgCl2 Solution, 25 mM

40 µl

PCR Nucleotide Mix, 10 mM each:

10 µl

Primer 1, Primer 2, Primer 3:

each 5 µl

GoTaq® G2 Flexi DNA Polymerase:

2.5 µl

The reaction was performed in a Biometra T3 Thermocycler with “DUSP6_geno” primers for DUSP6gene targeted mice and reaction cycles as outlined in section 4.5. Amplicons were analyzed in agarose gels
(1.5-1.8%).
SMARTA (SM1-Ly5.1) mice were tested via measuring the percentage of Vα2 TCR positive cells in the
CD4+ T cell fraction from peripheral blood. Blood was sampled from mouse facial veins and analyzed by
flow cytometry using anti-CD4-APC and anti-TCR Vα2-PE antibodies.

5.14 Agarose gel electrophoresis
Agarose gels were poured with 1.5% to 1.8% (w/v) agarose in TAE buffer. Per 50 ml liquid agarose
solution 3 µl ethidium bromide was added during gel casting. 18-25 µl PCR products were loaded into gel
cavities and run at 100 V (~ 30 min at RT). SmartLadder SF was used as a marker.

5.15 Statistical analysis and graphical data presentation
This section covers a description of reasons for data transformation and normalization, test choice and
graphical data representation to assure transparency in statistical analysis. All individual figures indicate
which type of graph and which statistical test is presented.
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In this study, many experiments were designed to test relative differences between compound-treated
groups and control groups in a biological read-out. For example, ONX 0914 treated and MG-132 treated
cells are directly compared to DMSO solvent-treated control groups. As primary cells isolated from mice
are limited in amount, no external normalization controls were used, but solvent-only controls. When
experiments of compound-treated versus control-treated cells were performed repeatedly in independent
experiments, pairwise analysis using either paired t tests or repeated measures ANOVA accounts for the
fact that samples cannot be seen as fully independent from each other, thus violating test assumptions
underlying unpaired tests. To assess within-sample variations, duplicates or triplicates were used and mean
values were used for pooled comparison in repeated experiments. Furthermore, the direct comparison of
groups within each experiment allows comparing relative effects even if technical reasons result in high
non-biological data variation between experiments [699]. On the one hand, in the course of an experiment
a priori unexpected complications can occur, that do not perturb the validity of data generated in the single
experiment per se, but do not allow for data pooling with other reproductions of the same experimental
setup for technical reasons. An example would be that the flow cytometer used in a first experiment to
record data has an unexpected technical problem on the day of an independent reproduction for that
experiment and therefore the data was recorded on another device. Relative differences of a measured
parameter between two test groups can be assumed to still accurately reflect the investigated biological
effect while the data spread indicated by pooled data in original measurement units is not reflecting
biological variation. Moreover, measurement of an effect in spite of usage of another device also decreases
the risk for unaccounted technical artifacts. As all relevant data should be reported and subjected to
analysis, the paired study design with evaluation of relative differences thus allows for compliance with
this principle in spite of technical variation.
Thus, statistical analysis was performed as follows: Flow cytometric analysis and ELISA measurements
were regularly performed in duplicates or triplicates. To represent the within subject variation of individual
experiments (and hence the precision of detection in one test) bar graphs with representative examples of
quantification results show mean ± SD of duplicate or triplicate values where appropriate. If all
experiments were performed on the same instrument with the same settings, the mean values of all
independent reproductions expressed in measurement units were used for statistical evaluation of the
observed effect. When technical differences between experiments occur while measuring the same effect
of interest, normalized data is subjected to analysis. After normalization to the value of the DMSO treated
control the biological variation inherent to repeated experiments is only expressed in the variance of the
treated group. Hence, a comparison of two group means by one-tailed or two-tailed t-test would be
incorrect as the data subjected to analysis is not treatment group data, but the ratio between two groups is
the data subjected to analysis. The result is represented as mean difference with 95 % or 99 % confidence
interval and significance is then evaluated by assessing whether the CI includes the value of the null
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hypothesis (One-sample t-test). I.e., if there is no influence of a treatment on the parameter compared to
the normalization group, the relative difference between two means is 1.0. Therefore, statistical
significance is analyzed compared to null hypothesis mean value of 1.0 using the t-statistic, which is
appropriately represented by confidence intervals [700].
Immunoblot analysis from cell lysates is typically prone to technical data variation as efficiency in protein
lysate yield, blotting efficiency, antibody-batches and room temperature can lead to different signal
intensities and signal to-noise-ratios upon detection with the LI-COR Odyssey Imager. Therefore, raw
intensity data is normalized to the internal loading control on the same membrane to account for withinexperiment variation between lysates. Data is then normalized to the solvent-control sample for
comparison of the measured effect accounting for technical experiment-to-experiment variation. As
outlined above, mean-differences expressed as confidence intervals are calculated and p-values determined
via one-sample t-test [700].
Measurements with more than one group were subjected to multiple comparison corrections, depending on
the test, as calculated by the software. All statistical tests were computed using GraphPad Prism software.
Tests are indicated in each figure. To most accurately represent data spread in repeated experiments,
individual data points are shown. Data point pairs in paired t tests are indicated by connecting lines. Error
bars are denoted in figure legends. The calculated p-values are indicated as exact values for highest
possible transparency. Asterisks are further used as graphical indications for significance levels appointed
by the p-values: *** p ≤ 0.001, ** p ≤ 0.01, * ≤ 0.05. Very low or very high p-values are indicated as p >
or p < rounded values.
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SYNERGISTIC LMP7/LMP2 INHIBITION
Reduced up-regulation of CD69 as a read-out for ameliorated T cell activation after ONX 0914 treatment
was originally desrcibed by Michael Basler and Anna Leidinger (unpublished and bachelor’s thesis [701])
and further characterized during my master’s thesis in 2013 [702]. LMP7 inhibition by ONX 0914 in WT
T cells led to a similar attenuation of T cell activation as β5c inhibition with PR-825 in LMP7-deficient
cells [702]. Moreover, Basler and Mundt et al. found PR-825 to be effective in the amelioration of EAE in
LMP7-deficient mice and ONX 0914 impaired EAE in a BM-dependent manner [80]. Thus, it became
apparent that disease attenuation was independent of blocking LMP7-specific functions but rather
dependent on β5 activity in general, irrespective of the particular subunit at the β5 position. Hence,
inhibition of the chymotrypsin-like activity could be the key determinant of disease-ameliorating effects of
immunoproteasome inhibition observed in vitro and in vivo. LMP2-deficient cells intrinsically lack
chymotrypsin-like activity at the β1 position. Therefore, if the reduction of the chymotrypsin-like activity
was the key determinant of ONX 0914 efficacy, then it would be predicted that LMP2-deficient cells might
show even stronger amelioration of T cell activation after ONX 0914 treatment. Given that EAE is
recognized as a primarily T helper cell dependent disease model, this hypothesis was tested here in CD4+
T cells.

6.1 Activation of primary mouse T cells is ameliorated by ONX 0914 in an
LMP7- and LMP2-co-dependent manner
To test the abovementioned hypothesis, CD4+ T cells were isolated from either WT, LMP7-deficient or
LMP2-deficient mice and activated with plate-bound antibodies against CD3 and CD28 after a 2 h pulsetreatment with ONX 0914. After 5 h of stimulation, the up-regulation of CD69 was measured by flow
cytometry and the secretion of IL-2 was measured in the supernatants by ELISA. In line with previous
results in my master’s thesis [702], ONX 0914 treatment led to a marked reduction of both CD69
expression and IL-2 secretion within 5 h in WT, but not in LMP7-deficient T cells (Figure 9A, B). T cells
from LMP2-deficient mice were also largely unaffected by ONX 0914 treatment and showed only a minor,
although statistically significant reduction of CD69 expression and no apparent reduction of IL-2 secretion
(Figure 9A, B). To corroborate that this result was not due to reduced LMP7-incorporation in LMP2deficient proteasomes, lymphocytes from WT, LMP7-deficient and LMP2-deficient mice were enriched by
84

Chapter III – Results – ONX 0914 attenuates T cell activation by synergistic LMP7/LMP2 inhibition
Ficoll-Paque gradient centrifugation and analyzed for their proteasome subunit composition by
immunoblotting. In line with the previously identified rules of cooperative incorporation, mature LMP7
was detected equally in lysates of LMP2-deficient cells and of WT cells. In contrast, LMP2 was markedly
less incorporated into LMP7-deficient proteasomes as to be expected due to mutual incorporation
interdependency [89]. In cells which were pulse-treated with ONX 0914 or DMSO for 2 h before lysis it
became apparent that ONX 0914 treatment resulted in an electrophoretic mobility shift of LMP7 compared
to samples from DMSO-treated cells (Figure 9C). Interestingly, in spite of its characterization as an
LMP7-selective inhibitor, ONX 0914 also led to a robust electrophoretic mobility shift of LMP2 subunits
with only little unmodified LMP2 detectable at the size LMP2 in DMSO-treated cells (Figure 9C, D).
Therfore, in contrast to the initial hypothesis, these results indicated that ONX 0914 inhibited LMP7 as
well as LMP2 in cells and that the effects of ONX 0914 treatment on T cell activation might be
synergistically dependent on LMP7/LMP2 dual inhibition. Notably, in the immunoblots also β5c appeared
to be modified by ONX 0914 to some extent, although electrophoretic shifts were less prominent (Figure
9C). Since LMP7-deficient cells, which prominently incorporated β5 instead of LMP7, were not
functionally affected by ONX 0914 treatment in spite of some β5 modification, this observation
contributed to the view that single subunit inhibition might be insufficient for the effects on T cell
activation. The indicated relevance of LMP7/LMP2 dual inhibition was more extensively tested and
confirmed both in vitro and in vivo by experiments performed by Michael Basler and colleagues in
collaboration with Principia Biopharma, Takeda Pharmaceuticals and Leiden University (Basler et al.,
2018, section 12.5). The observed electrophoretic mobility shift was likely attributed to the covalent
modification caused by the irreversible inhibitory mechanism and reminiscent of the changed
electrophoretic mobility of LMP2 after UK-101 treatment as observed by Wehenkel et al. [287]. However,
novel LMP7 and LMP2-selective inhibitors were developed during the time this work was performed.
Therefore, eventually the compounds LU-001i (an LMP2-selective inhibitor with epoxyketone warhead,
[696]), PRN1126 (a reversible covalent LMP7-selective inhibitor, (Basler et al., 2018, section 12.5) and
the boronate LMP2-selective inhibitor ML604440 [162] were tested for their ability to induce
electrophoretic shifts as compared to ONX 0914. As expected, only the irreversible covalent inhibitors of
the epoxyketone class induced electrophoretic shifts, i.e. ONX 0914 and LU-001i, which confirmed
LMP2-selectivity of LU-001i also by immunoblotting. In contrast, PRN1126 and ML604440 did not
change electrophoretic mobility of any subunit (Figure 9D). Importantly, proper inhibitory activity at the
used concentrations of these compound batches was tested and confirmed elsewhere to control that absence
of electrophoretic shifts was not due to compound inactivity (Basler et al., 2018, section 12.5 and [696]).
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Figure 9: ONX 0914 treatment leads to attenuated early T cell activation in a synergistically LMP7 and LMP2-dependent manner.
A) MACS-enriched CD4+ T cells from WT, LMP7-deficient or LMP2-defient mice were pulse-treated with 0.3 % DMSO or 300 nM ONX 0914
for 2 h before activation with plate-bound anti-CD3/anti-CD28 antibodies for 5 h. Cells were harvested and stained for CD4-APC and CD69-FITC.
Median fluorescence intensity of CD69 on CD4+ cells was measured using flow cytometry. Bar graphs on the left show one representative
example of an experiment with mean±SD from triplicate measurements. Individual data plots on the right show the ratio of MFI measured for
ONX 0914-treated cells over DMSO-treated cells from repeated experiments. Each dot represents one experiment, n ≥ 3. Statistical analysis was
performed as one-sample t test for each genotype with the null hypothesis mean µ0 = 1 (i.e.: ratio of 1 = no difference), p-values are indicated in
the figure, mean+95% CI.
B) Supernatants from cells purified and treated as in A were used for quantification of relative IL-2 secretion by ELISA. Bar graphs on the left
show one representative example an experiment plotted as mean±SD from triplicate measurements. Data plots on the right show the ratio of IL-2
secretion for ONX 0914 treated cells over DMSO treated cells. Each dot represents one experiment, n ≥ 3. Mean+95% CI. Statistical analysis as
described in A.
C) Ficoll-Paque enriched lymphocytes from spleens of WT, LMP7-deficient (L7) or LMP2-deficient (L2) mice were pulse-treated for 2 h with
0.3% DMSO (D) or 300 nM ONX 0914 (X) before cells were lysed and subjected to analysis of proteasome subunits by Western blotting. Tubulin
was used as loading control for total lysate. IOTA was used as control for total proteasome content. One representative example of 3 independent
experiments (ECL-based immunoblots).
D) WT cells prepared as in C were pulse treated for 2 h with 300 nM of the indicated compound or 0.3% DMSO as control. Immunoblots were
performed as in C. One example of two independent experiments (ECL-based immunoblots).

6.2 Naïve T and B cells contain almost only mixed and immunoproteasomes
Ficoll enriched lymphocytes showed considerably high amounts of immuno- and mixed proteasomes, but
markedly less β5c standard proteasome subunits in WT as compared to LMP7-deficient cells. It has been
shown before that LMP7 is expressed in murine spleen [135, 136]. Also, T cells stimulated with
concanavalin A [89] as well as human naïve B cells express immunoproteasomes [703]. However, the
relative content of standard versus immuno- or mixed proteasomes in individual purified naive lymphocyte
populations has not been fully addressed at the protein level. Therefore, a detailed characterization of
subunit content in naïve T and B cells was performed. MACS-enriched naïve CD4+ T cells and CD19+
B cells were isolated from WT and LMP7-deficient mice (94-97% purity each). Using immunoblot
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analysis, the relative abundance of all catalytically active standard and immunoproteasome β-subunits was
determined. In line with the results obtained from total Ficoll-Paque enriched lymphocytes both CD4+ as
well as CD19+ lymphocytes expressed all immuno-β-subunits. Cells lacking LMP7 incorporated β5c
instead of LMP7 as expected (Figure 10A, B). Interestingly, while an absolute quantification of protein
amount cannot be performed with this method, the comparison between LMP7-deficient and WT cells
revealed that the relative abundance of β5c in WT cells compared to LMP7-deficient cells is diminished to
hardly detectable levels (Figure 10A, B). In contrast, non-catalytic PMSA6 proteasome subunit (IOTA)
signal intensity was comparable between LMP7-deficient and WT cells as well as the total loading control
α-Tubulin, indicating that the overall proteasome content of naïve CD4+ and CD19+ lymphocytes is
comparable in LMP7-deficient and WT cells. While MECL-1 and LMP2 were also markedly less
incorporated into LMP7-deficient proteasomes, the signal intensities for β2c and β1c were only slightly
elevated in LMP7-/- CD4+ T cells and not detectably different between WT and LMP7-/- CD19+ B cells
(Figure 10A, B). These results indicated that at the naïve state proteasomes in T and B cells normally
constitute of full immunoproteasomes as well as of mixed proteasomes (containing LMP7 and additionally
β1c and/or β2c to an unknown extent). In contrast, the very low abundance of β5c in T cells and B cells
from WT mice indicates that standard proteasomes are barely present in these cell types already at the
naïve state. LMP7-deficient T cells and B cells, on the contrary, mostly contained standard proteasomes
(Figure 10A, B), rendering primary T cells from WT and LMP7-deficient mice a good model to
distinguish immunoproteasome-related effects as opposed to standard proteasome-related effects. Finally,
the relative expression of β5c and LMP7 was also analyzed in human CD4+ T cells by comparing the
signal intensities to murine CD4+ T cells from WT or LMP7-deficient mice. While such a trans-species
comparison might be influenced by different antibody affinities to the mouse or human protein,
respectively, it still offers a compromise to assess proteasome subunit abundance in the absence of LMP7deficent human CD4+ T cells. The results indicated that low β5c and high LMP7 incorporation are a
hallmark of naïve human CD4+ T cells as well (Figure 10C).
Figure 10: Naïve T cells and B cells contain
predominantly mixed and
immunoproteasomes, but not standard
proteasomes
A) MACS-enriched CD4+ T cells isolated
from WT or LMP7-/- mice were lysed and
subjected to analysis of proteasome subunits
as indicated. IOTA was used as total
proteasome control and α-Tubulin / γ-Tubulin
were used as general loading control. One out
of two independent experiments is shown.
B) Experiment as described in A with MACSenriched CD19+ B cells form WT or LMP7-/mice. One out of two independent
experiments in shown.
C) MACS-enriched CD4+ T cells from
voluntary healthy donors were lysed and
subjected to analysis of proteasome subunit
content as indicated. One example out of
three independent reproductions is shown.
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Basal expression of LMP7 was shown previously to be IFN-γ independent in thymocytes, thymic stroma,
macrophages and DCs [140, 141]. It was also reported before that immunoproteasomes have a much
shorter half-life as compared to standard proteasomes [91]. Hence, it was possible that constant
immunoproteasome de novo expression might occur in naïve T cells and B cells and that LMP7-deficient
T cells would require a transcriptional up-regulation of the standard subunit β5c in order to compensate for
the loss of LMP7. Therefore, it was asked, whether the enhanced β5c protein levels correlated with
increased Psmb5 expression. First, using qRT-PCR, CD4+ T cells, CD19+ B cells and bulk liver
homogenates were used here to assess relative mRNA expression levels of Psmb8 (LMP7), Psmb5 (β5c),
Psmb9 (LMP2) and Psmb6 (β1c) normalized to housekeeping genes in unstimulated naïve cell populations
compared to the levels in CD4+ T cells as a reference point. In line with early results by Stohwasser et al.
[135], higher mean expression of standard subunits Psmb5 and Psmb6 were detected in liver lysates, albeit
not with statistical significance in three independent experiments (Figure 11A). In contrast, expression
levels of Psmb8 and Psmb9 appeared to be similar between B cell, T cells and liver homogenates, with
only slightly reduced Psmb9 expression in liver and B cells compared to T cells (Figure 11A).
Nevertheless, at comparable IOTA signal intensities and comparable β5c protein intensities between
LMP7-deficient cells and liver homogenates in immunoblots, markedly reduced LMP7 protein was
detectable in liver homogenates (Figure 11B). Notably, liver homogenates also contain blood cells; hence
it is unclear, from which cell population LMP7 protein and mRNA are derived in bulk liver homogenates.
To address if β5c was up-regulated in LMP7-deficient cells at the transcriptional level at steady state,
mRNA levels in CD4+ T cells, CD19+ B cells and liver homogenates were compared between WT and
LMP7-deficient mice. While Psmb8 transcripts were absent from LMP7-deficient cells as expected, no
relative difference between Psmb5, Psmb9 or Psmb6 transcripts compared to WT cells was observed for
any of the analyzed mRNA extracts (primer pair and qPCR product quality controls for Psmb5 detection
are provided in Appendix Figure 1). Merely, a non-significant minor tendency of enhanced standard
subunit expression in CD4+ T cells was observed (Figure 11C). These results did not indicate that
enhanced β5c protein incorporation in LMP7-deficient lymphocytes was a result of enhanced Psmb5
expression at steady state.

6.3 Impaired proliferation and impaired polarization of CD4+ T cells in vitro
As reported in my master’s thesis in 2013, CD4+ T cell from WT mice, but not from LMP7-deficient mice,
showed impaired proliferation in the presence of ONX 0914 [702]. Given that ONX 0914 treatment
reduced IL-2 secretion readily after activation and as IL-2 is a potent inducer of T cell proliferation, the
question whether deprivation of autocrine IL-2 could be responsible for the impaired proliferation
remained to be addressed. To investigate this, recombinant IL-2 was supplemented to the culture during
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Figure 11: No compensatory up-regulation of Psmb5 and Psmb6 at mRNA level in LMP7-deficient lymphocytes at steady state.
A) MACS enriched CD4+ T cells, CD19+ B cells and bulk liver lysates were used to assess relative mRNA levels for the indicated genes via qRTPCR. Each result was internally normalized to the Rpl13a and IPO8 from the same cDNA and data is presented as relative difference compared to
CD4+ T cells (set as 1). For analysis, ratio-paired t test was performed to test expression levels compared to CD4+ T cells.
B) MACS-enriched CD4+ T cells, CD19+ B cells and bulk liver homogenates from either WT or LMP7-deficient mice were used to assess
indicated proteasome subunits at steady state by immunoblotting. Signals for IOTA were used as a loading control. One example out of three
independent experiments with similar outcome.
C) MACS-enriched CD4+ T cells, CD19+ B cells and bulk liver homogenates from either WT or LMP7-deficient mice were used to assess relative
expression of indicated transcripts compared to WT expression levels for each cell type. Two-tailed ratio-paired t test, p-values as indicated, n= 3.
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proliferation. However, this could not restore the proliferative capacity of CD4+ T cells in the presence of
ONX 0914 (Figure 12A). The supplemented recombinant IL-2 was instead potent in inducing proliferation
of CTLL-2 cells in the MTT-assay (section 5.2, data not shown) and induced STAT5- and ERK
phosphorylation in expanded T cells, which was not directly affected by ONX 0914 treatment (Figure
12B). The recombinant IL-2 was also used as a supplement of a cytokine cocktail for in vitro polarization
towards the regulatory T cell lineage. Kalim et al. had tested Th17 polarization and Treg polarization under
different ONX 0914 treatment conditions of continuous treatment or pulse-treatment, respectively [288].
The overall effect of ONX 0914 on proliferation prompted us to test also Treg polarization under the same
continuous treatment conditions like used for Th17 polarization. When CD4+ T cells were cultured under
Treg polarising conditions in the presence of 200 nM ONX 0914, a reduced frequency of Foxp3+ CD4+
T cells was obtained after 3 days (Figure 13A, B), which is different from the observed promoting effect
on Treg polarization of pulse-treatment with ONX 0914 as reported by Kalim et al. [288]. A reduction in
Foxp+ CD4+ T cells after ONX 0914 treatment was also observed under non-skewing conditions that were
used as polarization control (Th0, Figure 13B). Polarization of naïve CD4+ T cells towards the Th17
lineage was consistently reduced in the presence of 200 nM ONX 0914, albeit considerable experiment to
experiment variation in the frequencies of IL-17A+ cells was observed (Figure 13D, E). Proliferation
under non-skewing conditions (Th0, Figure 13C) was used as a control. These results are in line with the
results by Muchamuel et al. [199] and Kalim et al. [288], except that no enhanced Foxp3+ Treg
polarization in the presence of ONX 0914 was observed under Th17 polarizing conditions (Figure 13E).
Thus, both bulk proliferation as well as T cell polarization under Th17 or Treg skewing conditions were
impaired in the presence of ONX 0914 treatment.

Figure 12: Impaired proliferation in the presence of ONX 0914 is
not caused by IL-2 deprivation alone.
A) CFSE-dilution profile of primary murine MACS-enriched CD4+ T
cells from WT mice that were activated with plate-bound antiCD3/CD28 antibodies for 72 h in the presence or absence of ONX 0914
either with (right) or without (left) supplementation of recombinant
murine IL-2. CFSE dilution was measured by flow cytometry. One
example of two independent experiments.
B) Expanded murine CD4+ T cells were pulse-treated with 0.3% DMSO
or 300 nM ONX 0914 for 2 h before stimulation with 100 U/ml
recombinant mouse IL-2 for indicated times. Immunoblots against
phospho-STAT5 and phosphor-ERK with Tubulin as loading control.
One example of two independent experiments.
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Figure 13: Impaired polarization of CD4+ T cells in the presence of ONX 0914.
Naïve CD4+ T cells isolated from WT splenocytes were activated in vitro with plate-bound anti-CD3/CD28 antibodies under Treg polarization
conditions (100 U/ml IL-2, 10 µg/ml anti-IFN-γ, 5 ng/ml TGF-β) (A, B) or Th17 polarizing conditions (2.5 ng/ml TGF-β, 30 ng/ml IL-6, 10µg/ml
anti-IFN-γ and 10 µg/ml anti-IL-4) (C-E) for 3 d. On day three cells were re-stimulated with PMA/ionomycin in the presence of BFA for 4 h before
intracellular staining for cytokines or transcription factors as indicated.
A) Representative flow cytometry plots after cultivation under Treg polarizing conditions. Upper panel: Percentage of CD4+ in live and single cell
gates (not shown). Lower panel: Foxp3 and CD4 co-staining to assess percentage of Foxp3+ CD4+ cells. Left: CD4+ only (FMO-control). Middle
and right: Stained samples under polarization conditions in the presence of DMSO or ONX 0914 as indicated. Examples are shown from one out of
four independent experiments.
B) Pairwise analysis of mean percentages of Foxp3+CD4+ cells from four similar experiments as performed in A including the percentages of
Foxp+ CD4+ cells from the Th0 control polarization (non-skewing conditions). Ratio-paired t test, p-value as indicated.
C) Representative flow cytometry plots after polarization under Th0 conditions (without polarizing cytokines/antibodies). Shown are CD4+ only
staining (FMO-control) and intracellular staining for IL-17A+ and Foxp3+ cells to asses their frequencies under non-polarizing conditions.
D) Representative flow cytometry plots after polarization under Th17 polarizing conditions. Upper panel: CD4+ gates as described in A. Lower
panel: Samples stained for intracellular IL-17A and Foxp3 on CD4+ cells after polarization in presence of ONX 0914 or DMSO as indicated. One
example of five similar experiments is shown.
E) Pairwise analysis of IL-17A+ and Foxp3+ positive fractions of CD4+ cells as the mean percentages from triplicates out of five independent
experiments as described in D. Ratio-paired t test, p values as indicated.
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7 ONX 0914 IMPAIRS ERK SIGNALING AND INDUCES MILD
PROTEOSTASIS STRESS IN T CELLS
The general impairment of T cell proliferation and polarization after continuous ONX 0914 treatment
prompted us to refocus on the molecular events during the initial activation phase in order to obtain further
mechanistic insight into the effects of ONX 0914 treatment. The observation that ONX 0914 treatment
resulted in attenuated T cell activation already within the first 5 h of activation led to the question, whether
ONX 0914 treatment might influence the degradation or processing of a factor involved in TCR-mediated
signal transduction. This question was partially addressed also during my master’s thesis in 2013 [702].
Notably, several tested human and murine T cell lines showed markedly different responses to ONX 0914
treatment as compared to primary cells isolated from murine spleen with only the T1 cell line showing
partially the same effects as compared to primary cells [702]. Therefore, it was further investigated
whether or not evidence for altered signal transduction could be found directly in primary naïve or
expanded T cells.

7.1 ONX 0914 reduces IL-2 and CD69 expression at the mRNA level
To further test the hypothesis of altered TCR-induced signaling in T cells it was investigated whether the
effects of reduced CD69-up-regulation and IL-2 secretion (Figure 9) were altered at the transcriptional
level or could potentially be only mediated by post-transcriptional mechanisms like an altered secretory
pathway capacity of the cells after ONX 0914 treatment. Isolated naïve CD4+ T cells were pre-treated with
ONX 0914 or DMSO for 2 h before activation with plate bound antibodies against CD3 and CD28.
Immediately after pulse-treatment or 4 h after activation the cells were harvested and mRNA was extracted
for retro-transcription to cDNA and quantitative real-time PCR analysis of CD69 and IL2 gene expression.
Relative up-regulation of the expression levels compared to unstimulated controls showed considerable
variation between the individual experiments (potentially owing to overall low mRNA yield from a limited
amount of naïve T cells), but a consistent trend of reduction after ONX 0914 treatment was observed
(Figure 14A and B). Quantitative RT-PCR products were checked for correct amplicon sizes and
induction of gene transcription using agarose gels (Figure 14C) or primer melting curve assessment (not
shown). Although a statistically significant reduction was only observed for the CD69 gene (Figure 14A),
the results indicated that CD69 up-regulation and IL-2 secretion were likely already affected by ONX 0914
at the pre-transcriptional level; hence likely involved an influence on TCR-induced activation signaling.

92

Chapter III – Results – ONX 0914 impairs ERK signaling and induces mild proteostasis stress in T cells

Figure 14: Reduced expression of CD69 and IL2 mRNA transcripts after ONX 0914 treatment in primary activated CD4+ T cells.
A and B) MACS-enriched naïve CD4+ T cells from WT mice were pre-treated with 0.3 % DMSO or 300 nM ONX 0914 for 2 h before
activation with plate-bound anti-CD3/CD28 antibodies for 4 h. Total RNA was extracted and used for q-PCR after retrotanscription to cDNA.
CD69 (A) and IL2 (B) gene expression relative to unstimulated DMSO controls are shown as matched pairs from four independent
experiments each. Rpl13a was used as housekeeping gene for normalization. 2-ΔCt method, p-values as indicated, paired t-test.
C) Amplicon products after q-PCR for indicated gene transcripts were checked via size assessment using agarose gels. RNA extracts from
unstimulated cells and from cells after anti-CD3/CD28 stimulation were used to control for TCR-driven induction of CD69 and IL2 gene
transcription, while Rpl13a was used as a housekeeping gene for normalization.

7.2 No influence of ONX 0914 on early canonical T cell activation pathways
To investigate into signaling pathways after TCR stimulation in primary T cells, ex vivo expanded T cells
were used as an experimental setup [500, 702]. In brief, isolated CD4+ T cells were activated with
PMA/ionomycin for 25 h and cultured in IL-2 containing medium for one week before re-activation with
plate-bound anti-CD3/CD28 antibodies for analysis of signaling pathways by immunoblotting. LMP7 and
β5c content were similar to naïve T cells (Figure 15A). Upon re-activation, expanded T cells up-regulated
CD69 and showed reduced CD69 up-regulation after ONX 0914 treatment (Figure 15B), confirming
previous observations [702]. Using 2 h pulse-treated expanded T cells several canonical signaling
pathways were analyzed that are activated after stimulation by anti-CD3/CD28 antibodies. These included
phosphorylation of MAPK p38, Akt(Thr308), Akt(Ser473), and ribosomal protein S6 (Figure 16A), in line
with previous results from previous experiments, in which the focus had been set mainly on earlier time
points (5 – 30 min) [702]. None of these investigated pathways were detectably influenced by ONX 0914
treatment. Translocation of NFAT1 into the nucleus was assessed by biochemical cellular fractionation
after activation followed by immunoblotting against nuclear NFAT1. No influence on nuclear translocation
was detected after ONX 0914 treatment (Figure 16B). Notably, NFAT1 was absent in nuclear lysates of
unstimulated cells. As the proteasome is well known for its involvement in NF-κB signaling, components
of the NF-κB signaling pathway were investigated at the level of IκBα-degradation, p65-phosphorylation
as well as nuclear translocation of NF-κB p65. Immunoblot analysis in either antibody-stimulated or
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Figure 15: Expanded T cells as
experimental system for analysis of
signaling pathways
A) Comparison of β5c, LMP7 and β1c
subunit composition in expanded and
naïve T cells from WT or LMP7deficeint mice by immunoblotting (ECLbased). One example of more than two
similar experiments.
B) CD69 up-regulation on WT expanded
CD4+ T cells after 2 h pulse-treatment
with DMSO or ONX 0914. One
representative histogram and
quantification of median fluorescence
intensity showing mean±SD. The 95%
CI in the right shows pooled data from
four independent experiments (included
are data from my master’s thesis [702]
and this work). One sample t test,
p-value as indicated. µ0=1

PMA/ionomycin-stimulated cells as well as flow cytometric measurement of IκBα degradation in primary
naïve CD4+ T cells showed that ONX 0914 had no influence on any of the investigated NF-κB signaling
components (Figure 16B, E-G).
Immunoblot analysis of JNK phosphorylation showed some experiment to experiment variation with two
different available clones of anti-p-JNK antibody that were used (8E11 rabbit mononoclonal or G9 mouse
monoclonal), but a transient peak of JNK phosphorylation at 30 min after activation and no marked
differences between ONX 0914 or DMSO treated samples up to 2 h after activation were consistently
observed (Figure 16C). As enhanced JNK activity can be a result of cellular stress, the analysis was
extended to 5 h and additional MG-132 treatment as a control. At 3 h to 5 h after activation a slight
enhancement of JNK phosphorylation was detectable in expanded T cells in both ONX 0914 and MG-132
treated cells (Figure 16D). However, in primary naïve T cells JNK phosphorylation after activation was
not reliable detectable above background levels (data not shown). Previous studies reported that JNK
signaling is less prevalent in primary naïve T cell activation than in effector T cells and not essential for
IL-2 production (section 2.3.5). Therefore, further investigation of JNK was not pursued in this work, but
focus was set to another MAPK signaling pathway, namely ERK1/2 signaling. In expanded T cells,
indications pointing to an influence of ONX 0914 treatment on TCR- and CD28-induced ERK signaling
were observed. At 3 h but not already within 1 h of activation a reduction of ERK phosphorylation after
ONX 0914 treatment compared to DMSO treatment was observed in ECL-based immunoblots by
densitometry quantification (Figure 16H). Moreover, this reduction was not detected in LMP7-deficient
cells, highlighting sustained ERK signaling as a potential candidate pathway that might be selectively
affected by immunoproteasome inhibition.
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Figure 16: Analysis of canonical T cell activation signaling pathways in expanded and naïve CD4+ T cells.
A) Expanded CD4+ T cells were pulse-treated for 2 h with ONX 0914 or DMSO and stimulated with plate-bound anti-CD3/CD28 antibodies
for indicated time periods. Phospho-specific immunoblots against indicated target proteins were performed. One example of at least three
experiments.
B) Upper panel: Cells treated as in A were analysed for p65 phosphorylation and IκBα degradation. Lower panel: Nuclear extracts from cells
treated as in A were analyzed for translocation of NFAT1 and NF-κB p65. Lamin A/C served as a loading control. One example of at least
three experiments.
C) Activated expanded T cell lysates were analyzed for JNK-phosphorylation. The upper panel shows one experiment using the 8E11 rabbit
monoclonal antibody. The lower panel shows another experiment using the G9 mouse monoclonal antibody.
D) Cells treated as in A, but with additional MG-132 control treated cells were analyzed for JNK phosphorylation (G9 antibody). One example
of two independent experiments. Total JNK was used as a loading control. D = 0.3 % DMSO, X = 300 nM ONX 0914, MG = 10 µM MG-132
E-F) Degradation of IκBα measured by flow cytometry (median FI on CD4+ T cells for naïve primary T cells activated with antibodies (F) or
PMA/ionomycin (G) and with additional MG-132 treated cells as control (G).
G) Experiment as in B (upper panel) in cells stimulated with PMA/ionomycin. (E-G are individual experiments showing the same effect, hence
considered as relevant data that has to be reported. Note, however, that they were not reproduced with identical conditions)
H) Densitometric quantification of p-ERK signals normalized to α-Tubulin in either WT or LMP7-deficient cells treated as in A. Data is shown
as relative to highest detected signal of pooled means ±SD from two (LMP7-/-) or three (WT) experiments. Two way ANOVA, p-value as
indicated, n.d. = not determined.
B and H: Vertical grey lines indicate signals from the same membrane and detection, but not originally juxtaposed.
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7.3 Analysis of ERK phosphorylation sustainment by quantitative near-IR
immunoblotting and intracellular flow cytometry
ECL-based immunoblotting is limited in its ability to reliably detect small quantitative differences [704].
Therefore, the LI-COR Odyssey Imaging system was implemented and used to re-investigate phosphoERK signaling by near-infrared-dye-conjugated-secondary-antibody-based immunoblotting, which allows
quantitative signal intensity measurements over several orders of magnitude. Using this method, the
relative phospho-ERK signal intensity in ONX 0914 treated cells was analyzed by normalization to
γ-Tubulin loading control signals from same signal acquisition. In five independent experiments, p-ERK
levels were found to be reduced by 14.8% (±7.4%) in ONX 0914 treated and even more in MG-132 treated
expanded T cells (Figure 17A,B). The detected phosphorylation sites Thr202/Tyr204 in the activation loop
of ERK are primarily phosphorylated by MEK1 and MEK2. Therefore, Ser221 phosphorylation of
MEK1/2, which is an activating phosphorylation in MEK1/2 [545] was also investigated in the same
lysates. In contrast to ERK, no difference in MEK-phosphorylation intensity was detected in ONX 0914
treated cells, while MG-132 treated cells showed a significant reduction in MEK-phosphorylation
compared to DMSO treated cells as well (Figure 17A, B). These results indicated that reduced ERK
signaling after ONX 0914 treatment was likely not caused by an effect on the upstream signaling cascade,
but rather via a direct negative regulation of ERK. As the observed difference in ERK-phosphorylation
between ONX 0914 treated and DMSO treated cells were only of ~15% difference and also quantitative
near-IR blotting showed considerable experiment-to-experiment variation, a third independent method was
established to corroborate the validity of the observed effect. Therefore, primary naïve T cells were pulsetreated for 2 h with ONX 0914 or DMSO and activated for 3 h with anti-CD3/CD28 antibodies followed
by intracellular staining for p-ERK and flow cytometry analysis at single cell resolution. In line with the
results obtained by immunoblotting, phosphorylated ERK levels were found significantly reduced after
ONX 0914 treatment in CD4+ T cells derived from WT mice (21.9% ±4.3%, Figure 17C, D). Notably,
CD4+ T cells from LMP7-deficient mice did not show a significant reduction of ERK-phosphorylation
after ONX 0914 treatment (3.1% ±3.1%, Figure 17C, D). Furthermore, a kinetic assessment of p-ERK
levels in flow cytometry supported that sustained, but not early, ERK signaling was affected by ONX 0914
(Appendix Figure 3). Staining against total ERK revealed that total ERK levels were not altered in ONX
0914 treated compared to DMSO treated T cells from WT and LMP7-deficient mice (Figure 17E). Finally,
primary human CD4+ T cells were isolated from PBMCs of healthy voluntary donors using CD14
depletion and CD4 microbeads magnetic sorting. Activation of these cells with anti-CD3/CD28/CD2
coated beads after pulse-treatment with ONX 0914 resulted in reduced up-regulation of CD69 (Figure
17F) as well as in reduced ERK-phosphorylation levels at 3 h and 5 h after stimulation, while total ERK
levels were not affected (Figure 17G). MG-132 treatment even further reduced CD69 up-regulation,
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Figure 17: ONX 0914 treatment reduces ERK signaling sustainment in expanded and naïve murine T cells and in primary human T cells.
A) Expanded CD4+ T cells pre-treated with DMSO (D), 300 nM ONX 0914 (X) or continously with MG-132 (MG) were activated with platebound antibodies for 3 h or left unstimulated. Cells were lysed and used for near-IR immunoblotting against indicated proteins. Representative
example from five experiments.
B) Intensities of p-ERK and p-MEK relative to tubulin loading control at 3 h were quantified in five independent experiments as shown in A.
Graphs show mean+95% CI. Ratios of ONX 0914 treated / DMSO treated signals were analyzed with one-sample t-test, µ0 = 1, p-values as
indicated in the figure.
C) MACS-enriched splenic CD4+ T cells from WT or LMP7-/- mice were 2 h pulse-treated with DMSO or ONX 0914 and activated for 3 h with
plate-bound anti-CD3/CD28 antibodies or left unstimulated. Intracellular p-ERK1/2 levels were measured using flow cytometry. Histograms show
one representative example of five independent experiments. One example of gating strategy and secondary-antibody-only controls is shown in
Appendix Figure 2.
D) Phospho-ERK+ median fluorescence intensity ratios of ONX 0914-treated/DMSO-treated cells from five independent experiments are shown as
mean+95% CI. One-sample t-test with µ0 = 1, p-values as indicated.
E) Experiment as in C, but intracellular staining was performed against total ERK. One example for two independent experiments.
F) MACS-enriched human CD4+ T cells were pulse-treated with DMSO or ONX 0914 or continuously treated with MG-132 and activated with
stimulating beads for 5 h. CD69 expression on CD4+ cells was measured by flow cytometry and median fluorescence intensities used for
quantification. Representative histogram (left) and quantification with pooled data of three independent experiments (right) are shown (mean±SD);
two-way repeated measures ANOVA, Sidak's post test, p-values as indicated.
G) Cells treated as in F were lysed and used for near-IR detection of p-ERK1/2 intensities normalized to γ-Tubulin after 3 h and 5 h of activation.
Top panel: Representative immunoblot, graph below: Ratio of ONX 0914 treated/DMSO treated signals from three independent experiments
(mean with 95%CI) was analyzed with one-sample t-test, µ0 = 1, p-values are indicated.
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but affected p-ERK signaling to a lesser extent than ONX 0914 treatment (Figure 17G). Taken together,
these results confirmed that immunoproteasome inhibition reduced activation-induced ERK-signaling
sustainment in primary human and murine CD4+ T cells.

7.4 ONX 0914 causes mild protein homeostasis stress in activated T cells
without induction of apoptosis
Impaired proteasome capacity due to proteasome inhibition can result in proteostasis stress marked by
accumulation of ubiquitin-conjugates. Muchamuel et al. tested the effect of ONX 0914 (formerly called
PR-957) treatment on the accumulation of ubiquitin-conjugates in the human T cell derived cell line Molt4
[199]. Within the reportedly LMP7-selective concentration range ONX 0914 did not induce ubiquitinconjugate accumulation and the same result was obtained in this work upon independent reproduction of
the experiment as described by Muchamuel et al. [199] (Figure 18A). Due to the high relative abundance
of LMP7-containing proteasomes compared to β5c-containing proteasomes in primary lymphocytes
(section 6.2), it was re-addressed whether partial proteasome inhibition with ONX 0914 was sufficient to
induce ubiquitin-conjugate accumulation in primary T cells during activation. When expanded CD4+
T cells were activated after pulse-treatment with 0.3% DMSO or 300 nM ONX 0914, an accumulation of
ubiquitin-conjugates was detectable in ONX 0914 treated WT cells within 1 h of stimulation and more
pronounced after 4 h (Figure 18B). Notably, this effect was LMP7-dependent as expanded cells from
LMP7-deficient mice did not show an accumulation of ubiquitin-conjugates after ONX 0914 treatment
(Figure 18B). MG-132 treatment induced a marked accumulation of ubiquitin-conjugates already within
30 min and affected both WT as well as LMP7-deficient cells (Figure 18B). MG-132 treatment also
induced markers of the integrated stress-response within 3 h of stimulation in expanded T cells as detected
by p53 accumulation, phosphorylation of eIF2α and ATF4 induction (Figure 18C). In contrast, no
difference with respect to integrated stress response markers was detected between DMSO treated and
ONX 0914 treated cells. An accumulation of ubiquitin-conjugates was similarly detected in freshly isolated
naïve CD4+ T cells after pulse-treatment with ONX 0914 or continuous treatment with MG-132 in WT
cells, while LMP7-defienct cells were only affected by MG-132 treatment and not by ONX 0914 (Figure
18D). Moreover, while MG-132 treatment induced PARP cleavage within 5 h in both LMP7-deficient and
WT cells, ONX 0914 treatment did not (Figure 18D). Interestingly, if cells were left unstimulated for 5 to
6 h after ONX 0914 treatment ubiquitin-conjugate accumulation was less pronounced indicating that the
bulk of ubiquitinated protein accumulation in ONX 0914 treated cells originated from T cell activation and
was not due to an effect of immunoproteasome inhibition on steady-state protein homeostasis only
(Figure 18E, F). LMP7-deficient cells showed no enhanced ubiquitin-conjugate formation compared to
WT cells irrespective of stimulation or ONX 0914 treatment (Figure 18F). Finally, primary human CD4+
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Figure 18: ONX 0914 treatment induces mild proteostasis stress in activated CD4+ T cells without inducing apoptosis
A) Effect of ONX 0914 treatment on ubiquitin conjugate accumulation in Molt 4 cells. Experiment performed as detailed in Muchamuel et al.
2009, Nature Medicine, 15;7, 781-7, Supplementary Figure S1A. One example of two experiments (ECL-based immunoblot).
B) Expanded CD4+ T cells from WT or LMP7-deficient mice were pulse-treated for 2 h with 0.3% DMSO (D) or 300 nM ONX 0914 (X) or
continuously treated with 10 µM MG-132 (MG) and consequently activated with plate-bound anti-CD3/CD28 antibodies for the indicated times.
Immunoblot analysis of ubiquitin conjugates with α-Tubulin as loading control is shown. A representative example of at least three experiments
with similar outcome is displayed (ECL-based immunoblot).
C) WT cells treated as in B were activated with stimulating antibodies and subjected to near-IR immunoblot analysis of stress response markers.
ERK phosphorylation with normalized signal intensity is shown as activation control; γ-Tubulin was used as a loading control. One example of at
least three experiments is shown.
D) Primary mouse CD4+ T cells isolated from spleens of WT or LMP7-/- mice were treated and analyzed as in B, but with near-IR based
immunoblots. One example of at least three experiments with similar outcome.
E,F) Primary cells as in D were pulse-treated for 2 h with 0.3% DMSO (D) or 300nM ONX 0914 (X) and either stimulated with plate bound
antibodies or left unstimulated for indicated time periods before subjection to ECL-based immunoblotting against indicated targets. Both are
examples of more than three similar experiments with comparable outcome.
G) Near-IR-based immunoblot analysis of primary human CD4+ T cells from healthy human donors, treated and analyzed as in B for indicated
time periods. One example out of three independent experiments is shown.
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T cells were analyzed for ubiquitin-conjugate accumulation after ONX 0914 treatment and activation with
bead-coated antibodies against CD3/CD28/CD2. As observed in murine T cells, no enhanced or only
minute PARP cleavage was detected after ONX 0914 treatment compared to DMSO as opposed to
MG-132 treatment in human T cells (Figure 18G). However, a slightly enhanced phosphorylation of eIF2α
was observed after ONX 0914 treatment as compared to DMSO treated cells. Taken together, these results
emphasize that in primary mouse and human CD4+ T cells, in contrast to the previously tested Molt4 cell
line, a mild form of proteostasis stress is induced by ONX 0914 treatment. However, ONX 0914 induced
no or only weak signs of the integrated stress response and induced no apparent enhancement of apoptosis
as measured by PARP cleavage.

7.5 CD4+ T cells overcome proteostasis stress likely via Nrf1-mediated
standard proteasome up-regulation
Prolonged proteostasis stress as inducible with proteasome inhibitors like MG-132 eventually results in
apoptotic cell death. As ONX 0914 treatment did not result in enhanced PARP cleavage in primary CD4+
T cells within 3 to 5 h after TCR-mediated activation, it was investigated how ONX 0914 treatment affects
cell function and viability after prolonged activation. When naïve CD4+ T cells from WT or LMP7deficient mice were pulse-treated with ONX 0914 or DMSO for 2 h followed by activation with platebound anti-CD3/CD28 antibodies for 20 h, the observed ubiquitin-conjugates detectable after 3 h and 6 h
of activation appeared to be alleviated in ONX 0914 treated samples (Figure 19A). Moreover, assessment
of cell viability as measured by AO/PI staining in a Cellometer 2000 cell counter showed that LMP7deficient as well as WT cells and both either treated with ONX 0914 or DMSO contained comparable
percentages of viable cells after 20 h (Figure 19B). Notably, the alleviation of ubiquitin-conjugates and the
preserved cell viability could not be attributed to de novo expression of LMP7 containing proteasomes, as
all detectable LMP7 protein remained electrophoretically shifted even 20 h after ONX 0914 pulsetreatment (Figure 19C). In contrast, de novo expressed LMP7 protein would not be modified by ONX
0914, which was not present in the medium during the period of activation. On the contrary, enhanced
protein levels of the standard β5c subunit were detectable after 20 h, suggesting that a compensatory upregulation of standard proteasome content might be induced upon immunoproteasome inhibition (Figure
19C). Given that context-specific EGF-receptor mediated STAT3-signaling, but not IL-6 induced STAT3sginaling was reported to regulate standard and/or immunoproteasome expression [705, 706], it was
assessed if autonomous STAT3 activation occurred during T cell activation in vitro and if alterations in
autonomous STAT3-phosphorylation could be observed after ONX 0914 treatment. However, while
STAT3 phosphorylation at Tyr705 was detected after in vitro activation with anti-CD3/CD28 antibodies at
around 3 – 5 h, the results remained ambiguous. For example, some immunoblots showed slightly
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enhanced STAT3-phosphorylation at 3 h after activation in ONX 0914 treated cells, but no alterations at
5 h after activation (Appendix Figure 4A), and some immunoblots showed enhanced p-STAT3 after 5 h
of activation, but not after 3 h (Appendix Figure 4B). Likewise, some experiments indicated different
signal levels for STAT3 at the level of both, total STAT3 and phospho-STAT3 detracting from the
reliability of the results (Appendix Figure 4C). In contrast, in lysates from human CD4+ T cells activated
with CD3/CD28/CD2-coated beads a robust induction of autonomous STAT3-phosphorylation at 3 h and
5 h after activation was observed. However, no differences in p-STAT3 levels between ONX 0914 treated
and DMSO treated cells were detected as opposed to MG-132 treatment, which impaired autonomous
STAT3-phosphorylation (Appendix Figure 4D). Therefore, characterization of β5c up-regulation was
instead focused on the possible involvement of another reported Psmb5 inducer, namely Nrf1 (section 1.6).
To further assess whether standard proteasomes were up-regulated after ONX 0914 treatment in activated
T cells, freshly isolated CD4+ T cells from WT mice were pulse-treated with DMSO or ONX 0914 or
continuously treated with MG-132 before activation with plate-bound antibodies for 5 h and 9 h.
Quantitative assessment of LMP7 and β5c protein levels by near-IR immunoblotting revealed that T cell
activation induced slightly enhanced levels of mature β5c after 5 h and markedly after 9 h of activation
(Figure 19D, E). In contrast, LMP7 was not induced over unstimulated control levels (Figure 19D, E).
ONX 0914 treatment significantly boosted β5c up-regulation as compared to DMSO treated cells, while
MG-132 treatment abrogated β5c up-regulation during activation (Figure 19E). Notably, also 9 h after
activation, consistent results compared to the before mentioned experiments were obtained for PARP
cleavage, phosphorylation of eIF2α and ATF4 induction, which were not induced by ONX 0914 treatment,
but markedly induced by MG-132 treatment. Correlating with the enhanced β5c protein levels, soluble
Nrf1 accumulation was detected in ONX 0914 treated cells (Figure 19D). In contrast, MG-132 treated
cells did not show soluble Nrf1 accumulation (Figure 19D), which might be due to Nrf1 insolubility and
aggresome formation at high degrees of proteasome inhibition [223, 224]. Full length Nrf1 has a reported
molecular weight of 120 kDa, while different reports regarding the molecular weight of cleaved Nrf1 exist
ranging from 90 to 110 kDa [222–224]. Hence, it is not unambiguously clear, which Nrf1 form is detected
here as only one signal between 125 kDa and 90 kDa marker signals appears. Most likely the detected
signal corresponds to the de-glycosylated cleaved form which was shown to accumulate in response to
epoxomycin [222]. Nrf2 is also controlled by proteasomal degradation and promotes standard proteasome
subunit expression (section 1.6). However, no reliable signals for Nrf2 could be obtained in the
immunoblots (data not shown). Finally, to test if the observed β5c up-regulation contributed to preserving
cell viability, PR-825 (which was reported as a β5c-selective inhibitor [199]) was added to a final
concentration of 100 nM after 4 h of activation when the cells had been pulse-treated with ONX 0914 or
DMSO for 2 h before stimulation. After a total of 20 h after activation cells were harvested and analyzed
for PARP cleavage. Indeed, enhanced PARP cleavage was observed in cells pulse-treated with ONX 0914
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and subsequently PR-825 treated indicating that β5c activity was necessary to prevent apoptosis induction
after immunoproteasome inhibition (Figure 19F). Taken together, these results provided evidence that
mild non-apoptotic proteostasis stress induced by ONX 0914 treatment in primary T cells could be
overcome via standard proteasome up-regulation, but not immunoproteasome up-regulation, likely via
Nrf1.

Figure 19: T cells up-regulate β5c containing standard proteasomes during activation and in response to immunoproteasome inhibition,
likely via Nrf1
A) Naive T cells isolated from either WT mice were pulse-treated for 2 h with 0.3% DMSO (D) or 300 nM ONX 0914 (X) and activated with
plate-bound antibodies against CD3/CD28 for 3 h, 6 h or 20 h. Immunoblot analysis against ubiquitin-conjugates is shown with J-tubulin as
loading control. One example of at least three experiments with similar outcome (ECL-based immunoblot).
B) Naive T cells isolated from either WT or LMP7-deficient mice were pulse-treated for 2 h with 0.3% DMSO (D) or 300 nM ONX 0914 (X) and
activated with plate-bound antibodies against CD3/CD28 for 20 h. Cells were harvested and cell viability was assessed using AO/PI staining in a
Cellometer 2000. Pooled data from five independent experiments is shown as mean±SD.
C) Cells treated as in B were lysed and subjected to immunoblot analysis of indicated proteins (near-IR immunoblot).
D) Cells treated as in B (with continuous MG-132-treatment in addition (MG)) were lysed after indicated time periods. Immunoblots against
indicated proteins with J-tubulin as loading control are shown. One example out of three independent experiments is shown (near-IR immunoblot).
E) Quantification of normalized β5c and LMP7 intensities from three independent experiments as shown in D is depicted as fold up-regulation over
unstimulated DMSO control samples (mean+SD for each time point). Two-way ANOVA, Sidak’s multiple comparison.
F) WT CD4+ T cells treated as in C were activated and PR-825 was added to 100 nM final concentration after 4 h. Cells were harvested 20 h after
activation and immunoblots performed as indicated. One example out of three experiments is shown (near-IR immunoblot).
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7.6 B cells are similarly affected by ONX 0914, but show higher susceptibility
to apoptosis induction
The high content of LMP7 containing proteasomes in both CD4+ T cells as well as CD19+ B cells
prompted us to investigate whether the observed effects of ONX 0914 treatment in T cells applied to
B cells as well. Therefore, isolated murine CD19+ B cells were activated with either PMA/ionomycin
treatment or with F(ab’)2 anti-mouse IgG and anti-CD40 after pulse-treatment with ONX 0914 or DMSO.
Up-regulation of CD69 on B cells was similarly reduced by ONX 0914 treatment as compared to T cells
(Figure 20A-C). Human CD19+ B cells also showed significantly reduced CD69 up-regulation after
treatment with ONX 0914 or with continuous MG-132 treatment (Figure 20D, E). Furthermore,
immunoblot analysis of murine B cells from WT and LMP7 -/- mice after pulse-treatment with DMSO or
ONX 014 and activation with PMA/ionomycin showed that ONX 0914 induced ubiquitin-conjugates in
B cells in an LMP7-dependent manner (Figure 20F). In contrast to T cells, WT B cells treated with ONX
0914 showed enhanced PARP cleavage compared to DMSO treated cells (Figure 20F). Overall enhanced
PARP cleavage in both WT and LMP7-deficient B cells was observed when the cells were left
unstimulated in vitro for several hours (Figure 20F). To check if B cells are more susceptible to apoptosis
induction after ONX 0914 treatment as compared to T cells or if the enhanced PARP cleavage was due to
the rather strong chemical activation stimulus of PMA/ionomycin treatment, B cells activated with antiCD40 and F(ab’)2 anti-mouse IgG for 3 h, 6 h and 10 h were analyzed by immunoblotting as well. Again,
ONX 0914 treated cells showed enhanced PARP cleavage after 6 h to 10 h compared to DMSO treated
cells (Figure 20G). Additionally, MG-132 treatment induced a more marked induction of PARP cleavage
(Figure 20G). Nevertheless, similar to the results obtained in T cells, B cells treated with ONX 0914 did
not show enhanced ATF4 induction, but showed accumulation of Nrf1 (Figure 20G). Likewise, β5c was
induced in DMSO as well as ONX 0914 treated cells, while after 10 h β5c appeared more strongly induced
in ONX 0914 treated cells (Figure 20G). These results indicate that similar mechanisms of mild
proteostasis stress induction as found in T cells apply to B cells as well, but that B cells are more readily
susceptible to induction of apoptosis upon immunoproteasome inhibition.
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Figure 20: Effects of ONX 0914 on primary murine and human B cell activation, proteostasis and apoptosis induction
A) CD19+ B cells were purified from spleen by MACS, pulse-treated with DMSO or ONX 0914 for 2 h or continuously treated with MG-132
before activation with F(ab')2 and anti-CD40 for 6 h. Up-regulation of CD69 on the surface of CD19+ cells was measured by flow cytometry
(histogram, left) and quantified as shown in the bar graph on the right (mean +SD from duplicate measurements). Shown is one example of three
independent experiments with similar outcome.
B) CD69 up-regulation was quantified in three independent experiments as shown in A after 5 - 6 h of activation with F(ab')2 and anti-CD40. Ratio
of compound-treated over DMSO control is shown from three experiments as mean+95% CI. One sample t-tests, p-values indicated in the figure.
C) Murine CD19+ B cells as in A were activated with PMA/ionomycin for 5 h. CD69 up-regulation was measured by flow cytometry. One
example of two independent experiments with similar outcome is shown (mean±SD of duplicate measurements).
D) Experiment as in C performed with human CD19+ cells isolated from PBMCs of healthy voluntary donors. One example of three independent
experiments shown as mean±SD from duplicate measurements of median CD69 FI.
E) Relative difference of CD69 up-regulation of compound-treated over DMSO treated from three independent experiments as shown in D. One
sample t test, p-values as indicated in the figure.
F) Cells treated as in C and activated for indicated time periods were subjected to immunoblot analysis of indicated proteins. One example of three
independent experiments with similar outcome is shown. (ECL-based immunoblot)
G) Cells treated as in A and B, activated for indicated time periods were subjected to immunoblot analysis of indicated proteins. One example of
two independent experiments with similar outcome is shown. (near-IR immunoblot)
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7.7 Induction of high immunoproteasome content in MEFs is sufficient to
induce ubiquitin-conjugates after ONX 0914 treatment
B cells and T cells were found to constitutively express high amounts of LMP7 containing proteasomes
already at the naïve state (section 6.2). Furthermore, ONX 0914 targeted LMP7 and LMP2 as shown here
and in Basler et al., 2018 (section 12.5). Hence, the data suggested that high immunoproteasome content in
combination with activation-induced proteomic changes could be sufficient to explain why ONX 0914
treatment exerted the observed effects on T and B cells. To test, if high immunoproteasome content also
rendered other primary cells susceptible to ubiquitin-conjugate formation after ONX 0914 treatment,
MEFs were treated with 200 U/ml IFN-γ for 48 h in order to induce high immunoproteasome content.
Then, cells were treated with 300 nM ONX 0914 or 0.3% DMSO for 2 h and were either left untreated or
stimulated with PMA/ionomycin for 4 h. IFN-γ stimulation induced LMP7, which was not detectable in
MEFs without IFN-γ stimulation, and reduced β5c content. ONX 0914 treatment resulted in
electrophoretic shifts of LMP7, but also to partial modification of β5c subunits. Nevertheless, only in
IFN-γ pre-treated MEFs ubiquitin-conjugates accumulated after ONX 0914 treatment irrespective of
further stimulation with PMA/ionomycin (Figure 21). Thus, induction of high LMP7 content appeared
sufficient to render MEFs susceptible to ubiquitin-conjugate accumulation after immunoproteasome
inhibition.

Figure 21: Induction of high immunoproteasome content renders
mouse embryonic fibroblasts susceptible to ubiquitin-conjugate
formation after ONX 0914 treatment.
MEFs isolated from WT embroys were cultured in the presence or
absence of 200 U /ml IFN-γ for 48 h. Cells were pulse-treated with
300 nM ONX 0914 (ONX) or 0.3% DMSO (D) for 2 h, and lysed
after consecutive 4 h in presence or absence of PMA and ionomycin
in the medium. Immunoblot analysis against indicated proteins. One
example of three experiments with similar outcome is shown. (ECLbased immunoblot)
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8 IMMUNOPROTEASOME

INHIBITION

IMPAIRS

DUSP5

EXPRESSION AND DUSP6 DEGRADATION
8.1 Impaired ERK-phosphorylation after ONX 0914 treatment depends on de
novo gene expression and correlates with DUSP6 accumulation
The intensities of ubiquitin-conjugate accumulation as described in section 7.4 indicated that the majority
of accumulating conjugates was induced after TCR stimulation. Activation of T cells induces metabolic
reprogramming that requires a re-organization of the cellular proteome and metabolome within a short
period of time [585, 588]. To check, if ubiquitin-conjugate formation was mainly driven by TCR-induced
de novo protein synthesis, expanded T cells were pulse-treated with ONX 0914 or DMSO or continuously
with MG-132 and activated with plate-bound anti-CD3/CD28 antibodies in the presence or absence of
cycloheximide to inhibit protein neo-synthesis. In line with the results presented in section 7.4,
cycloheximide treatment abrogated ubiquitin-conjugate formation in ONX 0914 treated T cells. In contrast,
MG-132 also induced ubiquitin-conjugate accumulation within 3 h in cycloheximide-treated T cells
(Figure 22A). These results supported the view that protein neo-synthesis was the primary source of
accumulating ubiquitin-conjugates in ONX 0914 treated T cells. In contrast, MG-132 treatment affected
also steady-state protein turnover. Notably, cycloheximide treatment not only enhanced overall ERKphosphorylation intensities at 3 h after T cell activation, but also abrogated the relative reduction of ERKphosphorylation intensities in ONX 0914 treated cells as determined by near-IR immunoblot quantification
(Figure 22A, B). This result indicated that the effect on ERK-signaling sustainment was either mediated
by a process that depends on the appearance of ubiquitin-conjugates and/or was mediated by a de novo
expressed negative feedback regulator. As mentioned above, MEK-phosphorylation remained unaffected
by ONX 0914 treatment, supporting the hypothesis that an inducible negative feedback regulator of ERK
might be functionally involved. Dual specificity phosphatases can dephosphorylate both, serine/threonine
as well as tyrosine residues of their targets. Several DUSPs were tested for their potential involvement in
the ONX 0914-mediated effects on T cell activation as particular DUSPs have been reported i) to be
expressed or activation-induced in T cells, ii) to be specific for individual target molecules like ERK and
iii) to be regulated by ubiquitination and proteasome-mediated degradation (section 2.4). Of the tested
DUSPs, the ERK-specific DUSP6 prominently accumulated in expanded T cells as well as in activated
naïve T cells after ONX 0914 treatment (Figure 22A, D). Interestingly, no DUSP6 accumulation was
detectable in DMSO or ONX 0914 treated cells after cycloheximide treatment, while MG-132 treatment
resulted in DUSP6 accumulation also in cycloheximide treated cells, albeit to a much lower extend
compared to MG-132 treated cells in the absence of cyclohximide treatment (Figure 22A). Furthermore,
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the accumulating DUSP6 showed an altered electrophoretic mobility and was shifted to higher molecular
weight as compared to DUSP6 in unstimulated cells (Figure 22A, D). These results indicated that DUSP6
was modified after activation, likely by phosphorylation and ubiquitination as described for DUSP6 before
(section 2.4.3). To check if DUSP6 might be transcriptionally up-regulated at mRNA level in ONX 0914
treated cells, mRNA from expanded T cells stimulated for 3 h was isolated and qRT-PCR was performed
for DMSO treated, ONX 0914 treated and MG-132 treated cells. Clearly, Dusp6 was transcriptionally
induced after activation (~17-fold), but no significant difference in Dusp6 up-regulation was detected
between DMSO and ONX 0914 treated cells. In contrast, MG-132 treatment resulted in significantly
reduced mRNA levels of Dusp6 in spite of prominent accumulation of DUSP6 at the protein level (Figure
22C). Thus, ONX 0914 treatment likely impaired degradation of DUSP6 protein, but did not alter DUSP6
expression. In contrast, DUSP5 protein levels were slightly reduced after 5 h in activated naïve T cells
Figure 22: Reduced ERK phosphorylation
and accumulation of ubiquitin conjugates
correlate with accumulation of DUSP6
A) Expanded murine CD4+ T cells were pulse
treated with 0.3% DMSO (D) or 300 nM ONX
0914 (X) or continuously treated with 10 µM
MG-132 (MG) before activation with platebound anti-CD3/anti-CD28 antibodies for 3 h
in the presence or absence of cycloheximide
(CHX). Shown are immunoblots for ubiquitin
and DUSP6 with γ-tubulin as loading control.
One example of three independent
experiments is shown.
B) Quantification of p-ERK intensities
normalized to γ-tubulin from three
independent experiments performed as in A.
Paired t-test, p-values as indicated.
C) Expanded murine CD4+ T cells treated as
in D were used for RNA extraction and q-RTPCR for Dusp6 after 3 h of activation. Fold
change of Dusp6 mRNA (normalized to Rpl13
and Ipo8) over unstimulated DMSO control.
Pooled data from three independent
experiments. Two way ANOVA, Sidak’s post
test, p-values as indicated.
D) MACS-enriched naive murine CD4+ T
cells from WT mice were pulse-treated with
0.3% DMSO (D) or 300 nM ONX 0914 (X)
for 2 h before activation with anti-CD3/antiCD28 antibodies. Cells were lysed after
indicated times and immunoblots performed
as indicated. One example of at least three
similar experiments.
E) Experiment as in D, but with primary
human CD4+ T cells from healthy donors and
continuous MG-132 treatment (10 µM) in
addition. One example out of three
independent experiments is shown.
F) Expanded CD4+ T cells from WT or
LMP7-/- mice were pulse-treated with 0.3%
DMSO (D) or 300 nM ONX 0914 (X) for 2 h
before activation with plate-bound antibodies
for indicated time periods. Immunoblot
analysis as indicated. One example of two
experiments is shown.
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after ONX 0914 treatment, while other DUSPs (e.g. DUSP10) were not influenced by ONX 0914
treatment (Figure 22D). In total, tested DUSPs included DUSP1, DUSP3, DUSP4, DUSP7, DUSP9 and
DUSP10, which were not affected by immunoproteasome inhibition (Figure 22D and Appendix Figure 5,
[707]). DUSP6 accumulation and reduced DUSP5 expression after ONX 0914 treatment and MG-132
treatment were also detected in human CD4+ T cells isolated from healthy donors (Figure 22E). Finally,
LMP7-deficient cells were tested for an effect on DUSP5 and DUSP6. While expanded WT CD4+ T cells
showed accumulating DUSP6 and reduced DUSP5 correlating with increased ubiquitin-conjugate
formation after ONX 0914 treatment, no effects on DUSP6 and DUSP5 were found in LMP7-deficient
cells, neither with nor without ONX 0914 treatment (Figure 22F).

8.2 DUSP6 degradation, but not expression is impaired by ONX 0914
treatment
As DUSP6 did not accumulate in cycloheximide treated cells after ONX 0914 treatment, while MG-132
treatment led to accumulation of the activation-independent DUSP6 protein in the absence of de novo
protein synthesis, radioactive labeling of DUSP6 protein was performed in a pulse/chase approach in T1
cells to clarify if DUSP6 accumulation was truly caused by impaired degradation. T1 cells were identified
as a cell line showing several similar effects after ONX 0914 treatment as compared to primary cells ([702]
and Figure 23A). In this work, the results obtained in expanded or naïve T cells regarding ubiquitinconjugate accumulation, DUSP6 accumulation, PARP cleavage, reduced ERK signaling sustainment and
even more prominently reduced DUSP5 expression were all similarly detected in T1 cells (with delayed
reduction in p-ERK as compared to primary cells, as reduced ERK signaling was detected after 5 h, but not
after 3 h) pre-treated with IFN-γ (Figure 23A). IFN-γ pre-treatment slightly enhanced LMP7 protein
content, but markedly reduced the relative content of β5c rendering the cells predominantly LMP7dependent (Figure 23B). Furthermore Dusp6 mRNA expression was induced after activation with platebound anti-CD3/CD28 antibodies and the relative effects of ONX 0914 and MG-132 treatment were
comparable with expanded T cells, even showing a trend towards reduced Dusp6 expression after ONX
0914 treatment (Figure 23C). Therefore, T1 cells were pulse-treated with ONX 0914 or DMSO or
continuously treated with MG-132 and activated by plate-bound antibodies against CD3/CD28. After 1-2 h
of activation, cells were starved in cysteine/methionine free medium for 1 h followed by a 15 min
radioactive labeling with 35S-cys/met. Immunoprecipitation against DUSP6 (controlled by a beads-only IP,
data not shown) revealed an incorporation of radioactively labelled amino acids into endogenous DUSP6
protein in DMSO and in ONX 0914 treated cells, while DUSP6 labeling was barely detectable in MG-132
treated cells as could be expected due to reduced DUSP6 expression after MG-132 treatment. Notably,
radioactively labeled DUSP6 was markedly diminished within 40 min after the pulse in the DMSO treated
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control samples, while it remained present in ONX 0914 treated samples (Figure 23D). These results
validated that partial immunoproteasome inhibition by ONX 0914 impairs DUSP6 degradation. Thus,
while MG-132 mediated broad-spectrum proteasome inhibition impaired DUSP6 regulation both at the
transcriptional level as well as at the level of degradation, ONX 0914 mediated immunoproteasome
inhibition still permitted Dusp6 expression, while impairing DUSP6 degradation. Taken together these
results emphasize that the degree of proteasome inhibition by selective inhibitors as opposed to broadspectrum inhibitors can determine the impact on a proteasome-regulated process in T cells.

Figure 23: Radioactive labeling in T1 cells shows that ONX 0914 impairs DUSP6 degradation.
A, B) T1 cells were cultured in the presence of 200 U/ml IFN-γ for 3 d and were subjected to immunoblot against LMP7 and β5c (B, one example
out of at least three experiments showing similar results). T1 cells were then pulse-treated with 300 nM ONX 0914 or 0.3% DMSO for 2 h before
or continuously with 10 µM MG-132 and activated with plate-bound anti-CD3/CD28 antibodies for indicated time periods before lysis and
subjection to immunoblotting against indicated proteins (ECL-based). One example of three experiments with similar outcome.
C) T1 cells treated as in A, B were used for RNA extraction and q-RT-PCR after 3 h of activation. Fold up-regulation of Dusp6 transcripts over
DMSO unstim control is shown. Data were pooled from three independent experiments (mean±SD). Repeated-measures ANOVA, Sidak’s post
test, p-values as indicated.
D) T1 cells were treated with 200 U/ml IFN-γ for 3 days to induce higher immunoproteasome content. Cells were then pulse-treated for 2 h with
DMSO, ONX 0914 or MG-132 as in C. Consequently, cells were activated with plate-bound anti-CD3/CD28 antibodies in RPMI 1640
+supplements. After 1 - 2 h the cells were starved in methionine/cysteine-free RPMI 1640 for 1 h, followed by a 15 min radioactive pulse of 35Scys/met in RPMI 1640 at 250 µCi/ml. Cells were washed and lysed directly after (chase 0) as well as 20 min and 40 min after the pulse. Lysates
were loaded for an anti-DUSP6-IP according to β-count CPM. After 6 h of IP and washing, the radioactive signal of newly synthesized DUSP6 was
detected with a phosphoimager. Total DUSP6 in the IP and the antibody light chain were used as loading controls. One example of three
experiments with similar outcome is displayed.
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8.3 No evidence for a functional involvement of DUSP6 in ONX 0914mediated amelioration of T cell activation
DUSP6 has been previously characterized as a regulator of ERK-signaling peak and sustainment during
activation of mouse and human T cells [664, 665, 679, 684, 708, 709]. Furthermore, phosphorylated,
degradation-primed DUSP6 was shown to retain its phosphatase activity [674]. Hence, the results obtained
here for DUSP6 accumulation in activated T cells strongly suggested a functional involvement of DUSP6
in the effect of ONX 0914 on ERK either via direct de-phosphorylation or via cytosolic retention [710].
Using confocal laser scanning microscopy, it was investigated whether ONX 0914 treatment had an
influence on nuclear translocation of total and phosphorylated ERK in expanded T cells. While image
quantification confirmed a reduction of ERK-signaling after 3 h of activation also in the nuclei of
expanded T cells, no difference in nuclear translocation of total ERK was detected in cells treated with
ONX 0914 or MG-132 compared with DMSO treated cells (data not shown, see [707]). As DUSP6 has
been characterized as a cytosolic phosphatase, these results disfavored the hypothesis that DUSP6 was
responsible for reduced ERK-phosphorylation. Hence, in order to clarify if DUSP6 played a functional role
for the effects of ONX 0914 on T cell activation, DUSP6-deficent mice were obtained to test if ONX 0914
had an altered effect on T cell activation and ERK signaling in the absence of accumulating DUSP6.
T cells isolated from DUSP6-deficient mice alone or together with DUSP6-heterozygous mice were used
and compared to cells from age- and sex-matched DUSP6-proficient mice or true littermates from
heterozygous pairings. Immunoblots with the residual splenocytes after selective enrichment of CD4+ cells
and with bulk liver homogenates isolated from DUSP6+/+, DUSP6+/- and DUSP6-/- mice confirmed the
genotypes obtained in genotyping PCRs at the protein level (Figure 24H). ONX 0914 treatment in isolated
T cells resulted in similar reduction of CD69 up-regulation (Figure 24A, B), reduced ERKphosphorylation sustainment (Figure 24D, E) and impaired IL-2 secretion (Figure 24F, G) in all tested
groups. No difference in relative LMP7 content was detected between CD4+ T cells from heterozygous or
DUSP6-deficient mice (Figure 24C). Thus, in spite of the marked accumulation and the results of previous
studies regarding DUSP6 function in T cells, these results showed that DUSP6 was fully dispensable for
all tested effects of ONX 0914 treatment during in vitro T cell activation.
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Figure 24: No evidence for a functional involvement of DUSP6 in the observed effects of ONX 0914 on T cell activation.
A, B) MACS enriched CD4+ T cells from WT (DUSP6+/+) and DUSP6-/- mice were pulse-treated for 2 h with 300 nM ONX 0914 or 0.3% DMSO
before activation with plate-bound anti-CD3/CD28 antibodies for 5 h. Cells were harvested and analyzed by flow cytometry. Representative plots for
gating (upper panel) and histograms (lower panel) from one experiment are shown in A. Quantification of median fluorescence intensities as pooled
data from three independent experiments is shown in B (mean±SD). Two-way ANOVA, Sidak’s post test, p-values as indicated.
C) Immunoblot comparing LMP7 protein content between CD4+ T cells from DUSP6+/- and DUSP6-/- mice. One example of two experiments.
D, E) MACS enriched CD4+ T cells from WT (DUSP6+/+), heterozygous (DUSP6+/-) and knockout (DUSP6-/-) mice treated as in A and activated for
3 h. Cells were harvested and stained for intracellular p-ERK1/2 for analysis by flow cytometry. One representative example of histograms is shown
in D. Ratios of p-ERK1/2 MFI of p-ERK+ CD4+ cells between ONX 0914 treated over DMSO-treated cells is shown in E. Shown is pooled data
from three independent experiments (mean with 95%CI). One sample t tests with µ 0 = 1 (dashed line), p-values as indicated in the figure.
F, G) Supernatants from cells treated as in A were used to quantify IL-2 secretion by ELISA. One representative example (mean±SD from
triplicates) of three independent experiments is shown in F. Relative reduction of IL-2 secretion after ONX 0914 treatment is shown as ratio of ONX
0914-treated over DMSO-treated cells from three independent experiments in G. One-sample t test with null hypothesis mean value µ0 = 1 (dashed
line), p-values as indicated, mean with 95%CI. Comparison between DUSP6+/+ and DUSP6-/- was performed as paired t test, p-values are indicated in
the figure.
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H) Immunblots against indicated proteins from splenocytes after CD4+ sort and bulk liver homogenate from the three genotypes.
Shown is one example of two experiments.
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9 IMPAIRED IN VIVO ACTIVATION OF ANTIGEN-SPECIFIC
CD4+ T CELLS BY ONX 0914
The observed effects of ONX 0914 treatment on lymphocyte activation offer a mechanistic explanation for
the beneficial effects of immunoproteasome inhibition in various pre-clinical models for autoimmune
diseases. Given the complexity of TCR-mediated activation that is not covered by the use of invariable
anti-CD3/CD28 stimulation for in vitro activation (section 2.3), it was aimed to check if impaired T cell
activation was similarly detectable for in vivo activated antigen-specific T cells. Therefore, an LCMVinfection model was used. SMARTA mice [686] are transgenic for an MHC-II restricted T cell receptor
recognizing the LCMV epitope GP61-80. By focusing on CD4+ T cell activation this model allows testing in
vivo effects of ONX 0914 in antigen-specific T cells that are likely not affected by effects of ONX 0914 on
MHC-I antigen-processing. SMARTA mice were treated subcutaneously with ONX 0914 at 10 mg/kg or
with vehicle 2 h before intravenous infection with 4 * 10 5 pfu LCMV-WE. At 6 h after LCMV-infection,
little or no T cell activation was detectable by CD69 up-regulation (data not shown). In contrast, almost all
splenic CD4+ T cells were activated within 18 h after LCMV infection as measured by CD69 upregulation. CD25 was also up-regulated, but to a lesser extent than CD69. Importantly, both CD69 and
CD25 were ~45% less up-regulated on T cells from ONX 0914 treated mice. These results confirmed
attenuated activation of antigen-specific T cells after ONX 0914 treatment in vivo.
Induction of ubiquitin-conjugates and analysis of covalent LMP7 modification in vivo was assessed using
purified CD4+ T cells from infected and uninfected mice as outlined above. After 18 h of infection,
enhanced ubiquitin-conjugate formation in CD4+ T cells from infected mice compared to uninfected mice
was detected. Thus, in vivo activation in an LCMV-infection environment induced proteostasis stress in
T cells. However, no relatively enhanced ubiquitin-conjugates were observed in cells from ONX 0914
treated mice as compared to vehicle treated. Interestingly, quantification of signal intensities from near-IR
immunoblots normalized to γ-Tubulin indicated an up-regulation of the β5c subunit in LCMV infected
mice, but an impaired up-regulation of β5c in ONX 0914 treated mice. The same was observed for IOTA
as a marker of total proteasomes. In contrast, LMP7 protein levels were changed to a much lesser albeit
statistically significant extent. However, it was not possible to detect signals for Nrf1 in the samples (data
not shown) allowing no conclusion about an involvement of Nrf1. LMP7 subunits in ONX 0914 treated
mice showed electrophoretic mobility shifts, but also signals at the molecular weight of unmodified LMP7,
in both LCMV-infected and LCMV-uninfected cells. Taken together, while impaired T cell activation by
ONX 0914 treatment was validated for in vivo activated T cells, the molecular alterations accompanied
with impaired activation detected in vitro were not detectable in the in vivo activated T cells here. Rather,
the immunoblots obtained at this particular time point after infection implicated a different molecular
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characteristic in T cells within an LCMV infected environment as compared to in vitro activated T cells
and further analysis of other time points is demanded.

Figure 25: Impaired activation of antigen-specific CD4+ T cells in vivo. SMARTA mice were treated with 10 mg/kg ONX 0914 or vehicle s.c.
2 h before i.v. infection with 4x105 pfu LCMV or left uninfected. 18 h after infection, splenocytes were subjected to flow cytometry to assess
CD69 and CD25 up-regulation on CD4+ T cells.
A, B) Histograms show one representative profile of a mouse from each group (A). Bar graphs (B) show pooled data from MFI quantifications
(mean±SD). Two-way ANOVA, Sidak’s post test, p-values as indicated in the figure; n = 3 for uninfected controls, n = 4 or 5 mice for infected
group. Note that one mouse was determined to be not properly infected and was therefore omitted from analysis (vehicle-treated, LCMV-infected,
median CD69 FI: 3511, not shown in the graph).
C) Near-IR based immunoblots of purified CD4+ T cells from 3 (uninfected) or 4 (LCMV-infected) mice of each treatment group with γ-Tubulin
used as a loading control.
D) Near-IR based quantification by normalization to γ-Tubulin signal intensity from the same membrane for the obtained signals as indicated on
the y-axes. The signal quantification was performed with the immunoblot data shown in C. Two-way ANOVA, Sidak’s post test, p-values as
indicated. Data points refer to 3 (uninfected) to 4 (LCMV-infected) individual samples from mice of each treatment group as shown in C.
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CHAPTER IV: DISCUSSION
10 DISCUSSION
Immunoproteasome inhibition has been demonstrated to hold potential for the treatment of a variety of
autoimmune diseases in pre-clinical models [80, 199, 363, 366]. The immunoproteasome inhibitor KZR616, a derivative of ONX 0914, has meanwhile entered clinical trial phase (clinical trial ID:
NCT03393013). ONX 0914 treatment was described extensively to have anti-inflammatory effects by
reducing cytokine secretion, but it has remained largely unknown by which molecular mechanism
immunoproteasome inhibition alters cytokine secretion and disease outcome [80, 199, 288, 363, 366, 711].
The work presented in this thesis was aimed to shed new light on the molecular processes accompanied
with immunoproteasome inhibition (and immunoproteasome-deficiency). Since in many autoimmune
diseases lymphocytes play central roles and previous studies have indicated a T cell intrinsic function of
immunoproteasomes, the focus of this study was set directly on primary lymphocytes from mouse and
from humans to investigate how ONX 0914 treatment affects lymphocytes and their activation at the
molecular level. In this respect, the presented work has addressed two major issues:
x

The involvement of immunoproteasomes in lymphocyte signal transduction

x

The function of immunoproteasomes in lymphocyte protein homeostasis

Based on disease models in which both, LMP7-deficiency and ONX 0914 treatment resulted in disease
amelioration as well as due the observation of a selective loss of LMP7-deficient CD8+ T cells when coinjected with WT cells into an LCMV-infected host [137], a functional segregation between
immunoproteasome regulated processes and standard proteasome regulated processes within the same cell
has been hypothesized. Thus, the existence of a selectively LMP7-regulated factor, which is affected by
ONX 0914 treatment or LMP7-deficiency was proposed [68]. However, only in some disease models
LMP7-deficiency showed the same effects as LMP7 inhibition by ONX 0914. While LMP7-deficiency and
ONX 0914 affected LCMV-induced meningitis as well as DSS-induced and T-cell-transfer-induced colitis
[195, 288, 328, 366], controversial data was reported with respect to EAE of either unaffected [80] or
enhanced susceptibility to EAE in LMP7-deficient mice [73]. LMP7-germline-deficiency was connected to
altered proteostasis capacity by some groups, but others have provided data disfavoring such a role [73, 74,
78, 79, 186]. Importantly, Basler & Mundt et al. showed that both inhibition of LMP7 in WT mice as well
as inhibition of β5c in LMP7-deficient mice ameliorated symptoms of EAE [80]. Hence, in the EAE
model, ONX 0914 efficacy rather depended on reduced proteasome capacity than on a selectively LMP7processed factor. Therefore, the hypothesis was adapted in that a process seemed to be involved which
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either depended on the LMP7-specific cleavage activity or in general on the chymotrypsin-like activity of
the proteasome β5 position. LMP2-deficient mice intrinsically lack chymotrypsin-like activity at the β1
position, but incorporate LMP7 at the β5 position (see also Figure 9). Therefore, it was predicted that
LMP2-deficient cells would be even more affected by ONX 0914 treatment than WT cells, if indeed the
chymotrypsin-like activity fulfilled the hypothesized function of processing a regulatory factor. However,
experimental testing unexpectedly showed the opposite result: LMP2-deficient T cells were almost as little
affected by ONX 0914 treatment as LMP7-deficient cells. This observation and the covalent modifications
of both LMP7 and LMP2 subunits by ONX 0914 leading to apparently higher molecular weight in SDSPAGE and immunoblotting revealed that in fact ONX 0914 inhibited both LMP7 and LMP2, which
synergistically impaired T cells activation (Figure 9). Using the novel LMP7-selective inhibitor PRN1126,
M. Basler and colleagues showed that LMP7-inhibition alone was neither sufficient to impair Th17
polarization, nor did PRN1126 alone ameliorate symptoms of EAE or DSS-induced colitis. However,
combinations with additional LMP2-selective inhibitors were effective. Taken together, these data led to
the finding that indeed, dual-inhibition of LMP7 and LMP2 was underlying the pre-clinical efficacy of
ONX 0914 or combined LMP7- and LMP2-selective inhibitor treatments (Basler et al. 2018, section 12.5).
However, LMP7-deficiency, LMP2-deficiency, as well as MECL-1-deficiency resulted in resistance to
DSS-colitis and the affected cytokines reduced by ONX 0914 treatment were not intrinsically affected by
LMP7-deficiency [195, 366, 367]. Therefore, even in the colitis model, disparate molecular mechanisms
between ameliorating effects of either ONX 0914 treatment or immuno-subunit-deficiency seem to be at
play. It appears somewhat surprising that the dual inhibition profile of ONX 0914 was overlooked in
previous studies. However, at least three reasons are likely to account for the fact that LMP2 inhibition by
ONX 0914 had remained underestimated: First, the originally used active-site ELISA in the first study
describing ONX 0914 indicated much less LMP2 occupancy by the compound as compared to the more
recently used assay with LMP2-selective fluorogenic substrates ([199] and Basler et al. 2018, section
12.5). Second, the crystal structure of ONX 0914 soaked mouse immunoproteasome showed that ONX
0914 could in principal bind to the LMP2 substrate pocket, but that its binding was impaired by steric
hindrance of Phe31 [31]. Third, the observation that ONX 0914 had no effect on LMP7-deficient cells in
contrast to WT cells [199, 366] was interpreted to support its selectivity. However, it had not been taken
into account that the reportedly reduced LMP2-incorporation into LMP7-deficient proteasomes [86] (see
also Figure 10) would obscure such a synergism. Since ONX 0914 had an effect on cytokine secretion in
LMP2/MECL-1 double-deficient splenocytes [330], how additional MECL-1 germline deficiency seems to
influence this effect of ONX 0914 remains fully elusive. Even more striking seems to be the observation of
marked β5c modification by ONX 0914 at 300 nM in cell lysates, even though the reported IC 50-value for
β5c-binding is around 900 nM [31]. Indeed, the marked conformational re-arrangement of the β5c
substrate binding channel in ONX 0914 soaked crystals of the immunoproteasome was interpreted to
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explain why β5c binding by ONX 0914 was unfavorable, hence explaining the selectivity for LMP7
together with the smaller S1 pocket size of β5c [31]. The immunoblot data obtained in this work indicate
that ONX 0914 can more potently bind to β5c in the cellular context than previously determined in vitro
(Figure 9, Figure 20 and Figure 21). It is interesting in this regard that a principal component analysis of
eukaryotic 20S CP structures combined with molecular dynamics simulations has suggested that β5i is
structurally pre-formed for optimal peptide ligand binding while β5c undergoes a conformational change
largely affecting conformation on the surface of the CP, but also influencing overall β5c structure [69]. The
authors write
[…] our findings suggest that assisting or impeding the backbone shift of the distal
segments may have significant effects on affinity and kinetics of peptidic inhibitors. [69]
Their molecular dynamics simulation suggests that upon release of peptide ligands from β5c the structure
re-arranges to the ligand-unbound conformation at a time scale of 400 ps – 2 ns [69]. Combined with the
role of allosteric regulation reported to affect proteasome activity [38, 70], a possible explanation for the
observed β5c modification after ONX 0914 treatment in cells is offered by the possibility that structural rearrangements occurring in cells in the presence of proteasome substrates result in an enhanced ability of
ONX 0914 to bind to β5c in cells as opposed to in vitro binding to purified 20S proteasomes.
LMP7-deficiency and immunoproteasome inhibition may have similar or disparate effects depending on
the read-out of the experiment or investigated disease model. Importanly, as mentioned above, similar
effect outcomes do not necessarily mean that the same mechanistic basis is underlying. It needs to be
highlighted that conclusions drawn from studies using immunoproteasome-subunit inhibition or
immunoproteasome-subunit deficiency are not suited for generalized conclusions about the function of a
subunit like LMP7 for the investigated process. This is emphasized because previous studies did transfer
conclusions from one approach to interpret results obtained in the other approach. A few examples may be
noted: Opitz et al. demonstrated that LMP7-deficiency results in enhanced virus-induced myocarditis [74].
While Paeschke et al. later demonstrated that LMP7-deficiency and LMP7-inhibition both reduce
expression of the cardio-protective protein PTX-3, the mechanistic conclusion that altered ERK- and p38signaling in macrophages was involved was solely performed with ONX 0914 treatment [200]. Very
recently the same group then showed that in contrast to LMP7-deficiency, ONX 0914 treatment did not
increase susceptibility to virus-mediated myocarditis, but acted protective against exacerbated immunemediated tissue damage. Hence they showed disparate mechanisms of action between immunoproteasome
inhibition and immunoproteasome deficiency [331]. Similarly, Kalim et al. showed altered T helper cell
polarization in LMP7-deficient as well as ONX 0914 treated cells, but mechanistic involvement of altered
STAT1 and STAT3 signaling were solely investigated using ONX 0914 [288]. Joeris and colleagues
observed that bortezomib-treatment showed dose-dependent adverse effects in ameliorating DSS-colitis
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while LMP7-deficient mice (which showed reduced or no DSS-colitis) did not show similar
pathophysiology. They interpreted this observation as an indication that selective LMP7-inhibitors will be
beneficial for the treatment of inflammatory bowel disease (IBD) [195]. However, while LMP7-selective
inhibitors might indeed show less adverse effects and were indeed effective in mouse models of IBD [288,
366], the logic of the argument is based on the assumption that LMP7-deficiency and LMP7-inhibition will
have the same effects, because Joeris and colleagues did not themselves test LMP7-selective inhibitors
[195]. Recently, Vachharajani et al. as well as Körner et al. demonstrated independently that LMP7deficiency and ONX 0914 treatment both impaired colon cancer progression in different models including
colitis-associated cancer [349, 350]. Again, it is not demonstrated whether these effects are based on the
same or similar molecular mechanisms. Clearly, it is tempting to assume that inhibition and deletion of a
target protein might likely results in the same effects and this is a commonly used means to independently
assess the function of the target of interest. In case of the immunoproteasome, however, it is established
that things are more complicated. The current state of research is that proteasome subunits exert their
functions when they are successfully incorporated into the 20S CP. While recent evidence showing the
anchoring of pre-cursor proteins by regulators like PRAS40 [175] opens the question whether proteasome
subunits could affect cellular processes also prior to incorporation, the vast majority of studies focusses on
the function of proteasomes as assembled multi-protein complexes. Therefore, it is clear that inhibiting the
enzymatic cleavage function of LMP7 in assembled 20S CPs as opposed to germline deficiency of LMP7,
which results in incorporation of β5c, are distinct molecular characteristics [80]. Unraveling that ONX
0914 is not as selective as previously thought additionally demands distinguishing carefully between
germline-deficiency and pharmacological inhibition. Only recently, Yang et al. reported that LMP7 plays a
role in regulating proliferation and growth of glioma cells and linked their findings to reduced cyclin
expressions and altered ERK and Akt signaling pathways [712]. However, their entire study was
performed using RNA interference against Psmb8. Thus, the de novo expression of immunoproteasome
subunits is impaired in an actively proliferating cell. Whether compensatory β5c incorporation occurs like
in LMP7-germline-deficient cells was not investigated. The authors did not address if proteasomes were
still functioning in these cells. This strongly limits their interpretation that their results are attributed to
LMP7 functions [712], because they could also be attributed to disturbed proteasome function in general.
There is also the possibility that LMP7-germline-deficiency might have a so far unidentified global impact
during cellular or overall organismal ontogeny (which could speculatively involve different DNAmethylation patterns for examples). Indeed, two studies by De Verteuil et al. have reported globally altered
gene expression patterns in LMP7/MECL-1-double-deficient DCs [167, 713]. Hence, germline-deficiency
and short-term siRNA-mediated absence of LMP7-protein could again result in different molecular
characteristics. Another example are studies focusing on mutated Psmb8-genes (like for example found in
CANDLE syndrome), which might again lead to another underlying molecular characteristic in that it
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impairs function via mal-assembled 20S CPs [302]. Therefore, interpretation of any findings in published
articles about the function of the immunoproteasome must carefully take into account different conditions
of how the immunoproteasome was experimentally affected. This was also emphasized for the
interpretations about the existence of intermediate proteasome species, where some subunit-combinations
may only occur in individual gene-targeted mice, but are unlikely to contribute to the possible proteasome
compositions in genetically unmodified organisms [97]. Experimental conditions used to interpret
conclusions about the function of immunoproteasomes might hence be categorized mainly in four ways:
a. mutations leading to structural disruption of normally intact proteasome particles as found in
CANDLE syndrome and similar diseases
b. deletion of one or more immunoproteasome subunits from the genome which can be partly
compensated by incorporation of standard subunits
c. pharmacological inhibition of intact proteasome particles with broad-spectrum or subunit-selective
inhibitors
d. down-regulation of proteasome subunit expression in cells via RNA interference
In this work it was demonstrated that LMP7-deficiency did not affect early T cell activation (and T cell
proliferation [702]) as compared to WT mice (Figure 9). In contrast, immunoproteasome inhibition with
ONX 0914 impaired T cell activation markedly. It hence shows that these conditions are fundamentally
different with respect to their consequences on early T cell activation, which was not addressed in more
detail before.

10.1 Immunoproteasome inhibition and deficiency in T cell polarization
Impaired T cell activation as indicated by reduced CD69 surface expression and reduced IL-2 secretion is
in line with previous results about ONX 0914 treatment in T cells [80, 199, 366]. An influence on cytokine
secretion might also be connected to altered T cell proliferation and polarization, but impaired proliferation
was not merely due to less IL-2 secretion, because proliferation could not be rescued by exogenous IL-2
(Figure 12). Impaired activation was detected already after 5 h of activation indicating an early cellintrinsic effect of ONX 0914 treatment, which therefore gave rise to investigate into T cell signaling as
discussed below. Notably, neither T cell activation markers nor T cell proliferation were affected by
LMP7-germline-deficiency, which therefore was used as a control for immunoproteasome-selective
(however, not necessarily LMP7-selective) effects of ONX 0914 [199, 366]. The overall impaired
proliferation in the presence of ONX 0914 correlated with impaired functional polarization towards Treg
cells and Th17 cells. However, some experimental results obtained in this work were in disagreement with
results from similar experiments in previously published work. Impaired Th17 polarization by ONX 0914
treatment was consistently found here and in several other reports [199, 288, 337, 714, 715]. Conflicting
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data was found with respect to Th1 polarization and Treg polarization before [288, 714, 715]. In contrast to
the results by Kalim et al. no enhanced Treg formation under Th17 skewing conditions was observed in
ONX 0914 treated cells in this work. While it is unclear, how this partially conflicting data is explained,
T cell polarization can delicately depend on the conditions of activation. For example optimal
concentrations of anti-CD3/CD28 stimulating antibodies were shown to influence Foxp3 expression in
activated T cells [716, 717]. As stressed by van Panhuys et al., quantitative differences in activation
strength are often not considered in experimental design [598] and it has to be critically noted that only
standard conditions of anti-CD3/CD28 stimulation have been used in this work as well. Experiments using
lower and varying concentrations of anti-CD3/CD28 have not been systemically analyzed for comparison
here. However, unappreciated differences in protocols regarding the nature of stimuli might influence
experimental results significantly. This was recently exemplified with respect to opposing results that had
been reported about the functional importance of BATF in Th2 polarization. In 2017, Iwata et al. found
that loss of BATF is partially compensated by BATF3 in Th2 polarization, but BATF3 expression
depended on the TCR stimulus strength and thus, compensation under different activation conditions
depended on the differential sensitivities of genes in response to BATF3 levels. This indicated that
different activation conditions have most likely caused the opposing results in several other studies before
[423]. This example should emphasize that disparate results with previous reports might be due to delicate
differences in stimulation conditions that could remain unidentified although standard protocols for cell
activation are used, but stimulating antibody clones and commercial cytokines are not the same chemicals
as used before (e.g. for technical reasons like supplier availability). While Th17 polarization was
performed in a way aiming to reproduce the experiments by K. Kalim, Treg polarization was not
performed with identical experimental conditions between this work and the work by Kalim et al. who
analyzed Th17 and Th1 polarization in the continuous presence of ONX 0914, but Treg polarization after
pulse-treatment before activation. In this work, the same conditions of ONX 0914 treatment were used for
Th17 polarization and Treg polarization. Hence, it seems that the reported enhanced Foxp3+ Treg
polarization under either Th17 or Treg skewing conditions is not a generalizable effect of ONX 0914
treatment, but depends on details in polarization conditions. The pulse-treatment was also used here for
T cell activation and originally intended to ensure LMP7-selective binding without affecting β5c.
Nevertheless, ONX 0914 resulted in LMP2 inhibition and some effect on β5c as well, which showed that
the reported selectivity had been overestimated before (as discussed above). ONX 0914 had no effect on
T cell activation or proliferation in LMP7-deficient cells (Figure 9 and [702]), showing that the observed
partial off-target inhibition of β5c was not sufficient to impair T cell function. Instead, ONX 0914
nevertheless exerted its effect on T cell function in an immunoproteasome-dependent manner. It remains to
be determined if pulse-treatment would result in differential effects on Th17 polarization as well. In the
aftermath it was found that ONX 0914 treatment resulted in ubiquitin-conjugate accumulation after
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activation already after pulse-treatment (Figure 18), but the apparent enhanced ubiquitin-conjugates in
ONX 0914 treated cells were cleared by T cells after 20 h of activation (Figure 19). While it was
originally hypothesized that ONX 0914 might influence a factor that is selectively processed via the β5
position of the proteasome, the results in this work rather do not indicate the involvement of an ONX 0914
affected particular factor with a particular role in T cell polarization. That the extent of proteostasis stress
in T cells might vary greatly depending on the strength of activation and the duration of ONX 0914
treatment appears more plausible instead. This might lead to different effects on T cell polarization in the
continuous presence of ONX 0914 than by immunoproteasome inhibition only during the initial activation.
Hence, the different protocols used by Kalim et al. might have misleadingly indicated a general
immunomodulatory function of ONX 0914 treatment, which was not corroborated in this work. A more
detailed characterization of T cell activation impairment by ONX 0914 under varying activating stimulus
conditions in the future might also be demanded. Furthermore, the novel reportedly highly LMP7-specific
inhibitor DPLG3 also impaired T cell proliferation [293] indicating that different requirements for
stoichiometric subunit inhibition might underlie effects on early T cell activation and on proliferation after
prolonged activation.
Although no further focus was set on polarization and regulatory T cells in this work, they may not only be
relevant as directly affected cells by ONX 0914 treatment in vivo, but their functional action might be
promoted via ONX 0914-mediated targeting of conventional T cells. Regulatory T cells suppress IL-2
expression in conventional T cells and impair their expansion. Likewise ONX 0914 treatment impairs IL-2
secretion during T cell activation and impairs their proliferation. I.e. by promoting suppressive impairment
of T cell activation, ONX 0914 treatment might indirectly promote regulatory T cell function in vivo as
well. Indeed, enhanced in vivo percentages of Treg cells in mesenteric lymph nodes of ONX 0914 treated
mice after DSS-colitis induction were reported by Kalim et al. [288]. However, an increased percentage of
Foxp3+ cells of LMP7-deficient cells (as opposed to WT cells) two weeks after adoptive transfer into
RAG-/- mice was also found and further demonstrated a T cell-intrinsic role for immunoproteasomes.
Nevertheless, these experiments do not explicitly allow the conclusion whether more Tregs were formed
from naïve T cells or whether the relative enhancement of Tregs in vivo was due to selective loss or less
generation of Th1 and Th17 cells in LMP7-deficient mice [288]. Loss of LMP7-deficient cells after
adoptive transfer was reported previously [137] and might differentially affect CTLs, Th1 and Th17 cells
as opposed to Tregs.
One novel aspect regarding T cell polarization that was uncovered in recent years might also be shortly
discussed at this point: Evidence has now suggested that the classical concept of a predominantly cytokineimposed T helper cell polarization needs to be revised for the fact that TCR signal strength and “TCR
tuning” as a result of thymic selection (section 2.3.7) seem to have a greater impact on T cell polarization
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than previously appreciated [598, 718]. These novel findings emphasize that the selection in the thymus
can already influence the T cell-intrinsic behavior upon re-activation in the periphery. While the
immunoproteasome is known to be involved in MHC-I antigen-processing, an influence on CD4+ T cell
selection in the thymus should not be ruled out in the light of some recent reports. Presentation of selfpeptides on MHC-II for CD4+ T cell selection is less well understood as compared to MHC-I presentation,
but it is known that autophagy and endocytosis contribute to the generation of MHC-II epitopes by
lysosomal proteases like Cathepsin S [719] in mTECs and DCs. Furthermore, transfer of Aire-regulated
tissue-specific auto-antigens (promiscuous gene expression) from mTECs to thymic DCs was shown to
contribute to negative selection [399, 720, 721]. However, both an influence on mTEC function as well as
an influence on global gene expression in DCs was reported for immunoproteasome-deficient mice [167,
186]. Additionally, cTECs present macroautophagy-derived self-epitopes which are hence dependent on
both, lysosomal proteases and proteasomes [399]. Therefore, it cannot be ruled out that effects of
immunoproteasome-deficiency might result in differences in selection in the thymus which subsequently
influences the naïve CD4+ T cell response [718]. However, there seems to be not much evidence in favor
of such an influence. The proposed mechanism underlying the thymic influence on naïve CD4+ T cell
responses involves thymus-imposed differential CD5 expression and it could be tested if LMP7-deficient
T cells in general show altered CD5 expression compared to WT T cells [718]. Importantly, and arguing
against such thymus-imposed influence on CD4+ T cell activation, altered IL-2 secretion, ERK-signaling
and proliferation were also reported to be influenced by thymus-imposed effects on CD4+ T cell activation
and these parameters were not found to be differentially affected in polyclonal T cells from LMP7deficient as compared to WT mice in this work (discussed below). Furthermore, DSS-colitis was less
severe in irradiated recipient mice of either WT or LMP7-deficient background after reconstitution with
LMP7-deficient bone marrow as opposed to WT bone marrow [195]. Although this model is not restricted
to assessing the contribution of T cells it also argues against an indirect thymus-imposed effect in the DSSmodel. Nevertheless, a possible experiment to test if the selection mechanism in the thymus of LMP7deficient mice could pre-impose a different TCR tuning and polarization on CD4+ T cells in an in vivo
environment like in the experiment by Kalim et al. mice could be performed as follows: Irradiated LMP7deficient mice or WT mice both receive a bone marrow transfer from either LMP7-deficient mice or WT
mice. After reconstitution and recovery of the peripheral T cell compartment, CD62L+ CD4+ T cells are
isolated from these mice and transferred into RAG-deficient mice as performed by Kalim et al. [288]. If all
LMP7-deficient T cells show the same altered polarization after transfer into RAG-deficient mice, it is
clear that entirely T cell-intrinsic effects are at play irrespective of whether the cells were selected in a WT
or LMP7-deficient thymus. In contrast, if all T cells selected in the LMP7-deficient thymus show altered
polarization after transfer into RAG-deficient mice, the T cell-intrinsic effect of LMP7-deficiency was
likely imposed on the cells during selection before re-activation in the periphery. Alternatively, the use of
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conditional LMP7-deficient mice by CD4-Cre driven LMP7fl/fl deletion would be of use to test this
possibility. These latter aspects about possible differences between LMP7-deficient and WT cells
regarding T cell polarization are highly theoretical at this point, and no further focus was set on T cell
polarization in this work. In contrast, this work refocused on the initial events of T cell activation in order
to obtain improved mechanistic insight into the effects of immunoproteasome inhibition or deficiency in
T lymphocytes.

10.2 Immunoproteasome inhibition in T cell activation signaling
TCR-induced signaling is an integral part of T helper cell polarization as well. Therefore, molecular effects
characterized at the level of initial T cell activation were considered to be important as a preceding analysis
before further effort into underlying molecular details of more complex polarization signaling was pursued.
Hence, the next step was to extend the analysis of TCR-induced signaling pathways under the influence of
ONX 0914 as only limited data could be obtained in my master’s thesis in this respect [702]. Nevertheless,
the previous establishment of expanded T cells during my master’s thesis was used as a basis to extend the
investigation into TCR-signaling in this work. Importantly, characterization of CD69 and IL-2 upregulation at the mRNA level provided an additional rationale that pre-transcriptional regulation might be
involved, although a statistically significant difference at the mRNA level was only obtained for CD69
(Figure 14). The additional analysis of all catalytically active proteasome subunits in T cells and B cells
from WT and LMP7-deficient mice indicated that naïve T cells and B cells were almost exclusively
dependent on LMP7-containing proteasomes, which was therefore also characterized in expanded T cells
(Figure 15). The similarities regarding reduced CD69 up-regulation after ONX 0914 treatment and the
similar dependency on LMP7-containing proteasomes rendered expanded T cells as a model system to
further investigate into signaling pathways by immunoblotting.
The proteasome is a well-known regulator of NF-κB signaling via degradation of IκBα (sections 1.5.3 and
2.3.3). It was previously reported that ONX 0914 treatment did not affect NF-κB signaling assessed by
luciferase reporter assays or by IκBα degradation and p65 nuclear translocation in macrophages and
cardiomyoctes [199, 200]. Also the combined treatment of the β1i inhibitor UK-101 and the β5i inhibitor
LKS01 did not impair IκBα phosphorylation and degradation in PC-3 prostate cancer cells [198], which is
functionally largely equivalent to ONX 0914 treatment as ONX 0914 is now recognized as an LMP7 and
LMP2 inhibitor (Basler et al., 2018, section 12.5). However, a possible effect on NF-κB signaling was also
tested for primary T cells in this work. Analyzing IκBα degradation, p65 phosphorylation as well as p65
nuclear translocation revealed that ONX 0914 treatment did not impair canonical NF-κB signaling in
T cells in agreement with previous results (Figure 16). Notably, an influence of ONX 0914 treatment on
non-canonical NF-κB activation via TRAF3 and NIK was not investigated here, but could be of interest for
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further investigation into Th17 polarization as this pathway was reported to play a role in Th17
polarization and is also controlled by the proteasome ([527] and section 2.3.3). The nuclear translocation of
NFAT was also tested in expanded T cells in this work, but no difference in the Ca2+ NFAT signaling
pathway between ONX 0914 treated and DMSO treated cells was indicated. Likewise, no influence of
ONX 0914 on Akt(Thr308) signaling, mTORC1 (as indicated by S6 phosphorylation), mTORC2 (as
indicated by Akt(Ser473) phosphorylation) or p38 was detected (Figure 16). Instead, a possible influence
of ONX 0914 on the ERK signaling pathway was apparent in ECL-based immunoblots after optimization
of experimental procedures and sample handling with respect to the work provided in my master’s thesis
[702]. To assess whether ERK-signaling was altered by ONX 0914 treatment, densitometry analysis from
ECL-based immunoblots was used. Indeed, this analysis indicated a reduction in ERK signaling
sustainment in WT, but not LMP7-deficient cells. However, quantitative ECL-based immunoblotting has
considerable limitations [704]. Therefore, the apparent, but rather small reduction in ERK-phosphorylation
sustainment was more extensively analyzed using different approaches. Both, implementation of the newly
obtained LI-COR Odyssey Imager and establishment of a protocol for intracellular detection by singlecell-based flow cytometry allowed corroborating the validity of the observed effect in both expanded
T cells as well as in naïve T cells upon activation. Importantly, the effect was again absent in LMP7deficient naïve T cells, showing that it was caused by immunoproteasome-selective inhibition and that it
was no off-target effect of ONX 0914. Furthermore, reduced ERK-signaling was also observed in human
T cells (Figure 17). Reduced ERK signaling sustainment can result in multiple downstream outcomes
including reduced IL-2 cytokine secretion and reduced CD69 up-regulation as both were found to be
dependent on ERK (section 2.3.8). The multitude of downstream ERK targets makes it difficult to identify
the exact downstream alterations as a consequence of the observed reduction in ERK phosphorylation
sustainment. A more detailed analysis of ERK downstream targets reported to be involved in CD69 and
IL-2 regulation is a possible strategy to strengthen the so far only correlation-based assumption that
reduced ERK-signaling might be responsible for reduced CD69 and IL-2 up-regulation after ONX 0914
treatment. However, this assumption is clearly in line with previous reports showing that impairment of
sustained (without affecting early) ERK signaling in T cells led to reduced IL-2 secretion and CD69 upregulation [577, 624]. Minor differences in ERK signaling peak and sustainment were reported before to
have functional influences on TCR thresholds and to occur in pathophysiological settings [722]. Taken
together, the reduction in ERK-phosphorylation sustainment of only about 20 % after ONX 0914 treatment
as compared to DMSO-treated cells is nevertheless likely to be of functional relevance during T cell
activation. Therefore, this work focused on investigating possible mechanisms leading to reduced ERKsignaling after ONX 0914 treatment. The importance of modulations in ERK signaling in T cells was
recently further supported in a study by Allison et al. who not only provided evidence that the ERK
pathway is involved in signaling TCR strength quantitatively, but also showed that scaled inhibition of
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p-ERK levels with MEK inhibitors showed correlated reduction in p-ERK levels and reduced activation of
AP-1 responsive genes including CD69 [600]. Furthermore, ERK-signaling strength and duration have
been previously linked to differential fate decisions in T cell polarization [422] (see also section 2.3.5).
In search for candidate pathways involved in reduced ERK-signaling sustainment it was observed that the
upstream kinase MEK1/2 was unaffected by ONX 0914 in expanded T cells (Figure 17). Additionally,
cycloheximide treatment experiments showed that reduced ERK signaling sustainment was depending on
de novo protein synthesis (Figure 22). Together, this rendered direct negative feedback regulation by de
novo expressed phosphatases the most likely candidate mechanism for further investigation. Of note, a
possible Bam32-PLCγ1-PAK1-mediated phosphorylation of MEK at Ser298 has not been investigated
here and cannot be ruled out to be affected (section 2.3.5). Nevertheless, based on the results presented
above several DUSPs selective for ERK and/or other MAPKs were screened at protein level for potential
effects by ONX 0914 (see also [707]). Most analyzed DUSPs were unaffected by ONX 0914 treatment.
For example, the p38 and JNK selective DUSP10 showed consistent signal intensity over 5 h in activated
naïve T cells with or without ONX 0914 treatment (Figure 22D), which is in line with the data by Zhang
et al. that DUSP10 is constitutively expressed in naïve T cells and down-regulated after 24 h of activation
[660]. In contrast, DUSP9 was not tested during T cell activation before and the results indicated its
expression in expanded T cells and in T1 cells, but no differential regulation after proteasome inhibition
(Appendix Figure 5, see also [707]). Other DUSPs like for example DUSP14 remain to be tested.
DUSP14 was described as JNK and ERK specific and to also target TAB1. However, its localization in
both nucleus and cytosol renders it a potential candidate for nuclear ERK de-phosphorylation. As reduced
MAPK phosphorylation after ONX 0914 treatment was only detected for ERK in this study, it appears
logical that a phosphatase would be involved which is highly specific for ERK as reported for DUSP6 and
DUSP5. However, the characterization of substrate selectivity of different DUSPs was pre-dominantly
performed with in vitro purified enzymes (see references in section 2.4.2). Phase separation, multicomponent complex formation and spatial regulation might, however, have an influence on substrate
selectivity in cellulo. I.e.: In spite of the principle ability to de-phosphorylate several MAPK substrates in
vitro, additional regulation might result in more specific substrate binding in the cellular context. Such
additional regulation of substrate selectivity could potentially explain contradictive results about substrate
specificity as for example in the case of DUSP1 or DUSP8 (section 2.4.2). Therefore, also DUSPs that
were not reported as exclusively ERK-specific were not omitted as potential candidate DUSPs to mediate
negative feedback for ERK after ONX 0914 treatment. Nevertheless, the one candidate DUSP found to
accumulate in ONX 0914 treated cells in this work was indeed the reportedly ERK-specific cytosolic
DUSP6. In contrast, the nuclear DUSP5 was less expressed upon T cell activation in ONX 0914 treated
cells.
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Notably, an effect on JNK phosphorylation by ONX 0914 after prolonged activation was indicated in
expanded T cells. This study mainly focused on pathways that could likely be responsible for the observed
amelioration of naïve T cell activation within the first 5 h. Hence, the reportedly minor relevance of JNK in
naïve T cell activation (section 2.3.5) and failure to reliably detect JNK phosphorylation in naïve T cells
were the reasons not to pursue analysis of JNK signaling further in this work. Given that induction of mild
proteostasis stress by ONX 0914 was detected consistently in naïve T cells, expanded T cells, T1 cells and
B cells, it should be taken into account that JNK phosphorylation is described as a signaling event in
response to stress, in particular the unfolded protein response (section 2.3.5). JNK was also found to have a
role in autophagy initiation in activated T cells, which could therefore contribute to proteostasis recovery
in T cells with impaired proteasome capacity ([239, 723] and section 2.3.6). Therefore, further
characterization of the JNK pathway after ONX 0914 treatment might be considered for future
investigations as it might be relevant in the activation of effector cells, but evidence for its relevance in the
observed amelioration of naïve T cell activation here could not be obtained so far.
The complex spatio-temporal dynamics of DUSP expression and degradation has rendered the view of
DUSPs to function as signaling integrators. I.e. DUSPs could enable cells to converge signaling input from
diverse stimuli on particular activation pathways, thereby modulating signaling outcome depending on
multiple input cues [631]. Therefore, the correlation of reduced ERK phosphorylation sustainment and
accumulation of DUSP6 gave rise to the hypothesis that DUSP6 could function as a signal integrator of
reduced proteasome capacity towards TCR induced activation signaling. Such a mechanism could also
make sense in the light of the fast DUSP6 turnover that was reported before [676] and also found by
radioactive labeling in this work (Figure 23). Why would a cell increase a protein transcriptionally after
T cell activation, but at the same time constantly promote its rapid degradation? A putative explanation
would be a sensory function of the protein once its degradation is impaired. I.e. the cell would be able to
sense overwhelmed proteasomes and provide negative feedback signaling to the stimulatory input driving
protein neo-synthesis. In case of DUSP6, this mechanism would putatively dampen ERK-induced protein
synthesis as a large fraction of ERK substrates in the nucleus are transcription factors [546]. Reducing
protein synthesis would thus also alleviate synthesis-derived proteasome substrates and hence allow the
cell to recover from proteasome overload. Such a hypothesis appears plausible because reducing overall
protein synthesis is a well-described means of the integrated stress response via phosphorylated eIF2α
(section 1.6). Therefore, a direct regulation of individual pathways in response to impaired proteasome
function would add an additional layer of stress response potentially active already under milder stress
conditions as induced by immunoproteasome selective inhibition, which did not induce enhanced eIF2α
phosphorylation or ATF4 induction as opposed to MG-132 treatment (Figure 18, 17 and 18). Hence,
DUSP6 was interpreted here as a potential candidate sensor of reduced proteasome capacity to negatively
mediate ERK-signaling. Indeed, it was also demonstrated in this work that dysregulation of DUSP6 after
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ONX 0914 treatment occurred at the level of DUSP6 degradation, which was partially impaired, but not
fully abrogated (Figure 23). Transcriptional activity of p53 has also been reported to induce Dusp6
expression during senescence of rat renal tubular epithelial cells [724]. Here, T cells treated with MG-132
showed pronounced p53 accumulation (Figure 18), but Dusp6 mRNA transcripts were found to be
reduced in MG-132 treated expanded T cells (Figure 22) and T1 cells (Figure 23). Hence, p53 was not a
potent inducer of Dusp6 expression under the conditions investigated here. However, p53 needs to be
downregulated for proper CD4+ T cell function [725, 726]. Thus, some accumulation of p53 in ONX 0914
treated naïve CD4+ T cells (Figure 22D) might yet contribute to impaired activation. It would be possible
that NF-κB signaling drives Dusp6 expression. As mentioned above, NF-κB was found unimpaired by
ONX 0914, while MG-132 is known to impair NF-κB activation (compare also Figure 16). Also, DUSP6
has been shown to be induced by PMA treatment in MCF-7 cells and both MEK inhibition as well as PKC
inhibition independently abrogated Dusp6 expression, which indicates that DUSP6 might be
synergistically induced by both, ERK and NF-κB signaling [673]. Hence, the impaired Dusp6 expression
in MG-132 treated cells, but not significantly altered Dusp6 expression in expanded CD4+ T cells would
be in line with the observation that NF-κB signaling was not affected by ONX 0914. Taken together, based
on the numerous reports (section 2.4.3) and the data obtained in this work, a direct feedback via sensing of
impaired DUSP6 degradation was proposed as a hypothetical regulatory mechanism explaining the
observed reduction in ERK phosphorylation. Importantly, however, upon testing this hypothesis with
T cells from DUSP6-deficient mice, no evidence could be obtained further supporting a non-redundant role
of DUSP6 to mediate negative feedback on ERK signaling after ONX 0914-mediated proteasome
impairment. It has to be noted that high redundancy is a reported hallmark of DUSPs [627, 631].
Therefore, compensation of DUSP6 by another, unidentified phosphatase cannot be fully ruled out. DUSP5
was not found to be differently regulated in DUSP6-deficient mice as indicated by preliminary results (data
not shown). Based on the data obtained in this work, however, the most appropriate conclusion is to rule
out DUSP6 as the responsible phosphatase involved in reduced ERK signaling after ONX 0914 treatment,
thus, disconfirming the abovementioned hypothesis. Hence, a detailed mechanism explaining reduced
ERK-signaling on the basis of immunoproteasome inhibition could not be unraveled in this work, but
demands further investigation.
The question of how immunoproteasome inhibition impairs ERK signaling sustainment remains elusive.
ERK signaling underlies spatial regulation as ERK can be targeted to various different localizations in the
cell [547]. Taking steady state localization and re-localizing dynamics into account is important to
understand ERK signaling in different cellular contexts and with different activating stimuli [547]. For
example, ERK signaling in T cells is influenced by phase separation of clustered up-stream molecules
[727] and the outcomes of ERK signaling were reported to be context-specific depending on the presence
or absence of ERK modulators like paxillin or DUSP6 [678]. Hence, taking ERK localization into account
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might likewise be useful to identify the upstream effector molecule responsible for reduced ERK signaling
after ONX 0914 treatment. An analysis of nuclear translocation of total and phosphorylated ERK in ONX
0914 treated T cells was therefore performed (see [707], data not shown here). The results corroborated the
reduced ERK phosphorylation after ONX 0914 treatment, which was detectable in nuclear areas of
activated T cells. However, no altered translocation of total ERK was detected [707]. In combination with
the data obtained with DUSP6-deficient T cells, these results indicate that a nuclear phosphatase would be
a more likely candidate responsible for reduced ERK signaling sustainment after ONX 0914 treatment. So
far, tested nuclear phosphatases (e.g. DUSP1) were either not affected by immunoproteasome inhibition or
were not successfully detectable with the antibodies used. Clearly, a candidate to be tested is
DUSP2/PAC-1 as it was identified as an immediate early gene in TCR-induced activation, shows nuclear
localization and shows selectivity for ERK and p38 [631, 638, 643]. However, no reliable signals could be
obtained in immunoblots so far ([707] and data not shown). A more unbiased approach of searching for
accumulating ERK regulatory proteins e.g. by stable isotope labeling of amino acids in cell culture
(SILAC) and mass spectrometry (MS) might be useful to identify the negative feedback pathway
responsible for reduced ERK signaling under the influence of immunoproteasome inhibition in T cells in
the future. Interestingly, we also observed that LMP7-specific inhibition with PRN1126 induced DUSP6
accumulation to some extent ([707], data not shown here). However, PRN1126 alone is not sufficient for
therapeutic efficacy in pre-clinical models of colitis and EAE (Basler et al., 2018, section 12.5), which
would also be in line with the results disconfirming a functional involvement of DUSP6 in reduced T cell
activation, albeit only indirectly. Of note, the marked accumulation of DUSP6 might still be to some extent
functionally relevant in ONX 0914 treated T cells, the outcome of which might not be identified in the
assays used here. However, the results of this work indicate that such a functional role would likely be
ERK-independent. Notably, interaction partners of DUSP6 other than ERK have been identified [676,
728]. Most recently, it was reported that DUSP6 can regulate intracellular adhesion molecule 1 (ICAM-1)
expression in endothelial cells independently of ERK-signaling by promoting NF-κB signaling via an as
yet undefined mechanism [729, 730]. However, if further functional consequences of DUSP6
accumulation upon ONX 0914 treatment exist in activated T cells remains speculative at this point and has
to be addressed experimentally in the future. Immunoprecipitation of DUSP6 from ONX 0914 treated
T cells and analysis of possible interaction partners by mass spectrometry might identify novel mechanistic
hypotheses to investigate in the future.
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10.3 Immunoproteasome inhibition and its effects on proteostasis in
lymphocyte activation
Apart from the influence of ONX 0914 treatment on TCR-induced signal transduction as discussed above,
this study also re-investigated the effect of ONX 0914 inhibition on overall cellular proteostasis. When
ONX 0914 was originally described in 2009, the possibility that immunoproteasome-selective inhibition
could result in ubiquitin-conjugate accumulation was tested experimentally in the Molt4 T cell-derived cell
line [199]. However, no appearance of ubiquitin-conjugates and no p53 accumulation were detected with
ONX 0914 concentrations in the reportedly selective range up to 300 nM and consistent data was obtained
in this work (Figure 18). It was hence thought that LMP7-selective inhibition would not be sufficient to
result in marked impairment of overall proteolytic function. Likewise, no effect on NF-κB signaling was
detected by Muchamuel et al. in an NF-κB reporter assay [199]. While NF-κB signaling was also found to
be unaffected in this work (as discussed above), re-investigation of primary naïve or expanded murine
T cells as well as human T cells revealed that ONX 0914 potently induced accumulation of ubiquitinconjugates in these cells upon activation (Figure 18). This observation might be explained by both the
unexpectedly high immunoproteasome content detected in primary T cells (Figure 10) and the activation
induced metabolic demands accompanying T cell activation [375, 585]. In line with this notion, Rouette et
al. showed that THP-1 cells which almost exclusively expressed LMP7-containing, but not β5c-containing
proteasomes, were susceptible to ubiquitin-conjugate accumulation and apoptosis induction after ONX
0914 treatment [731]. Sung Yun et al. recently reported enhanced formation of mature
immunoproteasomes via PRAS40 in MEFs. Enhanced immunoproteasome content rendered the cells
susceptible to poly-ubiquitin-conjugate accumulation after ONX 0914 treatment [175]. MEFs stimulated
with IFN-γ in order to induce high immunoproteasome content in this work were also susceptible to
ubiquitin-conjugate accumulation (Figure 21). Hence, the effect of ONX 0914 treatment seems to be
predominantly depending on quantitative abundance of immunoproteasomes in cells. Furthermore, the
finding that ONX 0914 inhibits both LMP7 and LMP2, which impairs T cell activation synergistically,
(Figure 9) shapes the rationale to explain the influence of ONX 0914 on total proteostasis, also in naïve T
and B cells.
When cells were left unstimulated after pulse-treatment with ONX 0914, less pronounced appearance of
ubiquitin-conjugates was observed (Figure 18). This indicated that activation induced proteostasis was
more affected than steady state proteostasis in resting expanded T cells, likely attributed to enhanced de
novo protein synthesis after activation. Indeed, treatment of cells with cycloheximide abrogated
accumulation of ubiquitin-conjugates in ONX 0914 treated cells, but still resulted in ubiquitin-conjugate
accumulation in MG-132 treated cells (Figure 22). This supported the view that the bulk of proteostasis
stress in ONX 0914 treated cells was derived from de novo synthesis and that ONX 0914 did not fully
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block protein degradation by the proteasome. The results obtained using cycloheximide also pointed to a
possible link between impaired proteasome capacity and the reduction in ERK signaling sustainment and
has therefore initially promoted the hypothesis of a functional involvement of DUSP6 as discussed above.
While this hypothesis was disconfirmed in this work, the finding that immunoproteasome inhibition
impairs proteostasis leading to ubiquitin-conjugate accumulation and impaired degradation of DUSP6
gives rise to shortly discuss the involvement of ubiquitination and proteasomal degradation in T cells in
general and further strategies to investigate if a direct link between impaired proteasome capacity and
ERK-signaling and/or general T cell activation exists. Afterwards, the characterized effects of ONX 0914
treatment on prolonged activation and cell viability including the apparent role of Nrf1 will be discussed.
Ubiquitination in T cell activation and polarization signaling involves both, modulatory ubiquitination, but
also degradation-priming ubiquitination. For example, non-degrading ubiquitination of ZAP70 promotes
its association with phosphatases negatively regulating ZAP70 function, which is counteracted by the
deubiquitinating enzyme (DUB) Otud7b [732]. In contrast, the ubiquitin E3 ligase SLIM facilitates STAT1
and STAT4 ubiquitination and degradation and SLIM-deficiency resulted in enhanced IFN-γ production
and increased STAT4-phosphorylation in response to IL-12 treatment [733]. Similarly, Smurf1 is an E3
ligase promoting K48-ubiquitination and degradation of STAT1 and Smurf1 is expressed by IFN-γ
signaling itself, hence acting as a negative feedback protein [734]. These are only examples of the
manifold involvements of E3 ligases in regulating transcription factors important for T cell signaling and
polarization that have been identified within recent years [735]. Clearly, targeted degradation of selected
signaling molecules is a highly important regulatory mechanism in T cell biology. The complexity of
regulation beyond this posttranslational level is further enhanced by regulation at the posttranscriptional
level, involving microRNAs and RNA binding proteins (RBPs), which are in part themselves regulated via
ubiquitination and proteasomal degradation [680, 735, 736]. Therefore, the finding of ubiquitin-conjugate
accumulation in activated T cells as a result of immunoproteasome inhibition has wider implications than
only addressing possibly affected ubiquitin-stress response pathways. Even though no functional
involvement of DUSP6 in reducing ERK phosphorylation sustainment could be substantiated in this work,
the dysregulated degradation of DUSP6 shows that individual proteins regulated by the proteasome can be
markedly affected, while at the same time no evidence for impaired NF-κB signaling could be obtained,
which also depends on proteasomal degradation. Importantly, broad-spectrum proteasome inhibition and
immunoproteasome inhibition affected DUSP6 regulation differently in that ONX 0914 predominantly
impaired degradation, while MG-132 also markedly impaired DUSP6 expression. With respect to future
investigations it has to be acknowledged that identifying altered pathways after immunoproteasome
inhibition therefore must take into account the necessary focus towards the level of protein regulation. It is
likely that DUSP6 would not have been identified as affected by ONX 0914 in a microarray testing
differential mRNA expression after ONX 0914 treatment. Notably, it is very difficult to predict which
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proteins might be affected by immunoproteasome inhibition since an impact on targeted degradation
depends on multiple factors influenced by signaling cues including i) the expression and activity of
respective E3 ligases, ii) the induced expression and further modification of the target for degradation, iii)
the expression and activity of counterbalancing DUBs and iv) the kinetic turnover rates of the degraded
protein.
To further investigate how ONX 0914 treatment shapes T cell activation and polarization signaling it is
therefore suggested to make use of methods to identify differentially regulated factors at a broader scale
like mass spectrometry approaches. However, it has to be taken into account that different abundancies of
proteins after ONX 0914 treatment might result from either altered degradation or altered expression.
Hence, effects are ideally measured after short-term treatment. Problematically, if partial impairment of
proteasome capacity after ONX 0914 treatment slowly induces accumulation of ubiquitin-conjugates while
degradation is not fully blocked (as shown here for DUSP6), it is difficult to predict the optimal time
window for analysis. Based on the ubiquitin-conjugate profiles in primary naïve T cells, 2 h to 6 h after
ONX 0914 treatment and activation might be appropriate, which is already long enough to allow possible
differential expression of protein-coding genes instead of reflecting their differential degradation.
Moreover, protein quantification with mass-spectrometry based quantification methods like SILAC is
difficult in non-dividing primary cells like CD4+ T cells isolated from spleen. Detection of differential
protein degradation in freshly isolated T cells might require optimized peptide-ion intensity quantification
as recently introduces by Mathieson et al. [98]. However, this method could still be unable to detect
alterations of proteins that are long-lived in naïve T cells, but dynamically regulated upon activation, as
short-term isotope-labeling will not cover long-lived proteins [98].
Expanded T cells and the T1 cell line might be suitable for a SILAC approach to identify different protein
quantities in cells after ONX 0914 treatment. To overcome the abovementioned obstacles when using
SILAC as an approach to identify differential degradation, enhancement of hits selectively affected by
proteasomal degradation can be achieved using diGly-remnant-detecting antibodies after trypsin-digestions
as shown by Kim et al. [737]. In HCT116 cells, the authors identified enriched peptides that were targets
of ubiquitination in a SILAC approach. In order to distinguish between K63-linked non-degrading
ubiquitination and K11 or K48 linked degrading ubiquitination, they compared heavy isotope-labeled cells
after 2 h, 4 h or 8 h of bortezomib treatment with light isotope-labelled control cells without bortezomib
treatment. Depending on the kinetics of peptide detection they grouped targets showing altered degradation
into different categories. These included early strongly accumulating, early weakly accumulating,
accumulating with intermediate kinetics, late accumulating, unchanged and downregulated peptides.
Interestingly, among the hits of fast accumulating protein peptides were sequences derived from PSMB6,
indicating a fast turnover of β1c (supplementary material to reference [737]). Among the DUSP family
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proteins bortezomib treatment resulted in intermediately fast accumulation of DUSP1 and late
accumulation of DUSP2, while DUSP14 was unchanged. Interestingly, Nrf2 was shown to be a late
accumulating target of low abundance (supplementary material to reference [737]), a notion that might
theoretically apply to primary T cells as well as, but Nrf2 was not readily detectable in immunoblots in this
work (data not shown). A similar approach to identify accumulating proteins in ONX 0914 treated cells
after TCR stimulation might be useful as a future effort in immunoproteasome research. Especially, a
combination of either bortezomib or MG-132 treated cells and ONX 0914 treated cells in such an analysis
might reveal novel target proteins differentially regulated after broad-spectrum proteasome inhibition as
compared to immunoproteasome inhibition. The results presented here render DUSP6 as a control target
protein that should be expected as a hit in such an analysis. However, it cannot be ruled out that also
ubiquitin-independent degradation occurs in activated T cells and could also be affected by
immunoproteasome inhibition, but would not be covered by analysis using diGly-remnant-detecting
antibodies.
One approach that has been designed before and tested by Sarah Mundt in J774 macrophages is terminal
amine isotope labeling of substrates (TAILS) ([738], data unpublished). TAILS generates data showing
quantitative differences in produced novel N-termini, e.g. as a result of proteasomal cleavage. However,
different quantitative cleavage site occurrence does not allow concluding if the reduced generation of a
particular N-terminus-containing peptide from a specific protein is due to impaired overall degradation of
that protein or due to different cleavage site usage during the degradation, leading to alternative N-termini.
Four out of 89 candidates to be differentially degraded after ONX 0914 treatment from the TAILS
measurement were tested in immunoblots, but none could be confirmed to be differentially degraded or
processed ([738], data unpublished). Notably, TAILS might allow detecting two different impacts of
altered proteasomal cleavage, which is both impaired degradation of a protein as well as altered generation
of the proteasome-produced peptides in general. Proteasome-dependent peptides are known to affect
MHC-I peptide presentation, but it is unclear, how this could influence CD4+ T cell activation via
invariant-CD3/CD28-targeting activating antibodies, unless an unknown mechanism exists, by which
MHC-I abundance on the CD4+ T cell surface would affect CD4+ T cell activation upon anti-CD3/CD28
stimulation. The observed ameliorated T cell activation presented here cannot result merely from reduced
MHC-I surface abundance, as LMP7-/- cells have intrinsically less MHC-I surface abundance [50, 158] and
CD4+ T cells form LMP7-deficient mice did not show impaired activation as compared to ONX 0914
treated WT cells. The same notion also renders the hypothesis unlikely that a differently generated
proteasomal peptide product in ONX 0914 treated or LMP7-/- cells might have a regulatory function within
a signaling cascade. The principal possibility to interfere with signaling cascades like ERK or NF-κB with
small peptides derived from endogenous protein sequences has been demonstrated [739, 740], but whether
endogenous production of such peptides by the proteasome and subsequent action as inhibitory peptides
131

Chapter IV– Discussion
occurs cell-intrinsically has not been shown to my knowledge. It seems unlikely, that in the presence of
peptidases degrading the majority of proteasome-derived peptides within seconds [28], endogenous
peptide-based auto-inhibition occurs; especially as sufficient amounts of these peptides would have to be
derived from particular proteins like MEK or p65, which then would have to be degraded in great amounts.
Hence, the hypothesis of regulatory peptides generated by proteasomes as proposed in my master’s thesis
2013 [702] is disfavored compared to the hypothesis that impaired degradation of an ERK-regulatory
protein might underlie altered TCR-induced ERK signaling as implicated, but not ultimately corroborated
by this study. Furthermore, the novel finding that therapeutic efficacy of ONX 0914 depends on dual
LMP2/LMP7 inhibition further disfavors the former hypothesis of a selectively LMP7-processed factor as
also discussed by Basler et al. (2018, section 12.5). Taken together, TAILS analysis to determine novel
factors involved in ONX 0914 treated cells, which was conceived to identify altered peptide products,
might be less useful to address differentially degraded proteins than quantifying peptide ion amounts from
whole proteins in mass spectrometry.

10.4 Effects of mild proteostasis stress on T cell and B cell survival
The appearance of accumulating ubiquitin-conjugates in ONX 0914 treated cells in the absence of
integrated stress response markers posed the question how prolonged activation of T cells after ONX 0914
treatment would affect T cell survival. Even after 20 h of activation no apparent reduction of cell viability
and no enhanced PARP cleavage were found in ONX 0914 treated T cells as compared to DMSO treated
T cells. While showing no difference between ONX 0914 treatment and DMSO control treatment,
expanded T cells showed a generally enhanced PARP cleavage after activation as compared to naïve
T cells (Figure 22F). This is likely attributed to the known sensitization of ex vivo expanded T cells
towards AICD [256, 741]. A recently published study by Santos et al. reported that a novel LMP7 inhibitor
(PKS21221) induced cell death in proliferating CD4+ T cells, but not in non-proliferating CD4+ T cells
[295]. These data are consistent with our observation that pulse-treated naïve CD4+ T cells do not show
enhanced cell death after 20 h of activation, a time window, in which naïve T cells do not yet proliferate.
However, if reduced proliferation as observed here was caused by increased cell death during prolonged
ONX 0914 treatment was not further tested. Furthermore, ubiquitin-conjugates were either alleviated or
even reduced after 20 h in ONX 0914 treated cells compared to DMSO treated cells (Figure 19). To assess
whether this alleviation was mediated by enhanced de novo expression of new immunoproteasomes it was
made use of the observation that the irreversible covalent modification of LMP7 subunits was detectable
via a shift in electrophoretic mobility. As ONX 0914 was only pulse-treated for 2 h before activation and
was not present during activation, any newly synthesized and incorporated LMP7 would be expected to be
detected at the same molecular weight as unmodified LMP7 proteins in DMSO treated samples. However,
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after 20 h of activation, almost all LMP7 protein remained electrophoretically shifted, indicating that no
new LMP7 containing proteasomes were formed (Figure 19). Also the near-IR-immunoblot based
quantification of total LMP7 (including the size for shifted and non-shifted LMP7) indicated no enhanced
protein content of LMP7 after T cell activation in any of the treatment groups. This data is in clear contrast
to a recent study by Sula Karreci et al. [293]. Using intracellular flow cytometry they reported a significant
up-regulation of LMP7 content in both murine CD4+ and CD8+ T cells already at 3 h after in vitro
activation with anti-CD3/CD28 antibodies [293]. Unfortunately, the authors neither presented secondaryantibody-only controls, isotype controls nor control stainings in LMP7-deficient cells to support the
specificity of their antibody-staining. Hence, it remains unclear, if the reported antibody indeed specifically
detected LMP7 protein [293]. In this work, in contrast to an up-regulation of LMP7 in activated T cells, an
up-regulation of β5c was detected at protein level using quantitative immunoblotting. However, upregulation of β5c seems to be only transient while later also expression of new LMP7-containing
proteasomes occurs as indicated by appearance of unmodified LMP7 protein after 28 h – 30 h in
immunoblots of ONX 0914 treated cells (data not shown). Also Griffin et al. used T cell blasts after 72 h
ConA stimulation to investigate immunoproteasome assembly depending on the active de novo synthesis
of LMP7 in thus activated T cells [89]. Furthermore, expanded T cells after one week of cultivation in IL-2
containing medium showed similar LMP7 and β5c content as compared to naïve cells, substantiating that
β5c up-regulation was transient (Figure 15). Moreover, immunoblots with lysates of CD4+ T cells from
LCMV-infected SMARTA mice (TCR-transgenic for an MHC-II-restricted LCMV epitope) were
performed. These results also indicate an up-regulation of β5c at protein level in antigen-specific T cells
after infection, but this did not seem to be promoted by ONX 0914. However, while the data obtained for
in vivo activated T cells in principle confirms that ONX 0914 attenuates antigen-specific T cell activation
also under in vivo conditions, the amount of data is so far insufficient to conclude about mechanistic
similarities and differences of in vivo versus in vitro activated T cells. As one early time point (6 h after
LCMV-infection; no or only minute T cell activation measurable yet, data not shown) and one later time
point (18 after LCMV-infection; fully activated CD4+ T cell compartment, Figure 25) did not allow to
address the question sufficiently at the mechanistic level, this issue needs to be further investigated in
future experiments. So far, the insight into mechanisms of ONX 0914 treatment after in vivo activation
therefore remains preliminary in contrast the more extensively characterized effect in vitro in this study.
Nevertheless, taken together, the results in this work indicate that the precise regulation of LMP7containing proteasomes or standard proteasomes in T cells should be investigated in greater detail. It might
be interesting to test, if T cell activation in the presence of high IFN-γ concentrations in vitro shows
different molecular characteristics compared to the data presented here. Potentially, IFN-γ treatment during
T cell activation could promote earlier immunoproteaseome up-regulation with a possible influence on the
recovery of ONX 0914 pulse-treated cells from the imposed proteostasis stress. The results could give
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hints to pathways that might differentially affect the consequence of ONX 0914 treatment on T cell
activation under different pathophysiological settings.
In line with the observations in this study, Frisan et al. reported that human B cells contain high IP content
and that activation did not correlate with further increase of IP content [703]. Importantly, B cells showed
enhanced PARP cleavage after ONX 0914 treatment. In general, isolated murine B cells die rapidly in
culture in the absence of a stimulus and the requirement of tonic BCR signaling is also relevant in vivo
[742]. Accordingly, when B cells were left unstimulated for 5 h in culture, PARP cleavage was markedly
enhanced as compared to PMA/ionomycin stimulated B cells. However, ONX 0914 treatment showed
relatively enhanced PARP cleavage as compared to DMSO treatment in both PMA/ionomycin stimulated
as well as anti-CD40 and F(ab’)2 anti-immunoglobulin stimulated B cells. Interestingly, in spite of
modification of β5c in LMP7-deficient B cells as apparent in immunoblots, no effect of ONX 0914 on
ubiquitin-conjugate accumulation and PARP cleavage were detected, which again emphasizes
immunoproteasome dependency of the ONX 0914-mediated effects. The apparent higher susceptibility of
B cells to apoptosis after ONX 0914 treatment might provide an explanation for the high efficacy of ONX
0914 to ameliorate autoimmunity in lupus-prone mice [363]. Furthermore, Li et al. recently showed that
ONX 0914 treatment was as effective as bortezomib in preventing long-term allograft rejection after
kidney transplantation [361]. As plasma cells are highly susceptible to proteasome inhibition [392, 393], it
is likely that immunoproteasome inhibition therefore also imposes toxic proteostasis stress on plasma cells.
However, if plasma cells are equally dependent on LMP7-containing proteasomes like naïve B cells
remains to be determined.
It is an especially striking question why naïve T cells and B cells contain almost exclusively LMP7containing proteasomes at steady state. And why would the cells then up-regulate standard proteasomes
instead of immunoproteasomes during early T cell activation, an energy demanding process accompanied
by higher proteostatic demands? This observation is in clear contrast to the concept that LMP7-containing
proteasomes would be superior over standard proteaosmes in clearing ubiquitin-conjugates [73]. In line
with data by Hewing et al. [79] and Nathan et al. [78] this work also contributes to the conclusion that
immunoproteasomes are not superior over standard proteasomes in maintaining protein homeostasis, as
LMP7-deficiency had no influence on T cell activation as compared to WT cells. It might also be
noteworthy to emphasize that the hallmark studies identifying the Nrf1-mediated bounce-back induction of
proteasome expression not only provided data showing that standard proteasomes are up-regulated, but
also contain data showing that immunoproteasome subunits are instead down-regulated [214, 216]. While
it is tempting to think that if immunoproteasomes are superior for ubiquitin-conjugate clearance it would
not make sense that cells specifically up-regulate standard proteasome subunits instead of
immunoproteasome when facing enhanced proteostasis stress, it has to be kept in mind that
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pharmacological immunoproteasome inhibition is an artificial situation not suitable to speculate about an
evolutionary development of proteasome subunit regulation under stress conditions. However, the
possibility that some selection pressure during evolution of the immune system has shaped the high
dependency on LMP7-containing proteasomes in lymphocytes for an as yet to be unraveled reason, should
be investigated in future research. Therefore, this paragraph will end with some speculation about possible
reasons. It is interesting to note that lymphocytes were reported to be especially rich in MHC-I surface
expression. In T cells this is driven by what has been referred to as the T cell enhanceosome including the
RUNX1 transcription factor that is even boosted in regulatory T cells by Foxp3 [743, 744]. It is intriguing
to think that a connection between this notion and the observations in this work might exist – in that the
high expression of LMP7 is the pre-requisite to ensure high MHC-I on the surface of B cells and T cells.
While β5c is barely detected at all in naïve WT T cells and B cells compared to LMP7-deficient cells, the
c-subunits of β1 and β2 are similarly detectable between LMP7-deficient and WT lymphocytes. MHC-I is
decreased by ~50% in LMP7-deficient, but not in LMP2- or MECL-1 deficient cells [50]. Also Basler and
colleagues (2018, section 12.5) recently showed that LMP7-specific inhibition with PRN1126 alone is
insufficient to reduce MHC-I expression on the surface of splenocytes as opposed to ONX 0914. Thus,
immunoproteasome subunits together contribute to MHC-I surface expression levels. Therefore, it would
be elegantly explained why naïve T and B cells almost exclusively contain LMP7-containing and almost
no β5c-containing proteasomes, if the amount of MHC-I on the surface of T cells and B cells had an
important function beyond antigen-presentation to CTLs that was not yet determined. Is it for example
possible that high density of MHC-I on the surface might protect CD4+ T cells from NK-cell mediated
bystander cell killing in an inflammatory environment? Importantly, however, the observation that
MECL-1-deficient and LMP2-deficient CD8+ T cells also fail to survive in an LCMV-infected host [137]
argues against the idea that the extent of MHC-I surface expression plays a major role for survival of
T cells in an inflammatory environment. Seifert et al. [73] reported that LMP7 containing proteasomes
were superior in clearing ubiquitin-conjugates and oxidatively damaged protein. While the former role of
immunoproteasomes for ubiquitin-conjugate clearance was challenged by Nathan et al. the role of LMP7containing proteasomes for degradation of oxidized proteins was not addressed [78]. However, if T cell
activation in vivo in the presence of pro-inflammatory cytokines involved elevated levels of oxidatively
damaged proteasomes, a high a priori expression of LMP7-containing proteasomes in lymphocytes could
be beneficial. Clearly, however, in vitro activation of CD4+ T cells does not require LMP7 as shown in
this work. An interesting aspect to consider might be the notion that activated lymphoctes were reported to
undergo the Warburg effect, i.e. anaerobic ATP production via glycolysis instead of oxidative
phosphorylation in spite of sufficient oxygen. Therefore, the question could be asked if maybe activated
lymphocytes even depend to considerable parts on ubiquitin-independent degradation, as less ATP would
be required. However, these ideas will need to be addressed experimentally in the future.
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10.5 Possible signaling pathways involved in proteasome regulation after
immunoproteasome inhibition
The observed dynamic up-regulation of β5c at protein level after activation raised the question if
previously described pathways of Psmb5 regulation might be involved. Interestingly, our understanding of
homeostatic proteasome gene regulation is still limited and has remained an ongoing research effort of
recent years [172–174, 705]. STAT3 signaling has been implicated in Psmb5 regulation as well as in
Psmb8 regulation before [705, 706]. Zhang et al. reported in 2016 that tight junction protein 1 (TJP1)
confered bortezomib sensitivity to multiple myeloma cells, because presence of TJP1 impaired epidermal
growth factor receptor (EGFR) signaling [706]. The authors showed that EGF-signaling in the absence of
TJP1 induced stronger JAK1 and STAT3 phosphorylation and resulted in higher LMP7 and LMP2
expression. RNA interference-mediated STAT3 suppression resulted in reduced LMP7 and LMP2
expression, indicating that the immunoproteasomes were regulated by STAT3. Interestingly, however,
IL-6 treatment, which is known to signal via STAT3, had no effect on LMP7 and LMP2 expression or total
proteasome activity [706]. This indicates that other pathways contributed synergistically to LMP7 and
LMP2 up-regulation or that differences in spatiotemporal STAT3 regulation might alter signaling outcome.
Interestingly, even though Vangala et al. already reported in 2014 that STAT3 was required in EGFmediated up-regulation of standard proteasome in different cells lines [705], an influence of TJP1 on
standard proteasome up-regulation was not investigated by Zhang et al. [706]. However, STAT3phosphorylation plays differential roles in regulating Th17 fate as IL-6 induces STAT3-phosphorylation,
but early strong STAT3-signaling in T cell high density cultures can result in Th17 impairment (section
2.2.1). Furthermore, reduced STAT3 phosphorylation after ONX 0914 treatment was reported by Kalim et
al. [288] and Liu et al. [715], but could not be reproduced in our hands (see [745]) and the observation has
so far remained mechanistically elusive. Appearance of autonomous STAT3-phosphorylation in stimulated
T cells in vitro was observed in this work. However, no consistent effect of ONX 0914 treatment on
autonomous STAT3 signaling was detected in immunoblots of murine T cells and clearly no difference
was observed in human T cells (Appendix Figure 4). The contribution of STAT3 to Psmb5 expression
was therefore not further focused in this work. In contrast, soluble Nrf1 was found to accumulate in ONX
0914 treated T cells and B cells and correlated with a significant increase of β5c up-regulation in ONX
0914 treated T cells (Figure 19). Nrf1 has been widely appreciated as a regulator of proteasome
expression. In Nrf1-deficient MEFs steady state proteasome gene expression was unaltered, while cells
were lacking the ability to up-regulate proteasome subunits in response to MG-132 treatment [215].
Similar results were obtained independently using siRNA against TCF11/Nrf1 [208]. These data did not
indicate that Nrf1 controls proteasome genes under physiological conditions, but only in response to
proteasome inhibition. In contrast, Lee et al. demonstrated a role in both, basal proteasome subunit
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expression and stress-induced proteasome subunit expression in conditional Nrf1-KO models in the brain
and in the liver [227, 746]. Recently, Widenmaier et al. showed that Nrf1 plays a role in cellular
cholesterol homeostasis. While low cholesterol is sensed via SREBP2, excess cholesterol is sensed via
inhibition of Nrf1 processing and transcriptional activity. High cholesterol stabilizes full length Nrf1 and
even impairs Nrf1 cleavage and transcriptional activity in response to bortezomib treatment [229].
Interestingly, cholesterol-sensing also seems to play a role for the generation of cleaved Nrf1, as an Nrf1
mutant deficient for the cholesterol binding region (ΔCRAC-HA) showed enhanced Nrf1 cleavage and
resulted in enhanced Psmb5 gene expression, that was not impaired in response to high cholesterol levels
[229]. Thus, high cholesterol levels in the ER can repress Nrf1-mediated Psmb5 expression. It should be
noted that this aspect offers a possible link to the investigation of Psmb5 regulation in LMP7-deficient
cells, which is discussed below.
Indirect evidence for a role of Nrf1 in T cells came from at least two studies. Tomlin et al. showed that
N-glycanase 1 (NGLY1)-deficiency abrogated accumulation of processed Nrf1 and proteasome subunit
up-regulation in carfilzomib treated MEFs due to impaired Nrf1-deglycosylation. They also showed that
NGLY1 inhibition in T-ALL (T cell acute lymphoblastic leukemia) cells promoted carfilzomib-induced
cell death [220]. Second, a recent study by Moskowitz et al. found that CD8+ T cells from elderly humans
showed decreased accessibility of Nrf1 to promoter regions throughout the genome in comparison to CD8+
T cells from younger donors, implicating a role for Nrf1 in age-related changes of immune cell
homeostasis [747]. However, it is unclear if Nrf1 plays a physiological role in T cells in general. While we
found that Nrf1 accumulation occurs during activation of naïve CD4+ T cells in response to
immunoproteasome inhibition, interestingly, no accumulation of Nrf1 was detected in MG-132 treated
cells. This is likely attributed to the reported tendency of Nrf1 aggregation upon high extents of
proteasome inhibition [223]. Concomitantly no up-regulation of β5c protein levels was detected in MG132 treated cells. Hence, not only with respect to the integrated stress response, but also with respect to
Nrf1 accumulation, the molecular characteristics of strong broad-spectrum proteasome inhibition and
immunoproteasome selective inhibition segregate in spite of dual LMP7/LMP2 inhibition by ONX 0914.
These data again show that immunoproteasome inhibition and broad-spectrum proteasome inhibition affect
T cell activation differently, as was also demonstrated for DUSP6 dysregulation as discussed above.
Notably, no direct evidence is provided in this work that Nrf1 is indeed driving enhanced β5c upregulation, and while this assumption is fully in line with previous reports [174, 208, 215, 216, 222], it
could be further corroborated experimentally in future experiments (e.g. in T cells from Nrf1-deficient
mice). Using STAT3 inhibitors it could be tested if autonomous STAT3 signaling contributes to β5c upregulation in both DMSO and ONX 0914 treated cells, while Nrf1 might promote the additional increase
of β5c in ONX 0914 treated cells. Notably, a recent study by Rousseau and Bertolotti showed the
involvement of the atypical MAPK ERK5 in regulating proteasome expression [173], a pathway that was
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not investigated in T cells in this work. The possibility that insufficient amino acid supply from
endogenous degraded proteins [171] in activated T cells after ONX 0914 treatment contributes to impaired
activation remains to be investigated.
Overall evidence in this work suggested that standard proteasomes could functionally fully compensate for
loss of immunoproteasomes during T cell activation. It is yet an unambiguous molecular difference
between WT and LMP7-deficient cells that this compensation for loss of LMP7 by β5c occurs in CD4+
T cells and CD19+ B cells as detectable in immunoblots. Interestingly, however, to my knowledge it has
not been addressed before which underlying molecular mechanism is responsible for compensatory upregulation of β5c and if the underlying mechanism might give hints to alterations between LMP7-deficient
and WT cells which could be also relevant in disease progression. In this context, it is noteworthy that
De Verteuil et al. did not observe enhanced protein level intensities of β5c in bone-marrow derived DCs
from LMP7/MECL-1-double-deficient mice as compared to WT mice, indicating that in cells containing
both standard and immunoproteasomes, lack of the immunoproteasomes does not necessarily induce
higher standard proteasome content [713]. In contrast, CD4+ T cells and CD19+ B cells were found to
almost exclusively contain LMP7-incorporating proteasomes (Figure 10). This difference gave rise to the
question, whether a special molecular mechanism has to be at play in T cells and B cells to ensure
sufficient standard proteasome incorporation in the absence of immunoproteasomes due to LMP7germline-deficiency. The discrepancy in the controversial findings about the influence of LMP7-deficiency
on overall cellular proteostasis could not be fully clarified yet (section 1.5.2). A study by Heink et al.
reporting that immunoproteasomes had shorter half-lives than standard proteasomes [91] implied the
possibility that naïve T and B cells might therefore rely on more constant de novo formation of
immunoproteasomes already at steady state, hence requiring additional β5c up-regulation in cells lacking
LMP7. A recent study by St-Pierre et al. also reported elevated proteostasis stress in mTECs of
LMP7/MECL-1-double-deficient mice [186]. Therefore, it could not be fully ruled that loss of LMP7 could
result in some degree of low-level proteostasis stress, maybe even responsible for compensatory upregulation of β5c. However, standard proteasome subunits were not or only insignificantly up-regulated at
the transcriptional level in naïve T and B cells (Figure 11). Furthermore, even 9 to 20 h after T cell
activation no up-regulation of newly synthesized LMP7 was detectable in ONX 0914 treated cells. In
contrast, the standard proteasome subunit β5c increased over time (Figure 19). Also, no indication of
enhanced proteostasis stress in activated LMP7-deficient T cells and B cells was observed in the
experiments performed in this study. We also tested if any signs of low-level proteostasis stress including
Nrf1 accumulation might be detectable in resting lymphocytes. No difference in levels of the tested stress
markers between LMP7-deficient and WT cells were observed and Nrf1 was not detectable in naïve
lymphocytes, but in control samples from ONX 0914 treated, activated B cells (Appendix Figure 6). How
can the strong appearance of compensating β5c at protein level in LMP7-deficient cells be explained even
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though the mRNA level appears to be unaltered? The most plausible explanation seems to be that
peripheral naïve T and B cells are equipped with proteasomes during their delevopment before they are
released into the periphery. In general, proteasomes are relatively long-lived protein complexes (section
1.2.3). The data in this work does not indicate a fast turnover of immunoproteasomes in T cells as could be
implied based on the results by Heink et al. [91]. In contrast, a recent study by Mathieson et al. provided
evidence that immunoproteasome are in fact rather long-lived in primary lymphocytes [98]. Hence, a
constant high-level expression of the proteasome genes in resting T cells and B cells would most likely not
be required.
An alternative theoretical mechanistic explanation could be based on the reported mechanisms of
proteasome core particle assembly as outlined in section 1.2.3. LMP7 is preferentially incorporated over
β5c, indicating that in the presence of both, β5c and LMP7, predominantly LMP7 containing proteasomes
are assembled. This process is further assisted by POMP and potentially by PRAS40 phosphorylation state
[91, 175]. It cannot be ruled out that additional undefined mechanisms might exist in lymphocytes
promoting the predominant assembly of LMP7 containing proteasomes over standard proteasomes. The
mRNA level of Psmb5 is lower in lymphatic tissues than in other tissues as shown before [135, 136], a
trend which was also apparent in the present study, although not with statistical significance (Figure 11).
Even though LMP7 is incorporated as the last subunit of β-ring assembly during half-core particle
maturation, the full 20S CP maturation largely depends on LMP7, which is the reason why LMP7-deficient
cells also show strongly diminished incorporation of LMP2 and MECL-1 (section 1.2.3). In that case, lowlevel abundant β5c precursor protein would be likely rapidly degraded by existing immunoproteasomes,
thus not being incorporated into 20S CPs. In contrast, if cells are lacking LMP7, the full maturation to 20S
core particles is impaired, which might result in an equilibrium shift towards assembly of standard
proteasomes in spite of non-enhanced expression levels and potentially low β5c protein abundance. The
appearance of reduced signals for incorporated MECL-1 and LMP2 with some precursor accumulation at
the same time would be in line with such a mechanism. However, in that case it might be expected that
constant failure to assemble iCPs with a subsequent equilibrium shift towards standard proteasomes could
result in some detectable effect on proteostasis. As mentioned above, however, this was not detected in
resting lymphocytes in this work (Appendix Figure 6). Notably, when hypothesizing that compensatory
up-regulation of standard proteasomes in LMP7-deficient cells might occur at the transcriptional level due
to low-level stress, it has to be considered which effect size could be reasonably expected for such an upregulation at the mRNA level. The hallmark studies showing increased Psmb-gene up-regulation in
response to proteasome inhibition consistently report up-regulations at mRNA level in the range of 1.5 to
4-fold [174, 208, 214–216, 220]. Another example is a recent study by Lee et al. showing that the Nrf2
pathway can be promoted with a small molecule compound KMS99220 that binds to Keap1. In response,
proteasome genes including both immuno- and standard subunits were increased at mRNA level and at
139

Chapter IV– Discussion
protein level. However, a 2.5 fold up-regulation of Psmb5 at RNA level correlated with ~7-fold upregulation of mature β5c protein levels, while at the same time Psmb8 was also present and up-regulated
[748]. Taken together, even proteasome inhibition with bortezomib, epoxomycin or carfilzomib, which are
potent inducers of proteotoxic stress, did not induce proteasome gene expression above 4-fold compared to
untreated cells. Hence, it does not seem appropriate to assume that low-level stress in LMP7-deficient cells
due to inferior proteostasis capacity of standard proteasomes or assembly-failures would potently induce
Psmb5 gene expression to more significant extent. The compensatory appearance of β5c protein could in
principle be regulated predominantly at the protein level in the absence of LMP7. This interpretation is
also in line with early reports showing that IFN-γ exposure to cells led to down-regulation of standard
proteasomes at protein level without reducing the transcriptional level of standard proteasome expression
[142, 749, 750].
While the absence of enhanced Psmb5 gene expression in resting LMP7-deficient cells compared to WT
cells might simply be explained by longevity of proteasome complexes, it remains to be investigated if
under strong inflammatory conditions, normally promoting immunoproteasome expression, additional
regulatory mechanisms at the transcriptional level would be required to ensure proper proteasome function
in LMP7-deficient cells. An insufficient compensatory capacity of β5c in LMP7-deficient cells under such
conditions could provide a possible explanation for the observation that co-transferring CD8+ T cells from
WT and LMP7-deficient mice into an LCMV-infected host leads to selective loss of LMP7-deficient cells
[137]. In contrast, during T cell activation performed in this study, no indication for an insufficient
compensatory capacity of β5c in LMP7-deficient cells was found. However, T cell activation in vitro did
not induce up-regulation of immunoproteasomes. This indicates that no mechanistic pressure towards
LMP7 expression occurs during in vitro T cell activation, which might be different under the influence of
other stimuli. This possibility should be further investigated in the future. Notably, the novel findings that
Nrf1 is involved in cholesterol regulation also opens new hypothetical links to proteasome gene regulation
in LMP7-deficient mice under high-fat diet as LMP7-deficiency was reported to protect from obesity
associated inflammation [303]. When high cholesterol levels impair Psmb5 expression in response to
proteostasis stress as indicated recently by Widenmaier et al. [229], LMP7-deficient inflammatory cells
might have a selective disadvantage due to their dependency on standard proteasomes. These aspects of
Nrf1 and Psmb5 regulation in LMP7-deficient cells remain speculative so far, as in this study no influence
of LMP7-deficiency on Nrf1 could be detected at steady state. Yet, further analysis of Nrf1 regulation and
Psmb5 regulation in LMP7-deficient mice under inflammatory or high-fat conditions might be a
perspective for future experiments.
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10.6 Concluding remarks
This work provides a rationale to shape a novel view on how immunoproteasome inhibition influences proinflammatory immune cell activation. The stringent comparison of immunoproteasome inhibition with
ONX 0914 as compared to LMP7/immunoproteasome deficiency in this work strongly emphasizes the
important difference of these two conditions. The specific LMP7-cleavage functions as determined by its
substrate binding groove and the reported kinetic advantage over β5c were dispensable for all tested
functions of CD4+ T cells in this work. In contrast, the LMP7- and LMP2-co-dependent, but
immunoproteasome selective inhibition by ONX 0914 has shown marked ameliorative effects on T cell
activation. The hypothesis that these effects might be attributed to impairing a selectively LMP7-dependent
factor in the cells has therefore become rather unlikely, even though the existence of such a mechanism in
other processes that are affected by LMP7-deficiency (e.g. in the colitis model) cannot be ruled out. With
respect to the immunosuppressive effects of ONX 0914 mediated immunoproteasome inhibition this work
clearly points into a different direction: Induction of mild proteostasis stress by impairing protein
degradation during a process demanding high proteasome capacity seems to be involved in the
ameliorating effects of immunoproteasome inhibition in T cells. It is somehow remarkable that this
seemingly straightforward effect of impairing protein homeostasis was not detected before. However, at
least two factors have to be taken into account as to why an impact on proteostasis has remained
undetected before. First, the dual inhibition profile of therapeutically effective doses of ONX 0914 was not
identified before and misleadingly the selectivity of ONX 0914 for only LMP7 does not imply a major
effect on overall protein turnover, which was even tested in a human T cell line and supported the view
that overall ubiquitin conjugate clearance was not affected by ONX 0914 treatment [199]. The
development of LMP7-specific inhibitory small molecules including the recently characterized PRN-1126
as well as the LMP2-specific compound LU-001i has now allowed for a more detailed analysis of how
particular subunit inhibitions are shaping the disease outcome in pre-clinical models of autoimmune
diseases (Basler et al. 2018, section 12.5). Second, while it was known that lymphocytes do express
immunoproteasomes at steady state, it was not appreciated before that primary T and B lymphocytes at the
naïve state barely contain β5c containing standard proteasome. Thus, all proteasome dependent processes
in these cells depend solely on immuno- and mixed proteasomes. Interestingly, the fact that NF-κB
signaling was found to be not impaired by ONX 0914 as found in this work as well as by others [199, 200],
emphasizes the potent degradation capacity of the residual non-inhibited proteasome subunits as long as
the proteasome is not overwhelmed by ubiquitin-conjugated degradation substrates. Also DUSP6, which
accumulated in the presence of cycloheximide in MG-132 treated cells was only affected by ONX 0914
when de novo protein synthesis allowed DUSP6 expression and ubiquitin-conjugate formation. With more
and more subunit-selective inhibitors being developed the results of this work implicate a potential use of
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different subunit selective inhibitors to fine tune proteostasis in cells depending on the pathophysiological
involvement of different immune or non-immune cells and their respective proteasome subunit
compositions. In line with this study, the different impact of ONX 0914 mediated immunoproteasome
inhibition on ubiquitin-conjugate clearance in cells expressing high immunoproteasome content versus
cells expressing low immunoproteasome content was recently demonstrated in cancer cell lines where
ONX 0914 resulted in ubiquitin-conjugate accumulation in THP1 cells, but not NB4 cells [731]. The
results provided in this work support the view that the degree of immunoproteasome content significantly
shapes the effect of immunoproteasome inhibition in non-malignant primary T and B lymphocytes. It is
therefore a perspective towards future research that characterization of proteasome subunit compositions in
individual cell types (e.g. Th1, Th2, Th17 and Treg cells as well as effector and memory cells of both the
CD4+ and CD8+ T cell compartments) and even depending on their activation and polarization states
should be performed to understand how subunit-selective inhibitors could be used to impair particular cell
subtypes involved in disease pathophysiology with the highest possible selectivity. Furthermore, it remains
to be investigated which the precise mechanism is leading to the impairment of ERK-phosphorylation
sustainment as reported in this work. Taken together, this work provides novel mechanistic insight into the
effects of immunoproteasome inhibition in primary lymphocytes during their activation, which will
hopefully contribute to a better understanding of immunoproteasome inhibitors as future therapeutic
measures for application in human patients.
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12 APPENDIX
12.1 Appendix Figures

Appendix Figure 1 (related to Figure 11): In silico and experimental control of Psmb5 primer pairs.
A) Primer-BLAST search for the indicated primer pair (CS_mmu_beta5c), see Materials and Methods) to predict amplicon sizes and offtarget amplicons (first two hits) showing the target amplicon and a predicted-sequence potential off-target at above 1 kbp (not detectable).
B) Melting curve assessment after qPCR with duplicate samples from CD4+, CD19+ and liver homogenate samples of WT and LMP7deficient mice. Two samples contain water-only controls (purple and yellow, no amplicons)
C) Agarose-gel assessment of produced amplicons after qPCR. One example from each cell type origin is shown. SmartLadder SF was used
as DNA marker.
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Appendix Figure 2 (related to Figure 17): Control stainings for intracellular p-ERK detection using flow cytometry. Naïve CD4+ T cells
purified from WT mouse spleen were treated with either 0.3 % DMSO or with 300 nM ONX 0914 (not shown) for 2 h before activation with plate
bound antibodies against CD3/CD28. Shown are plots for gating strategy from one experiment out of the pooled experiments in Figure 17D. The
histogram below shows the measurement on CD4+ cells after staining against intracellular p-ERK1/2 (blue histograms) and the control staining for
stimulated and unstimulated cells using the secondary antibody only.

Appendix Figure 3 (related to Figure 17): Kinetic of reduced ERK phosphorylation in activated naïve CD4+ T cells after ONX 0914
treatment
Purified naïve CD4+ T cells from WT mice (upper panel) or LMP7-/- mice (lower panel) were pulse-treated for 2 h with 0.3 % DMSO or 300 nM
ONX 0914, followed by activation with plate-bound antibodies against CD3/CD28 for indicated time periods. Intracellular staining against pERK1/2 was performed and cells were analyzed by flow cytometry. One example of two independent experiments with similar outcome.
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Appendix Figure 4: Characterization of autonomous STAT3-phosphorylation in mouse and human T cells activated in vitro.
A-C) Three examples of out of more than four independent experiments using murine CD4+ T cells pre-treated for 3 h with 0.3% DMSO (D) or
300 nM ONX 0914 (X) (or additionally with 10µM continuous MG-132, MG) and activated with plate bound anti-CD3/CD28 antibodies for
indicated time periods before lysis and subjection to immunoblotting against p-STAT3(Tyr705). Total STAT3 and/or γ-Tubulin were used as
control.
D) One representative example out of three independent experiments using MACS-enriched human CD4+ T cells pre-treated as in A-C and
activated with anti-CD3/CD28/CD2 coated beads for indicated time-periods.

Appendix Figure 5: Influence of ONX 0914 and MG-132 treatment on regulation of dual specificity phosphatases in expanded T cells and
T1 cells
A) Expanded CD4+ T cells were re-activated with plate-bound anti-CD3/CD28 antibodies after 2 h pre-treatment with 0.3% DMSO (D), 300 nM
ONX 0914 (X) or 10 µM MG-132 (MG) continuously. Immunoblots against indicated proteins were performed after indicated time periods. One
example of three or more independent reproductions is shown.
B) Experiment as in A, but with IFN-γ pre-treated T1 cells. One example of two independent experiments is shown.
Note that the selected immunoblots shown here were generated by Thilo Berger and also presented as part of his master’s thesis [707], which was
supervised by the author of this work.
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Appendix Figure 6: No evidence for elevated steady-state proteostasis stress in LMP7-deficient primary cells compared to WT cells.
A) MACS-enriched CD4+ T cells, CD19+ B cells and bulk liver homogenates from either WT or LMP7-deficient mice were used to assess
integrated stress-response markers at steady state by immunoblotting. Indicated markers were addressed with γ-Tubulin used as a loading control.
One example out of three independent experiments with similar outcome.
B) Experiment as in A, but with an additional control sample from 6 h ONX 0914 treated WT B cells. One example out of three independent
experiments with similar outcome is shown.

12.2 Abbreviations
AD
AICD
Aire
Akt
ALS
ANA
ANOVA
AP-1
APC
APS
ARE
ATF4
ATP
BATF
BAX
Bcl-2
BCR
Blm10
BM
BSA
CAAX
CANDLE
CARMA-1
CD
CFSE
CHOP
CHX
CIA
CP
CRAC
cTEC
CTL
CTLA4
CTLL2
CVB3
CYLD
DAG

Alzheimer's Disease
activation-induced cell death
Autoimmune regulator
Ak mouse thymoma oncogene
amyotrophic lateral sclerosis
antinuclear antibody
analysis of variance
activator protein 1
antigen presenting cell
ammonium peroxosulfate
antioxidant response element
activating transcription factor 4
adenosine triphosphate
basic leucine zipper ATF like transcription factor
Bcl-2 associated X protein
B cell lymphoma 2
B cell receptor
bleomycin-sensitive 10
Bone marrow
bovine serum albumin
C-terminal membrane targeting motif
Chronic Atypical Neutrophilic Dermatosis with Lipodystrophy and Elevated temperature
caspase recruitment domain containing MAGUK protein 1
Cluster of Differentiation
5(6)-Carboxyfluorescein diacetate N-succinimidyl ester
C/EBP homologous protein
cycloheximide
collagen induced arthritis
Core Particle
calcium-release activated calcium channel
cortical thymic epithelial cell
cytotoxic T lymphocyte
cytotoxic T lymphocyte antigen 4
cytotoxic lymphoma line 2
Cocksackie virus B3
cylindromatosis deubiquinating enzyme
diacylglycerol
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DAMP
DC
DDI2
DMEM
DMSO
dn
DNA
DRiP
DSS
DUB
DUSP
EAE
ECL
EGFR
eIF
ELISA
ER
ERAD
ERK
FACS
FBS
FMO
Foxp3
GATA3
GLK
Grb2
GTP
HbYX
HECT
IBD
ICAM
IFN
IκB
IKK
IL
ILC
IP3
IOTA
IRE1
IRF
ITAM
ITK
i.v.
JNK
LC-MS
Lck
LMP
LN
LPS
MACS
MAPK
MECL
MEF
MEK
MHC
MKK
MM
mTEC

danger associated molecular pattern
dendritic cell
DNA damage inducible 1 homologue 2
Dulbeccos Modified Eagle's medium
dimethylsulfoxide
dominant negative
desoxyribonucleic acid
defective ribosomal particle
dextran sulfate sodium
deubiquitinating enzyme
dual specificity phosphatase
experimental autoimmune encephalomyelitis
enhanced chemiluminescene
epidermal growth factor receptor
eukaryotic initiation factor
enzyme linked immunosorbent assay
endoplasmic reticulum
ER-associated degradation
extracellular signal-regulated kinase
fluorescence activated cell sorting
fetal bovine serum
Fluorescene minus one
forkhead box protein 3
GATA bining protein 3
Germinal center kinase-like kinase
Growth factor receptor-bound protein 2
Guanosine triphosphate
hydrophobic-tyrosine-X
Homologous to E6AP carboxyl terminus
inflammatory bowel disease
intracellular adhesion molecule
interferon
inhibitor of kappa B
inhibitor of kappa B kinase
interleukin
innate lymphoid cell
Inositol-triphosphate
macropain subunit iota, alternative name for PSMA6
inositol-requiring enzyme 1
interferon regulated factor
immunoreceptor tyrosine based activation motif
IL-2-inducible tyrosine kinase
intravenously
c-Jun N-terminal kinase
Liquid chromatography – mass spectrometry
lymphocyte specific kinase
low molecular mass polypeptide
lymph node
lipopolysaccharide
magnetic cell sorting
mitogen activated protein kinase
multicatalyitc endopeptidase complex like
mouse embryonic fibroblast
MAPK ERK kinase
major histocompatibility complex
MAPK kinase kinase
Multiple myeloma
medullary thymic epithelial cell
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mTORC
MTT
Nck
NEMO
MS
NFAT
NF-κB
NGLY
NIK
NK
Nox
Nrf1
Nrf2
PA28
PA700
PAC
PAGE
PAK1
PAMP
PARP
PCR
pDC
pDC
PERK
PFA
PI3K
PIP2
PKC
PKN2
PLC
PMA
POMP
PRAS40
PSMB
PTX-3
RA
RAG
RasGRP
RasGEF
RING
RNA
RORγt
ROS
RP
Rpn
Rpt
RUNX1
SAPK
s.c.
SDS
SILAC
SLE
SLIM
SLP76
SMAC
SMARTA
SOCE
SOS

mechanistic target of rapamycin complex
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
non-catalytic region of tyrosine kinase adaptor protein
NF-κB essential modifier
mass spectrometry
nuclear factor of activated T cells
nuclear factor kappa B
N-glycanase
NF-κB inducing kinase
natural killer (cell)
NADPH oxidase
Nuclear factor erythroid-derived 2 related factor 1
Nuclear factor erythroid-derived 2 related factor 1
proteasome activator of apparent molecular weight 28 kDa
proteasome activator of 700 kDa
proteasome assembly complex
polyacrylamid gelectrophoresis
p21 activated kinase
pathogen associated molecular pattern
poly-ADP-ribose polymerase
polymerase chain reaction
Parkinson's Disease
plasmacytoid dendritic cell
RNA-like endoplasmic reticulum kinase
paraformaldehyde
phosphoinositide-3-kinase
phosphatidylinositol-4,5-bisphosphate
protein kinase C
protein kinase N2
phospholipase C
phorbol-12-myrisate-13-acetate
proteasome maturation protein
proline-rich Akt subtrate of 40 kDa
proteasome subunit beta-type
pentaxin-3
rheumatoid arthritis
recombination activating gene
Ras guanine nucleotide releasing protein
Ras guanine nucleotide exchange factor
Really interesting new gene
ribonucleic acid
RAR-related orphan receptor gamma t
reactive oxygen species
regulatory particle
regulatory particle non-ATPase
regulatory particle AAA-ATPase
Runt-related transcription factor 1
stress activated protein kinase
subcutaneously
sodium dodecyl sulfate
stable isotope labeling of amino acids in cell culture
systemic lupus erythematosus
STAT-interacting LIM protein
SH2-domain containing leukocyte protein of 76kDa
central supramolecular activation cluster
mouse strain description
store operated calcium entry
son of sevenless
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SREBP2
STAT
TAB1
TAILS
T-ALL
TAP
TBS
TCA
TCR
TGF
TJP
TLR
TNF
TRAF
TSC
UBA
UBL
UPR
VCP
WT
XBP1
ZAP70

sterol-regulatory element-binding protein 2
signal transducer and activator of transcription
TGF-beta activated kinase 1 binding protein 1
terminal amine isotope labeling of substrates
T cell acute lymphoid leukemia
transporter associated with antigen presentation
tris-buffered saline
tricarboxylic acid
T cell receptor
transforming growth factor
tight junction protein
toll-like receptor
tumor necrosis factor
TNF-receptor associated factor
tuberous sclerosis complex
ubiquitin associated domain
ubiquitin-like domain
unfolded protein response
valosin-containing protein
Wild-type
X-Box binding protein
zeta-chain associated protein of 70 kDa
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